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Abstract: Bombyx mori nucleopolyhedrovirus (BmNPV) is the most prevalent threat to silkworms.
Hence, there is a need for antiviral agents in sericulture. The PI3K-Akt pathway is essential for
the efficient replication of the baculovirus. In an attempt to screen antiviral drugs against BmNPV,
we summarized the commercial compounds targeting PI3K-Akt and selected the following seven
oral drugs for further analyses: afuresertib, AZD8835, AMG319, HS173, AS605240, GDC0941, and
BEZ235. Cell viability assay revealed that the cytotoxicity of these drugs at 10 µM concentration was
not strong. Viral fluorescence observation and qPCR analysis showed that these candidate drugs
significantly inhibited BmNPV in BmE cells. Only AMG319 and AZD8835 inhibited viral proliferation
in silkworm larvae. The mortality of AZD8835-treated silkworms was lower than that of the control
silkworms. Western blotting showed that AMG319 and AZD8835 decreased p-Akt expression after
BmNPV infection. These results suggest that AZD8835 has application potential in sericulture.
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1. Introduction

The silkworm is an important economic insect for silk production. Sericulture is one of the main
sources of income for farmers in several developing countries [1,2]. However, silkworm diseases cause
serious economic losses in sericulture. Viruses including Bombyx mori cytoplasmic polyhedrosis
virus (BmCPV), B. mori densovirus (BmDNV), and B. mori nucleopolyhedrovirus (BmNPV), in
particular, pose the most serious threat to silkworms [1]. Therefore, there is a need for antiviral
agents in sericulture.

Breeding antiviral silkworm strains using transgenic technology is an approach employed for
virus control [1]. For instance, overexpression of Bmlipase-1 inhibits BmNPV during the initial infection
stage [2]. Silencing of viral genes by RNAi suppresses the viral mRNA [3–5]. Overexpression of
hycu-ep32 inhibits viral protein synthesis [6]. Regulation of host immunity via overexpression of PGRPs
enhances the antiviral capacity of silkworms [1,7]. Simultaneous overexpression of antiviral genes and
knock-down of viral genes improves the resistance of transgenic silkworms [8]. Transgenic expression
of Cas9 and gRNAs targeting the BmNPV genes also inhibits BmNPV in silkworms [9]. A safety
assessment of transgenic silkworms has to be performed before commercialization.

Antiviral drugs have been developed for coping with viral infection. Five compounds targeting
viral proteins, namely, rimantadine, amantadine, zanamivir, oseltamivir, and baloxavir marboxil, have
been approved by the FDA for inhibiting influenza virus [10,11]. Some host factors are involved in viral
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infection and are considered potential antiviral targets [10]. The PI3K-Akt signaling pathway plays
important roles in cell survival, apoptosis, cell proliferation, and metabolic regulation, which can be
activated by several viruses that modulate cellular events, and thereby augment viral replication [12].
For instance, influenza virus was able to induce Akt phosphorylation (p-Akt) in human lung carcinoma
cells, and the viral multiplication was inhibited after treatment with the PI3K inhibitor LY294002 [13].
The PI3K-Akt pathway is also essential for the efficient replication of some viruses, such as human
cytomegalovirus [14], coxsackievirus B3 [15], and baculovirus [12,16]. LY294002 inhibits Autographa
californica multiple nucleopolyhedrovirus (AcMNPV) in Sf9 cells [12] and BmNPV in BmE cells [16].
AZD8835 is a novel dual PI3K inhibitor, which is currently in phase 1 clinical trials to treat breast
cancer [17].

Gastrointestinal digestive juice is a chemical mixture of macromolecules, electrolytes, and
enzymes, which interact to digest food and provide nutrients to animals [18]. Vertebrates strictly
regulate the pH of the gastrointestinal tract by secreting hydrochloric acid in the stomach and
bicarbonate in the pancreas, intestines, and cecum [19]. The digestive juice of lepidopteran insects
is secreted by the midgut and affected by the K/H reverse transporter and the vacuolar-type proton
pump in the goblet cells of the midgut epidermis, and the pH is as high as 11 [20,21]. The commercial
oral inhibitors are designed and screened mainly based on the mammalian digestive system. In this
study, we evaluated the inhibition ability of these PI3K-Akt-targeting drugs against BmNPV in BmE
cells and silkworm larvae to analyze their application potential in sericulture.

2. Materials and Methods

2.1. Silkworm Strain, Cells, and Viruses

Silkworm line Dazao (DZ), BmE cell line, wild BmNPV, and BmNPV-GFP expressing green
fluorescent protein were maintained at the State Key Laboratory of Silkworm Genome Biology
(Southwest University, Chongqing, China). BmE cells were cultured at 25 ◦C. Silkworms were fed with
mulberry leaves under conditions of 25 ◦C and 12 h light/12 h dark. The silkworm larvae were orally
inoculated with wild BmNPV and BmE cells were infected with BmNPV-GFP.

2.2. Inhibitors and Cell Toxicity Analysis

The PI3K inhibitors AZD8835, AMG319, HS173, and AS605240 were purchased from Selleck
(Houston, TX, USA). The PI3K inhibitors GDC0941, LY294002, and BEZ235 and the Akt inhibitor
afuresertib were purchased from MedChemExpress (Monmouth Junction, NJ, USA). Each drug was
dissolved with dimethylsulfoxide (DMSO) to a storage solution of 100 mM. We diluted 100 mM of
each drug with DMSO to a concentration of 10 mM of drug. BmE cells were seeded in 96-well plates
24 h before treatment with drugs. We added 10 mM of each drug to the cell culture medium at a
dilution ratio of 1:1000 (0.1% of total volume) to prepare 10 µM of the drug. BmE cells were incubated
with 10 µM of the drugs for 72 h. BmE cells were also incubated with 0 µM, 2.5 µM, 5 µM, 10 µM,
20 µM, 40 µM, 80 µM, and 100 µM of AZD8835 for 72 h. Each treatment with drugs and DMSO control
comprised three replicates. Cell viability was measured using the CellTiter 96® AQueous One Solution
Cell Proliferation Assay (MTS) (Promega, Madison, WI, USA) [22].

2.3. Viral Infection and Drug Treatments

BmE cells were infected with BmNPV at multiplicity of infection of 1 (MOI 1) and 10 µM drug.
The infected cells treated with DMSO were used as the control. Viral fluorescence was observed at 72 h
post infection (hpi). The third instar larvae were orally administered wild BmNPV (2 × 105 occlusion
bodies (OB)/larva) and drugs. The infected silkworms treated with DMSO were used as the infected
control. There was also a non-infected control. Each treatment had three replicates and each replica
consisted of 40 larvae. The mortality of larvae was recorded daily until day 10 post-infection [2,3].
Student′s t-tests were used to analyze the statistical data.
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2.4. The qPCR and Western Blot Analysis

The total DNA was extracted at 48 hpi for the quantitative polymerase chain reaction (qPCR)
analysis of the GP41 gene of BmNPV and the control gene GAPDH. The average level of DMSO was
set to 100%, and the values of drug treatments were normalized against this [2,3]. The total protein
was extracted at 24 hpi, and p-Akt and the control GAPDH were detected by western blotting.

3. Results

3.1. Summary of Drugs Targeting PI3K-Akt

Commercial compounds targeting PI3K-Akt are summarized in Table 1. Most of these are oral
drugs, and only a small percentage are injectable. For use in sericulture, low-priced oral antiviral
drugs with low IC50 are required. According to this principle, we selected seven candidate drugs from
the commercial oral drugs, namely, the Akt inhibitor afuresertib and the PI3K inhibitors AZD8835,
AMG319, HS173, AS605240, GDC0941, and BEZ235. Intravenous LY294002 was used as the control.
The eight drugs were used in the subsequent analyses.

Table 1. Summary of Drugs targeting PI3K-Akt.

Drug Target Stage Style Drug Target Stage Style

Acalisib PI3K clinical po. a HS173 PI3K pre-clinical po.
AMG319 PI3K clinical po. NVPBGT226 PI3K pre-clinical po.
AZD8186 PI3K clinical po. 3CAI Akt pre-clinical po.
AZD8835 PI3K clinical po. AKT-IN-1 Akt pre-clinical po.
BEZ235 PI3K clinical po. ARQ092 Akt pre-clinical po.

CH5132799 PI3K clinical po. AT7867 Akt pre-clinical po./i.p.
Duvelisib PI3K clinical po. TIC10 Akt pre-clinical po./i.p.
GDC0941 PI3K clinical po. A443654 Akt pre-clinical s.c. b

GSK2636771 PI3K clinical po. Deguelin Akt clinical i.p. c

Leniolisib PI3K clinical po. GSK690693 Akt clinical i.p.
LY3023414 PI3K clinical po. SC66 Akt clinical i.p.
NVPBKM120 PI3K clinical po. A66 PI3K pre-clinical i.p.
PF04691502 PI3K clinical po. CNX1351 PI3K pre-clinical i.p.

PQR309 PI3K clinical po. Isorhamnetin PI3K pre-clinical i.p.
SAR245409 PI3K clinical po. PI103 PI3K pre-clinical i.p.

VS5584 PI3K clinical po. PIK75 PI3K pre-clinical i.p.
XL147 PI3K clinical po. PIK90 PI3K pre-clinical i.p.

ZSTK474 PI3K clinical po. SF2523 PI3K pre-clinical i.p.
afuresertib Akt clinical po. AKT inhibitor VIII Akt pre-clinical i.p.
AT13148 Akt clinical po. Akt1 and Akt2-IN-1 Akt pre-clinical i.p.
AZD5363 Akt clinical po. BAY806946 PI3K clinical i.v. d

GDC0068 Akt clinical po. Gedatolisib PI3K clinical i.v.
GSK2141795 Akt clinical po. IPI549 PI3K clinical i.v.

MK2206 Akt clinical po. TG100115 PI3K clinical i.v.
KRX0401 Akt clinical po. LY294002 PI3K pre-clinical i.v.
AS605240 PI3K pre-clinical po. PKI402 PI3K pre-clinical i.v.
CUDC907 PI3K pre-clinical po. Wortmannin PI3K pre-clinical i.v.
CZC24832 PI3K pre-clinical po. 3-Methyladenine PI3K pre-clinical icv. e

ETP46321 PI3K pre-clinical po. IC87114 PI3K pre-clinical inhal f

Note: a Peroral; b Subcutaneous; c Intraperitoneal; d Intravenous; e Intracerebroventricular; f Inhalational.

3.2. Analysis of Cytotoxicity of Candidate Drugs

In order to reduce costs, low doses of drugs are required to inhibit viruses in sericulture. Referring
to the concentrations of these drugs used in other studies, 10 µM of each drug was chosen for detection
in BmE cells. The viability of BmE cells treated with 10 µM AMG319, AZD8835, afuresertib, GDC0941,
AS605240, BEZ235, HS173, and LY294002 was 92%, 83%, 84%, 86%, 92%, 80%, 107%, and 86%,
respectively, compared with that of the cells treated with the DMSO control (Figure 1A), suggesting
that the candidate drugs at 10 µM concentration do not have a strong cytotoxic effect. The cytotoxicity
of AZD8835 in BmE cells was low upon treatment with 100 µM (Figure 1B).
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3.3. Candidate Drugs Inhibited BmNPV in BmE Cells 

The virus fluorescence in drug-treated cells was obviously weaker than that in the control cells 
(Figure 2). The qPCR results showed that the drugs significantly inhibited BmNPV multiplication, 
and the accumulated virus DNA in AMG319-, AZD8835-, afuresertib-, GDC0941-, AS605240-, 
BEZ235-, HS173-, and LY294002-treated cells was 60%, 42%, 35%, 19%, 14%, 24%, 3%, and 36% 
compared with that of the DMSO-treated cells, respectively (Figure 3). These results revealed that the 
candidate drugs can inhibit BmNPV in BmE cells.  

 
Figure 2. Observation of viral fluorescence at 72 hpi in BmE cells that were infected with BmNPV-
GFP expressing green fluorescent protein at multiplicity of infection of 1 (MOI 1) and administered 
10 µM of each drug. DMSO: the cells were infected with virus and dimethylsulfoxide (DMSO). Nm: 
non-infected control. 

Figure 1. Cytotoxicity of candidate drugs. (A) BmE cells were incubated with 10 µM of each drug for
72 h. (B) BmE cells were incubated with different concentrations of AZD8835 for 72 h. The viability of
cells was measured by the MTS assay. Bars, standard deviation.

3.3. Candidate Drugs Inhibited BmNPV in BmE Cells

The virus fluorescence in drug-treated cells was obviously weaker than that in the control cells
(Figure 2). The qPCR results showed that the drugs significantly inhibited BmNPV multiplication, and
the accumulated virus DNA in AMG319-, AZD8835-, afuresertib-, GDC0941-, AS605240-, BEZ235-,
HS173-, and LY294002-treated cells was 60%, 42%, 35%, 19%, 14%, 24%, 3%, and 36% compared with
that of the DMSO-treated cells, respectively (Figure 3). These results revealed that the candidate drugs
can inhibit BmNPV in BmE cells.
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Figure 2. Observation of viral fluorescence at 72 hpi in BmE cells that were infected with BmNPV-GFP
expressing green fluorescent protein at multiplicity of infection of 1 (MOI 1) and administered
10 µM of each drug. DMSO: the cells were infected with virus and dimethylsulfoxide (DMSO).
Nm: non-infected control.
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Figure 3. The quantitative polymerase chain reaction (qPCR) analysis of accumulated virus DNA at
48 hpi in BmE cells that were infected with BmNPV-GFP at MOI 1 and administered 10 µM of each
drug. Bars: standard deviation; ** p < 0.01.

3.4. AMG319 and AZD8835 Inhibited BmNPV in Silkworm

The seven candidate drugs are administered orally either once or twice a day when used to treat
humans or mice (Table 2). In this study, silkworms were treated daily with the same dose of each drug
as is used to treat mice and humans. Silkworm larvae will die 4–5 days after infection with BmNPV. In
order to reduce labor costs, silkworms were treated only once with high doses of drugs (for a total dose
of 5 days). Therefore, the treatment doses of AMG319, AZD8835, afuresertib, GDC0941, AS605240,
BEZ235, HS173, and LY294002 were 15, 125, 375, 375, 125, 125, 100, and 125 µg/g, respectively (Table 2).
The third instar silkworm larvae were orally infected with BmNPV and administered a high dose of
drugs only once. The qPCR results showed that afuresertib, GDC0941, AS605240, BEZ235, HS173, and
LY294002 did not inhibit BmNPV, whereas AMG319 and AZD8835 significantly inhibited BmNPV
in silkworms. The viral DNA content in AMG319- and AZD8835-treated silkworms was 57% and
48%, respectively, compared with that of DMSO-treated control cells (Figure 4A). AZD8835-treated
silkworms were used for mortality analysis, and they showed significantly decreased mortality. The
mortality of DMSO- and AZD8835-treated silkworms was 28% and 12%, respectively (Figure 4B).
Almost all non-infected silkworms survived.

Table 2. Summary of candidate drugs.

Drug
References Treated Silkworm

Species Dosage (mg/kg) Frequency Stage Dosage (µg/g) Frequency

AMG319 rat 3 once/day third instar 15 only once/total
AZD8835 mice 25 twice/day third instar 125 only once/total

afuresertib human 75 once/day third instar 375 only once/total
GDC0941 mice 75 once/day third instar 375 only once/total
AS605240 rat 25 once/day third instar 125 only once/total
BEZ235 mice 25 twice/day third instar 125 only once/total
HS173 mice 20 once/day third instar 100 only once/total

LY294002 mouse 25 twice/day third instar 125 only once/total

The data of AMG319 [23], AZD8835 [24], afuresertib [25], GDC0941 [26], AS605240 [27], BEZ235 [28], HS173 [29],
and LY294002 [30] was from references.
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Figure 4. Analysis of the antiviral capacity of candidate drugs in treating silkworms. The third star
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3.5. AMG319 and AZD8835 Decreased p-Akt after BmNPV Infection

Western blotting showed that the p-Akt level was decreased in AMG319- and AZD8835-treated
BmE cells when compared with that in the DMSO-treated control cells (Figure 5). A band of control
GAPDH was detected, whereas the band of p-Akt was not observed in the total protein extracted from
whole silkworms (data not shown). These results suggest that AMG319 and AZD8835 inhibit p-Akt
after virus infection.
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4. Discussion

The PI3K-Akt pathway is required for the efficient replication of baculovirus [12,16]. BmNPV
infects silkworm mostly via the oral route [1]. In this study, seven commercial oral drugs targeting
PI3K-Akt were selected to determine their cytotoxicity and inhibitory effect on BmNPV. Among these,
AZD8835 exhibited the strongest antiviral effect in BmE cells and silkworm larvae.

Studies have reported that AcMNPV and BmNPV induced cellular p-Akt, and LY294002 inhibited
induced p-Akt and viral proliferation in Sf9 and BmE cells [12,16]. The results of the present study
show that LY294002 inhibits BmNPV in BmE cells (Figure 3) but not in silkworm larvae (Figure 4),
as it is an intravenous drug. AMG319 and AZD8835 inhibited p-Akt in virus-infected BmE cells
(Figure 5), but it was unexpected that p-Akt was not detected in whole silkworms. Further analysis
revealed that p-Akt was detected in multiple tissues, but not in whole fifth instar larvae (data not
shown). It is presumed that mulberry leaf consumption in whole silkworm affects the detection
of p-Akt. Afuresertib, GDC0941, BEZ235, and HS173 significantly inhibited BmNPV in BmE cells
(Figure 3). However, the viral content was increased after oral administration of these drugs in
silkworms (Figure 4), which might be caused by drug toxicity to larval individuals. Differences in
intestinal pH between insects and mammals might affect drug absorption and even cause drug toxicity.

AZD8835 presented the strongest inhibitory effect on BmNPV among all the candidate drugs,
and it reduced the mortality of silkworms to 16% after infection compared with that of the control
(Figure 4). Whether AZD8835 can inhibit BmCPV and BmDNV in silkworms needs to be verified in
the future. To develop drugs with higher antiviral capacity that could be applied in sericulture, the
following aspects should be considered in future studies. First, optimize the structure of drugs to adapt
to the digestion and absorption system of insects, which might increase absorption efficiency and
decrease cytotoxicity [31]. Second, use carriers to promote the utilization of drugs. Polyamidoamine
can be administered orally and stably in mice, which can improve the utilization of oral drugs [32].
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Third, reduce the cost of drugs by controlling the purity of drugs and standards of the production
process. Last, enhance the inhibitory effect of drugs on viruses by targeting multiple host factors, such
as ERK, JNK [33], and PI3K-Akt, which are identified to be important for virus infection.

In summary, we evaluated the inhibitory ability of seven oral drugs from the range of commercial
PI3K-Akt-targeting drugs against BmNPV. AZD8835 inhibits viral proliferation in BmE cells and
silkworm larvae after infection of BmNPV, indicating its potential application to decrease mortality in
sericulture after further optimization.

Author Contributions: Funding acquisition, L.J. and H.G.; investigation, B.W., L.J., H.G., Q.S., and E.X.; resources,
Y.W.; supervision, Q.X.; writing—original draft, B.W. and L.J.; writing—review and editing, L.J.

Funding: This work was funded by the National Natural Science Foundation of China (No. 31802014), the
Natural Science Foundation of Chongqing, China (cstc2018jcyjAX0487, cstc2018jcyjAX0211, cstc2016jcyjA0524),
and Chongqing Postdoctoral Science Foundation (XmT2018006).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jiang, L.; Xia, Q.Y. The progress and future of enhancing antiviral capacity by transgenic technology in the
silkworm Bombyx mori. Insect Biochem. Mol. 2014, 48, 1–7. [CrossRef]

2. Jiang, L.; Wang, G.H.; Cheng, T.C.; Yang, Q.; Jin, S.K.; Lu, G.; Wu, F.Q.; Xiao, Y.; Xu, H.F.; Xia, Q.Y. Resistance
to Bombyx mori nucleopolyhedrovirus via overexpression of an endogenous antiviral gene in transgenic
silkworms. Arch. Virol. 2012, 157, 1323–1328. [CrossRef] [PubMed]

3. Jiang, L.; Zhao, P.; Wang, G.H.; Cheng, T.C.; Yang, Q.; Jin, S.K.; Lin, P.; Xiao, Y.; Sun, Q.; Xia, Q.Y. Comparison
of factors that may affect the inhibitory efficacy of transgenic RNAi targeting of baculoviral genes in silkworm,
Bombyx mori. Antivir. Res. 2013, 97, 255–263. [CrossRef] [PubMed]

4. Jiang, L.; Peng, Z.W.; Guo, H.Z.; Sun, J.C.; Sun, Q.; Xia, F.; Huang, C.L.; Xu, G.W.; Xia, Q.Y. Enhancement
of antiviral capacity of transgenic silkworms against cytoplasmic polyhedrosis virus via knockdown of
multiple viral genes. Dev. Comp. Immunol. 2017, 77, 138–140. [CrossRef]

5. Sun, Q.; Jiang, L.; Guo, H.Z.; Xia, F.; Wang, B.B.; Wang, Y.M.; Xia, Q.Y.; Zhao, P. Increased antiviral capacity
of transgenic silkworm via knockdown of multiple genes on Bombyx mori bidensovirus. Dev. Comp. Immunol.
2018, 87, 188–192. [CrossRef] [PubMed]

6. Jiang, L.; Cheng, T.C.; Zhao, P.; Yang, Q.; Wang, G.H.; Jin, S.K.; Lin, P.; Xiao, Y.; Xia, Q.Y. Resistance to
BmNPV via Overexpression of an Exogenous Gene Controlled by an Inducible Promoter and Enhancer in
Transgenic Silkworm, Bombyx mori. PLoS ONE 2012, 7, e41838. [CrossRef]

7. Zhao, P.; Xia, F.; Jiang, L.; Guo, H.Z.; Xu, G.W.; Sun, Q.; Wang, B.B.; Wang, Y.M.; Lu, Z.Y.; Xia, Q.Y. Enhanced
antiviral immunity against Bombyx mori cytoplasmic polyhedrosis virus via overexpression of peptidoglycan
recognition protein S2 in transgenic silkworms. Dev. Comp. Immunol. 2018, 87, 84–89. [CrossRef] [PubMed]

8. Jiang, L.; Zhao, P.; Cheng, T.C.; Sun, Q.; Peng, Z.W.; Dang, Y.H.; Wu, X.W.; Wang, G.H.; Jin, S.K.; Lin, P.; et al.
A transgenic animal with antiviral properties that might inhibit multiple stages of infection. Antivir. Res.
2013, 98, 171–173. [CrossRef] [PubMed]

9. Chen, S.Q.; Hou, C.X.; Bi, H.L.; Wang, Y.Q.; Xu, J.; Li, M.W.; James, A.A.; Huang, Y.P.; Tan, A.J. Transgenic
Clustered Regularly Interspaced Short Palindromic Repeat/Cas9-Mediated Viral Gene Targeting for Antiviral
Therapy of Bombyx mori Nucleopolyhedrovirus. J. Virol. 2017, 91, e02465-e16. [CrossRef]

10. Watanabe, T.; Kawaoka, Y. Influenza virus-host interactomes as a basis for antiviral drug development. Curr.
Opin. Virol. 2015, 14, 71–78. [CrossRef] [PubMed]

11. Yang, T. Baloxavir Marboxil: The First Cap-Dependent Endonuclease Inhibitor for the Treatment of Influenza.
Ann. Pharmacother. 2019. [CrossRef]

12. Xiao, W.; Yang, Y.; Weng, Q.; Lin, T.; Yuan, M.; Yang, K.; Pang, Y. The role of the PI3K-Akt signal transduction
pathway in Autographa californica multiple nucleopolyhedrovirus infection of Spodoptera frugiperda cells.
Virology 2009, 391, 83–89. [CrossRef] [PubMed]

13. Shin, Y.K.; Liu, Q.; Tikoo, S.K.; Babiuk, L.A.; Zhou, Y. Effect of the phosphatidylinositol 3-kinase/Akt
pathway on influenza A virus propagation. J. Gen. Virol. 2007, 88, 942–950. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ibmb.2014.02.003
http://dx.doi.org/10.1007/s00705-012-1309-8
http://www.ncbi.nlm.nih.gov/pubmed/22527866
http://dx.doi.org/10.1016/j.antiviral.2012.12.020
http://www.ncbi.nlm.nih.gov/pubmed/23274787
http://dx.doi.org/10.1016/j.dci.2017.07.020
http://dx.doi.org/10.1016/j.dci.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29944898
http://dx.doi.org/10.1371/journal.pone.0041838
http://dx.doi.org/10.1016/j.dci.2018.05.021
http://www.ncbi.nlm.nih.gov/pubmed/29902708
http://dx.doi.org/10.1016/j.antiviral.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23466668
http://dx.doi.org/10.1128/JVI.02465-16
http://dx.doi.org/10.1016/j.coviro.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26364134
http://dx.doi.org/10.1177/1060028019826565
http://dx.doi.org/10.1016/j.virol.2009.06.007
http://www.ncbi.nlm.nih.gov/pubmed/19573890
http://dx.doi.org/10.1099/vir.0.82483-0
http://www.ncbi.nlm.nih.gov/pubmed/17325368


Molecules 2019, 24, 1260 8 of 9

14. Johnson, R.A.; Wang, X.; Ma, X.L.; Huong, S.M.; Huang, E.S. Human cytomegalovirus up-regulates the
phosphatidylinositol 3-kinase (PI3-K) pathway: Inhibition of PI3-K activity inhibits viral replication and
virus-induced signaling. J. Virol. 2001, 75, 6022–6032. [CrossRef] [PubMed]

15. Esfandiarei, M.; Luo, H.; Yanagawa, B.; Suarez, A.; Dabiri, D.; Zhang, J.; McManus, B.M. Protein kinase
B/Akt regulates coxsackievirus B3 replication through a mechanism which is not caspase dependent. J. Virol.
2004, 78, 4289–4298. [CrossRef]

16. Jin, S.; Cheng, T.; Guo, Y.; Lin, P.; Zhao, P.; Liu, C.; Kusakabe, T.; Xia, Q. Bombyx mori epidermal growth factor
receptor is required for nucleopolyhedrovirus replication. Insect Mol. Biol. 2018, 27, 464–477. [CrossRef]

17. Barlaam, B.; Cosulich, S.; Delouvrie, B.; Ellston, R.; Fitzek, M.; Germain, H.; Green, S.; Hancox, U.;
Harris, C.S.; Hudson, K.; et al. Discovery of 1-(4-(5-(5-amino-6-(5-tert-butyl-1,3,4-oxadiazol-2-yl)
pyrazin-2-yl)-1-ethyl-1,2,4-triazol-3-yl) piperidin-1-yl)-3-hydroxypropan-1-one (AZD8835): A potent and
selective inhibitor of PI3K alpha and PI3K delta for the treatment of cancers. Bioorg. Med. Chem. Lett. 2015,
25, 5155–5162. [CrossRef] [PubMed]

18. Thwaites, D.T.; Anderson, C.M. H+-coupled nutrient, micronutrient and drug transporters in the mammalian
small intestine. Exp. Physiol. 2007, 92, 603–619. [CrossRef]

19. Kohl, K.D.; Stengel, A.; Samuni-Blank, M.; Dearing, M.D. Effects of anatomy and diet on gastrointestinal pH
in rodents. J. Exp. Zool. Part A Ecol. Genet. Physiol. 2013, 319, 225–229. [CrossRef] [PubMed]

20. Azuma, M.; Harvey, W.R.; Wieczorek, H. Stoichiometry of K+/H+ antiport helps to explain extracellular pH
11 in a model epithelium. FEBS Lett. 1995, 361, 153–156. [CrossRef]

21. Wieczorek, H.; Weerth, S.; Schindlbeck, M.; Klein, U. A vacuolar-type proton pump in a vesicle fraction
enriched with potassium transporting plasma membranes from tobacco hornworm midgut. J. Biol. Chem.
1989, 264, 11143–11148. [PubMed]

22. Schumann, S.; Jackson, B.R.; Yule, I.; Whitehead, S.K.; Revill, C.; Foster, R.; Whitehouse, A. Targeting the
ATP-dependent formation of herpesvirus ribonucleoprotein particle assembly as an antiviral approach.
Nat. Microbiol. 2016, 2, 16201. [CrossRef] [PubMed]

23. Cushing, T.D.; Hao, X.; Shin, Y.; Andrews, K.; Brown, M.; Cardozo, M.; Chen, Y.; Duquette, J.;
Fisher, B.; Gonzalez-Lopez de Turiso, F.; et al. Discovery and in Vivo Evaluation of
(S)-N-(1-(7-Fluoro-2-(pyridin-2-yl)quinolin-3-yl)ethyl)-9H-purin-6-amine (AMG319) and Related PI3Kδ

Inhibitors for Inflammation and Autoimmune Disease. J. Med. Chem. 2014, 58, 480–511. [CrossRef] [PubMed]
24. Hudson, K.; Hancox, U.J.; Trigwell, C.; McEwen, R.; Polanska, U.M.; Nikolaou, M.; Morentin Gutierrez, P.;

Avivar-Valderas, A.; Delpuech, O.; Dudley, P.; et al. Intermittent High-Dose Scheduling of AZD8835, a Novel
Selective Inhibitor of PI3Kalpha and PI3Kdelta, Demonstrates Treatment Strategies for PIK3CA-Dependent
Breast Cancers. Mol. Cancer Ther. 2016, 15, 877–889. [CrossRef] [PubMed]

25. Spencer, A.; Yoon, S.S.; Harrison, S.J.; Morris, S.R.; Smith, D.A.; Brigandi, R.A.; Gauvin, J.; Kumar, R.;
Opalinska, J.B.; Chen, C. The novel AKT inhibitor afuresertib shows favorable safety, pharmacokinetics, and
clinical activity in multiple myeloma. Blood 2014, 124, 2190–2195. [CrossRef]

26. Wullschleger, S.; García-Martínez, J.M.; Duce, S.L. Quantitative MRI establishes the efficacy of PI3K inhibitor
(GDC-0941) multi-treatments in PTEN-deficient mice lymphoma. Anticancer Res. 2012, 32, 415.

27. Wei, X.; Han, J.; Chen, Z.Z.; Qi, B.W.; Wang, G.C.; Ma, Y.H.; Zheng, H.; Luo, Y.F.; Wei, Y.Q.; Chen, L.J. A
phosphoinositide 3-kinase-gamma inhibitor, AS605240 prevents bleomycin-induced pulmonary fibrosis in
rats. Biochem. Biophys. Res. Commun. 2010, 397, 311–317. [CrossRef]

28. Maira, S.M.; Stauffer, F.; Brueggen, J.; Furet, P.; Schnell, C.; Fritsch, C.; Brachmann, S.; Chene, P.; De Pover, A.;
Schoemaker, K.; et al. Identification and characterization of NVP-BEZ235, a new orally available dual
phosphatidylinositol 3-kinase/mammalian target of rapamycin inhibitor with potent in vivo antitumor
activity. Mol. Cancer Ther. 2008, 7, 1851–1863. [CrossRef] [PubMed]

29. Son, M.K.; Ryu, Y.L.; Jung, K.H.; Lee, H.; Lee, H.S.; Yan, H.H.; Park, H.J.; Ryu, J.K.; Suh, J.K.; Hong, S.; et al.
HS-173, a novel PI3K inhibitor, attenuates the activation of hepatic stellate cells in liver fibrosis. Sci. Rep.
2013, 3, 3470. [CrossRef]

30. Jiang, H.; Fan, D.; Zhou, G.; Li, X.; Deng, H. Phosphatidylinositol 3-kinase inhibitor (LY294002) induces
apoptosis of human nasopharyngeal carcinoma in vitro and in vivo. J. Exp. Clin. Cancer Res. CR 2010, 29, 34.
[CrossRef]

http://dx.doi.org/10.1128/JVI.75.13.6022-6032.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390604
http://dx.doi.org/10.1128/JVI.78.8.4289-4298.2004
http://dx.doi.org/10.1111/imb.12386
http://dx.doi.org/10.1016/j.bmcl.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26475521
http://dx.doi.org/10.1113/expphysiol.2005.029959
http://dx.doi.org/10.1002/jez.1786
http://www.ncbi.nlm.nih.gov/pubmed/23460608
http://dx.doi.org/10.1016/0014-5793(95)00146-Z
http://www.ncbi.nlm.nih.gov/pubmed/2472389
http://dx.doi.org/10.1038/nmicrobiol.2016.201
http://www.ncbi.nlm.nih.gov/pubmed/27798559
http://dx.doi.org/10.1021/jm501624r
http://www.ncbi.nlm.nih.gov/pubmed/25469863
http://dx.doi.org/10.1158/1535-7163.MCT-15-0687
http://www.ncbi.nlm.nih.gov/pubmed/26839307
http://dx.doi.org/10.1182/blood-2014-03-559963
http://dx.doi.org/10.1016/j.bbrc.2010.05.109
http://dx.doi.org/10.1158/1535-7163.MCT-08-0017
http://www.ncbi.nlm.nih.gov/pubmed/18606717
http://dx.doi.org/10.1038/srep03470
http://dx.doi.org/10.1186/1756-9966-29-34


Molecules 2019, 24, 1260 9 of 9

31. Pizer, E.S.; Thupari, J.; Han, W.F.; Pinn, M.L.; Chrest, F.J.; Townsend, C.A.; Kuhajda, F.P. Malonyl-coenzyme-A
is a potential mediator of cytotoxicity induced by fatty acid synthase inhibition in human breast cancer cells
and xenografts. Cancer Res. 2000, 60, 213–218.

32. Thiagarajan, G.; Sadekar, S.; Greish, K.; Ray, A.; Ghandehari, H. Evidence of oral translocation of anionic
G6.5 dendrimers in mice. Mol. Pharm. 2013, 10, 988–998. [CrossRef] [PubMed]

33. Katsuma, S.; Mita, K.; Shimada, T. ERK- and JNK-dependent signaling pathways contribute to Bombyx mori
nucleopolyhedrovirus infection. J. Virol. 2007, 81, 13700–13709. [CrossRef] [PubMed]

Sample Availability: Not available.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/mp300436c
http://www.ncbi.nlm.nih.gov/pubmed/23286733
http://dx.doi.org/10.1128/JVI.01683-07
http://www.ncbi.nlm.nih.gov/pubmed/17913811
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Silkworm Strain, Cells, and Viruses 
	Inhibitors and Cell Toxicity Analysis 
	Viral Infection and Drug Treatments 
	The qPCR and Western Blot Analysis 

	Results 
	Summary of Drugs Targeting PI3K-Akt 
	Analysis of Cytotoxicity of Candidate Drugs 
	Candidate Drugs Inhibited BmNPV in BmE Cells 
	AMG319 and AZD8835 Inhibited BmNPV in Silkworm 
	AMG319 and AZD8835 Decreased p-Akt after BmNPV Infection 

	Discussion 
	References

