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In this study, a pair of chiral baicalin (BA) derivatives were syn-
thesized by combining BA with phenylalanine methyl ester
based on molecular docking technology, namely BAD and
BAL. Cell cytotoxicity trails showed that the cell growth inhib-
itory effects of both BAD and BAL were increased by 8- to 12-
fold compared with BA on A549 cells. Flow cytometry showed
that the apoptotic rates of 50 pg/mL BA, BAD, and BAL to
A549 cells for 48 h were 17.94%, 24.32%, and 39.69%, respec-
tively. Western blotting analysis showed that BAD and BAL
could promote Bax, caspase-3, and caspase-9 expression and
inhibit Bcl-2 expression by inhibiting the expression of p-
Akt. The tumor inhibition rates of BA, BAD, and BAL in
nude mice of tumor-bearing experiment lasting for 24 days
were 35.01%, 53.30%, and 59.35%, respectively. These results
in vitro and in vivo showed that BAL had higher antitumor ac-
tivity than did BAD and BA, which were related to promotion
of the apoptosis of tumor cells by inhibiting the expression of
p-Akt on PI3K/Akt pathway. This study provides an experi-
mental basis for the development of a new configuration of
BA for the treatment of cancer.

INTRODUCTION

Cancer has become one of the biggest threats to human health, and its
incidence is increasing year by year. According to the World Health
Organization (WHO) report in 2018, 18.1 million new cancer cases
and more than 9.6 million deaths were reported worldwide. The
top rankings were lung cancer and breast cancer at 11.6%, closely fol-
lowed by colon cancer (10.2%) and prostate cancer (7.1%). 72 During
the treatment of tumors, chemotherapy plays an irreplaceable role in
the treatment and prognosis of tumors.»” Unfortunately, the current
efficacy of chemotherapy drugs is not ideal, and the tumor recurrence
rate is high so that the 5-year survival rate is still low.”” Therefore, it is
necessary to develop more effective antitumor drugs.”

In recent years, researchers have tried to discover ingredients with po-
tential antitumor activity from traditional Chinese medicines that
have been used in clinic.”'* Li et al."" found that Xiaochaihu decoc-
tion, a traditional Chinese medicine prescription, could inhibit the

growth of Eca-109 cells. Further research showed that baicalin
(BA), a flavonoid extracted from Scutellaria baicalensis Georgi, as a
main active monomer in Xiaochaihu decoction, could effectively
inhibit the growth of tumor cells. Therefore, BA was considered as
a potential antitumor natural active ingredient.'*”'> Among the anti-
tumor mechanisms of BA, the phosphatidylinositol 3-kinase (PI3K)/
Akt (also known as protein kinase B [PKB]) signal transduction
pathway, considered as a primary pathway for tumor survival, is
one of the important cell survival pathways in vivo.'®'” Akt is the
key node of PI3K/Akt. Blocking the phosphorylation process of Akt
was considered to be one of the most of effective ways to promote tu-
mor cell apoptosis.'® ' Some studies have proved that BA could be
used as a blocker of the Akt pathway to induce apoptosis of tumor
cells.”>*’ For example, Xu et al.** found that BA could inhibit the pro-
liferation and migration of A549 and DDP (cisplatin)-resistant A549
by inhibiting the overexpression of phosphorylated (p-)Akt. Howev-
er, the relatively low antitumor activity of BA is the main factor re-
stricting its application as a new antitumor drug. It is necessary to
obtain the derivatives with high antitumor activity by structure modi-
fication of BA.

Many studies showed that phenylalanine (Phe) methyl ester (PME)
with chiral structure can be used as an intermediate ligand to enhance
the antitumor activity of drugs. Since the types and amounts of infor-
mation transfer factors in tumor cells are different from normal cells,
chiral drugs with spatial specificity have higher antitumor activity
than do traditional chemotherapy drugs.”> >’ Phe, the origin of
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Figure 1. The Synthetic Route of BAD and BAL

PME, is one of the essential amino acids for human beings.zs’” It has
been found that Phe needed for the growth of cancer cells is 3- to 5-
fold as much as that of normal cells. Clinical data showed that anti-
neoplastic drugs such as the Phe nitrogen mustard, a derivative of
Phe, have much higher antineoplastic activity and safety than do their
parent drugs.”® Meanwhile, Salehi et al.*' found that a novel iron-
chelating agent prepared with PME as a ligand could induce the
apoptosis of tumor cells. Seiler et al.”* found that the combination
of proanthocyanidins and PME increased the apoptotic effect of
proanthocyanidins on tumor cells. These data showed that PME
can be used as an intermediate carrier of new anti-cancer compounds.

In this study, in order to overcome the defects of BA, a group of chiral
derivatives of BA were designed and synthesized by PME to improve
the antitumor activity of BA at the first time. Molecular docking tech-
nology showed that BAD and BAL can combine with Akt better than
BA, and the antitumor activity in vivo and vitro and the apoptosis
mechanism were studied.”® We hope to provide an experimental basis
for the development of BA derivatives and broaden the research and
development of new antitumor drugs.

RESULTS

Characterization of BAD and BAL

BAD was characterized as follows: 'H-nuclear magnetic resonance
(NMR) (400 MHz, DMSO) chemical shift value (3) 8.18 (singlet
[s], 'H), 8.14 (doublet [d], coupling constant [J] = 7.1 Hz, 'H),
7.65-7.55 (multiplet [m], H), 7.28 (triplet [t], ] = 7.2 Hz, *H),
7.24-7.20 (m, 'H), 7.20-7.15 (m, *H), 7.07 (doublet of doublets
[dd], ] = 10.0, 4.7 Hz, 2H), 5.05 (d, ] = 7.6 Hz, 'H), 4.55 (dd, ] =
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14.0, 7.3 Hz, 'H), 405 (d, ] = 9.7 Hz, 'H), 3.65 (dd, ] = 134,
6.7 Hz, *H), 3.53-3.46 (m, *H), 3.44 (d, ] = 9.1 Hz, 'H), 3.39-3.31
(m,H), 3.03 (d,] = 7.6 Hz, 'H), 1.19 (d, ] = 31.7 Hz, *H). Electrospray
ionization mass spectrometry (ESI-MS) m/z; 606.40 metal hydride
[M-H]".

BAL was characterized as follows: '"H NMR (400 MHz, DMSO) & 8.18
(s, 'H), 8.14 (d, ] = 7.0 Hz, 'H), 7.64-7.52 (m, *H), 7.29 (t, ] = 7.2 Hz,
’H),7.22 (t,] = 7.3 Hz, 'H), 7.21-7.11 (m, *H), 7.07 (s, 'H), 6.91 (t,] =
7.3 Hz, 'H), 6.84 (t, ] = 7.3 Hz, 'H), 5.02 (d, ] = 7.2 Hz, 'H), 4.52 (td,
] =8.6,5.0 Hz, 'H), 4.04 (d,] = 9.7 Hz, 'H), 3.79-3.67 (m, 'H), 3.59 (s,
3H), 3.55-3.48 (m, 1H), 3.45-3.30 (m, 2H), 3.03 (dd, ] = 13.6, 4.8 Hz,
'H), 2.93-2.87 (m, 'H), 1.20 (d, ] = 28.7 Hz, *H). ESI-MS m/z; 606.40
[M-H] .

For the structures of BAD and BAL, see Figure 1.

Effect of BAD and BAL on Proliferation Inhibition of Tumor Cells

In an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay, lung cancer or breast cancer cells were treated with
different concentrations of BAD and BAL (10, 20, 30, 40, 50 ng/
mL) for 48 or 24 h, respectively. The results are shown in Figures 2
and 3. BAD and BAL had a stronger inhibitory effect on A549 cells
than did BA (p < 0.05), and BAL is more sensitive than BAD (Figures
2A and 2B). The inhibition rates of 50 ug/mL BA, BAD, and BAL on
A549 cells at 48 h were 31.07%, 88.95%, and 94.13%, respectively.
These data suggested that the antitumor activity of A549 cells is
BAL > BAD > BA (p < 0.05). For H460 cells (Figure 2C), The inhibi-
tion rate of BA of all concentrations at 24 h was less than 10%.
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However, when the concentration of BAD reached 40 pg/mL, the
inhibitory effect of BAD on H460 cells increased rapidly to 61.32%,
and the inhibitory effect of BAL at 50 pg/mL increased rapidly to
51.89%. Meanwhile, the inhibitory effect of each drug on H460 cells
showed a concentration dependence at 48 h (Figure 2D). Interest-
ingly, when the concentration of BAL reached 50 pg/mL at 48 h,
the inhibitory rate of BAL for H460 cells was 89.94%. The inhibition
rates of BA, BAD, and BAL on Calu-1 cells showed a good concentra-
tion-dependent relationship at 24 h (Figure 2E), but the inhibition ef-
fects of BAD and BAL were still stronger than that of BA at medium
and high concentrations (>30 pg/mL). The inhibition rates of 50 ng/
mL BA, BAD, and BAL on Calu-1 cells at 24 h were 51.15%, 78.46%,
and 86.38%, respectively. As shown in Figure 2F, when the drug con-
centration was less than 30 pg/mL and the intervention time reached
48 h, the inhibitory effect of BA on Calu-1 cells was stronger than that
of BAD and BAL (p < 0.05). However, BAD and BAL were slightly
stronger than BA at high concentrations (>40 pg/mL).

Drug concentration (ug/mL)

Drug concentration (ug/mL)

Figure 2. Inhibition Effects of BA, BAD, and BAL on
the Growth of A549, H460, and Calu-1 Cell Lines for
24- and 48-h Treatments

Drug concentration (ug/mL)

3 BA

=1 BAD The results are representative of at least three independent

== BAL experiments run in ftriplicate. Data are expressed as
means + SD (p < 0.05, n = 5). (A and B) A549 cells, (C and
D) H460 cells, (E and F) Calu-1 cells. (A, C, and E) 24-h
treatment, (B, D, and F) 48-h treatment.

50

In breast cancer cell lines, BAD and BAL had
little inhibitory effect on MBA-MB-435 at 24
and 48 h (Figures 3A and 3B). The inhibition
rates of BAD and BAL for MBA-MB-435 cells

oo were less than 25% at all concentrations, while

= sap  BA showed good inhibitory activity and obvious

m BaL concentration dependence. This result suggested

that the cell line was sensitive to BA only. For

MCEF-7 cells (Figures 3C and 3D), when the

concentration of drug was below 30 pg/mlL,
pa the three drugs were not sensitive to MCF-7
cells at 24 h. However, the inhibition rates of
50 pg/mL BAD and BAL were 62.56% and
60.58% at 24 h, which were significantly higher
than that of BA (the inhibition rate of 50 pg/mL
was 35.64%) (p < 0.05). Compared with 24 h,
BA, BAD, and BAL showed stronger inhibitory
effect on MCF-7 cells at 48 h, which was time-
dependent. The sensitivity rates of BAD and
BAL to T47D cells were significantly higher
than that of BA (p < 0.05) at 24 h (Figure 3E).
When the concentration of BAD and BAL
increased to 30 pg/mL at 24 h, the inhibition
50 rates of BAD and BAL for T47D cells were

71.18% and 82.32%, while the inhibition rate

of BA for T47D cells at 50 pg/mL was only

31.30%. After 48 h, the sensitivity of BA was
improved compared with 24 h, but its inhibition rate was still lower
than those of BAD and BAL (Figure 3F).

3 BA
= BAD
m BAL

The Apoptosis Effect of BAD and BAL in A549 Cells

Chan et al.** have proven that BA can induce apoptosis of cancer cells.
In order to prove whether BAD and BAL can also induce apoptosis of
A549 cells, with BA as the control, BAD and BAL were used to treat
A549 cells at the dose of 50 ng/mL for 48 h. Flow cytometry showed
that the apoptotic rates of BA, BAD, and BAL on A549 cells were
17.94%, 24.32%, and 39.69%, respectively (Figure 4H). The early
apoptotic rates were 11.21%, 14.37%, and 34.41%, respectively, while
the late apoptotic rates were 6.72%, 9.95%, and 5.27%, respectively.
Staining results of Hoechst 33258 also showed that both BAD and
BAL had a stronger effect on apoptosis of A549 cells than did BA,
and BAL had the strongest effect (Figure 4A). However, the results
of cell cycles showed that BA, BAD, and BAL were the same for
A549 cells as the control group (Figures 4C-4E). It was suggested
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that the three drugs may not promote tumor cell death by interfering
with cell cycle at this concentration.

These results suggested that both BAD and BAL can induce A549 cell
apoptosis and ultimately inhibit cell proliferation. The induction ef-
fect of BAD and BAL is stronger than that of BA, which can inhibit
the growth of A549 better. The results were consistent with those of
MTT and were significantly different (p < 0.001).

The Mechanism of BAD and BAL Inducing Apoptosis

Many studies have shown that BA could inhibit the expression of p-Akt in
the PI3K/Akt pathway to promote the apoptosis of tumor cells.**** Mo-
lecular docking technology predicted that BAD and BAL could bind Akt
protein better than BA, especially because BAL had the highest binding
ability (total score >4) (Figure 5). To determine whether BAD or BAL pro-
motes apoptosis the as same as BA by inhibiting the expression of p-Akt,
western blot analysis was used to detect the expression of total Akt (T-
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Figure 3. Inhibition Effects of BA, BAD, and BAL on
the Growth of MBA-MB-435, MCF-7, and T47D Cell
Lines for 24- and 48-h Treatments

The results are representative of at least three indepen-
dent experiments run in triplicate. Data are expressed as
means + SD (p < 0.05, n = 5). (A and B) MBA-MB-435
cells, (C and D) MCF-7 cells, (E and F) T47D cells. (A, C,
and E) 24-h treatment, (B, D, and F) 48-h treatment.
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Drug concentration (ug/mL)

Akt), p-Akt, Bax, Bcl-2, caspase-3, and caspase-9
proteins extracted from A549 cells with different
concentrations of BA, BAD, and BAL. The results
showed that BA, BAD, and BAL could inhibit the
expression of p-Akt in a concentration-dependent
trend (Figures 6A and 6B). The inhibitory effect of
BAD and BAL on p-Akt was significantly stronger
than BA. Interestingly, when the dose concentra-
tion was greater than 25 ug/mlL, the effect of
BAL on p-Akt was stronger than that of BAD
(p < 0.05). The proportions of Bax/Bcl-2 in the
three groups increased with the concentration
and were significantly higher than that in the con-
trol group (p < 0.01) (Figure 6C). The effect of two
chiral derivatives on Bax/Bcl-2 was greater than
that on BA (p < 0.05). Caspase family proteins
were the important components of cell apoptosis.
As shown in Figures 6D-6F, the expression of cas-
pase-9, the initiator of apoptosis, in the BAD and
BAL groups was significantly higher than that in
the BA group. Meanwhile, the relative expression
of caspase-9 in the BAL group was higher than
in the BAD group (p <0.05). The expression of cas-
pase-3, the executor of apoptosis in the three
groups, was consistent with caspase-9. Meanwhile,
the effect of BAL on caspase-9 and caspase-3 was
higher than that of BAD (p < 0.05). All of the re-
sults showed that BAD and BAL could promote the apoptosis of A549
cells by affecting the expression of p-Akt in the PI3K/Akt pathway.

O BA
= BAD
Em BAL

50

O BA
= BAD
Em BAL

50

In Vivo Antitumor Study

All groups were orally administered a daily dose of 100 mg/kg for
24 days to investigate the inhibitory effects of BAD and BAL on tu-
mors in nude mice. The weight of nude mice in each group decreased
slightly before and after administration, but there was no significant
difference between the administration group and the negative control
group (p > 0.05). Compared with the blank group, BA, BAD, and BAL
could inhibit the growth of tumors (p < 0.01). The inhibitory effects of
BAD and BAL were stronger than that that of BA (p < 0.05). After
24 days of administration, the inhibition rates of BA, BAD, and
BAL were 35.01%, 53.30%, and 59.35%, respectively (Figures 7D-7F).

24 days later, the nude mice were dissected and the tumors were
removed. Hematoxylin and eosin (H&E) staining showed that the
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Figure 4. Results of Apoptosis and Cycle in A549 Cells

(A) The changes of nucleus of A549 cells stained by Hoechst 33258 with BA, BAD, and BAL of 50 ng/mL were observed under an inverted microscope. (B) Effects of BA, BAD, and
BAL of 50 pg/mL on cell death were evidenced by annexin VFITC/PI double staining and FACS analysis. (C) Flow cytometry was performed to examine the effects of the cell cycle
with BA, BAD, and BAL of 50 ng/mL in A549. (D) Ratio of G1/Go. (E) Frequency distribution bar chart for G1/Go, S, and Go/M. (F) Early apoptosis of BAD and BAL to A549 cells at 48 h.
(G) Late apoptosis of BAD and BAL to A549 cells at 48 h. (H) Total apoptosis of BAD and BAL to A549 cells at 48 h. *p < 0.05, **p < 0.01, **p < 0.001, dose groups versus control.
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growth of the tumors in the control group was vigorous and that the
microvessels were abundant (Figure 7H). The degree of tumor necro-
sis induced by drugs was BAL > BAD > BA in the treatment group.
Immunohistochemical results showed that the expression of CD31
in BAD and BAL were significantly decreased compared with that
in the BA group (Figure 7G). These data further indicated that
BAD and BAL could better inhibit tumor angiogenesis to inhibit tu-
mor growth. Meanwhile, the inhibitory effect of BAL was better than
that of BAD.

In agreement with the MTT results, these results demonstrate that
BAD and BAL can inhibit the growth of tumors better in nude mice.

DISCUSSION
Chiral drugs refer to a group of isomers that are mirror images of each
other by introducing chiral centers into drug molecules.”> >’ Most of
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Figure 5. Results of Molecular Docking of Akt
(A) 3D interaction of BAD and BAL with amino acids. (B)
3D interaction of BAD and BAL with Akt protein.

Total Score:6.073

the receptors and enzymes in organisms have
chiral properties in their spatial structure. The
affinity of the chiral drugs to their receptors is
different due to the mirror symmetry of space
arrangement, which leads to the difference of
pharmacological activity, even the opposite
pharmacological activity. Currently, most of
the new anti-cancer drugs inhibit the growth
of tumors by affecting the activity of key en-
zymes in a signaling pathway. Based on the
specificity of enzyme space structure by molec-
ular docking technology, discovering chiral
drugs with high antitumor activity has become
one of the hotpots of new drugs in recent
years.” " BAD and BAL are types of chiral
drugs designed and synthesized based on molec-
ular docking technology, which could improve
the antitumor activity more than that for BA.

7 Total Score:6.622

Lung cancer is one of the most common malig-
nant tumors and an important cause of cancer
death. According to statistics, in 2018, there
were 2.1 million new cases of lung cancer world-
wide and nearly 1.8 million deaths were caused
directly or indirectly by lung cancer, accounting
for 18.4% of cancer deaths.' Most lung cancers
are found in the middle and late stages, and
radical resection is difficult to achieve in surgical
" In view of this, chemotherapy
still plays an important role in the treatment
of tumors. However, the relatively low effi-
ciency, relatively high toxicity, high recurrence
rate of lung cancer, and the appearance of drug resistance limited
the use of chemotherapy drugs in the clinic. The development of
new chemotherapeutic drugs with high antitumor activity has
become a research hotspot in recent years.

Total Score:7.402

treatment.

BAD and BAL were screened to investigate their antitumor activity in
lung cancer and breast cancer cell lines by an MTT assay. In breast
cancer cell lines, the antitumor activity of BAD and BAL at T47D
were significantly stronger than that of BA (Figures 3E and 3F). For
MCE-7 cell lines, BAD and BAL showed high antitumor activity
only at high concentrations (>40 pg/mL); when the concentration
was lower than 40 pg/mlL, the inhibitory effects of BAD and BAL
on MCF-7 cells were lower than that of BA. This indicating that
the antitumor activity of BAD and BAL on MCF-7 cells was not
significantly increased at low concentrations (<40 pg/mL) (Figures
3C and 3D). In addition, BAD and BAL did not inhibit the
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Figure 6. Results of Western Blotting

(A) Effects of BA, BAD, and BAL on the expression of T-Akt, p-Akt, Bax, Bcl-2, caspase-9, and caspase-3 by western blotting analysis at three concentrations in A549 cells for
48 h. (B) Effects of BA, BAD, and BAL on the value of p-Akt/T-Akt in A549 cells for 48 h. (C) Effects of BA, BAD, and BAL on the value of Bax/Bcl-2 in A549 cells for 48 h. (D)
Effects of 12.5 ng/mL BA, BAD, and BAL on the expression of T-Akt, p-Akt, Bax, Bcl-2, caspase-9, and caspase-3 in A549 cells for 48 h. (E) Effects of 25 ng/mL BA, BAD,
and BAL on the expression of T-Akt, p-Akt, Bax, Bcl-2, caspase-9, and caspase-3 in A549 cells for 48 h. (F) Effects of 50 ng/mL BA, BAD, and BAL on the expression of T-
Akt, p-Akt, Bax, Bcl-2, caspase-9, and caspase-3 in A549 cells for 48 h. *p < 0.05, *p < 0.01, **p < 0.001, dose groups versus control.

proliferation of MDA-MB-435 cells (Figures 3A and 3B); in contrast,
BA showed higher antitumor activity. In lung cancer cell lines, BAD
and BAL showed strong antitumor activity against lung cancer A549
cell lines compared with the BA group. The anti-cancer activity of
BAL was more remarkable than that of BAD (Figures 2A and 2B).
Yeom et al.** found that p-forms of chiral drugs or excipients can bet-

ter enter tumor cells. BAD may lead to a higher inhibition rate than
BAL to the A549 cell line at 24 h due to its better access to tumor cells.
However, the inhibition rate of BAL was higher than that of BAD
when the amount of BAD and BAL entering tumor cells was enough.
For H460 cells, BAD and BAL exhibit high antitumor activity
compared with BA at high concentrations (>40 pg/mL) (Figures 2C
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Figure 7. Antitumor Efficacy and Toxicity of BA, BAD, and BAL in Nude Mice Bearing A549 Tumor Xenografts In Vivo

(A) Changes of body weight (g) before and after treatment with BA, BAD, and BAL in nude mice. (B) Tumor volume of A549-bearing nude mice treated with BA, BAD, and BAL
on day 24. (C) Changes of tumor volume with different groups in nude mice. (D) Tumor inhibitory rates (%) of A549-bearing nude mice treated with BA, BAD and BAL on day
24. (E) Tumor weights (g) of A549-bearing nude mice treated with BA, BAD, and BAL on day 24, after which the mice were humanely sacrificed. (F) Photograph of tumor on
day 24 when the mice were humanely sacrificed. (G) The results of CD31 in tumor tissues were analyzed by immunohistochemistry. (H) The results of tumor mass H&E
staining; the yellow arrow points to the necrotic tumor cells (means + SD, n = 5). t test: *p < 0.05, **p < 0.01, ***p < 0.001, dose groups versus control.

and 2D). Interestingly, the inhibition rate of BAD at 48 h was lower
than that at 24 h, which may be due to the high consumption of
BAD and the proliferation of surviving H460 cells. For Calu-1 cells,
the antitumor activity of BAD and BAL is still higher than that of
BA in 24 h. However, when the drug action time of BAD and BAL
reached 48 h, and the concentration was only above 40 pg/mL, their
antitumor activity was higher than that of BA. Meanwhile, BA, BAD,
and BAL inhibited the growth of Calu-1 cells in a concentration-
dependent manner (Figures 2E and 2F). These results indicated
that BAD and BAL with structural modification exhibit different
anti-neoplastic activities for different cell lines due to the change of
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space structure. It was suggested that the space configuration of drugs
plays an important role in their efficacy and targeting. Meanwhile,
BAD and BAL showed high antitumor activity on lung cancer cells,
especially in the A549 cell line with the high selectivity of BAL. These
studies suggested that BAD and BAL are types of antitumor molecules
with high clinical therapeutic value for lung cancer treatment.

Apoptosis plays an important role in the proliferation, drug resis-
tance, and metastasis of tumors. BA has been shown to promote
apoptosis of cancer cells through multiple pathways.”>*>** Our study
showed that BAD and BAL can promote the apoptosis of tumors
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more effectively than does BA. In particular, BAL mainly induced
early apoptosis of A549 cells, and BAD mainly induced late apoptosis
of A549 cells (Figure 4), which may be related to the difference in the
spatial structure of BAD and BAL so as to result in a different ability
of the trigger signal factor; more accurately, these findings may be due
to the difference in the affinity of BAD and BAL to the receptor factor.
Recent studies have shown that the spatial structure of drugs leads to
an influence on cell apoptosis. The PI3K/Akt pathway is an intracel-
lular signal transduction pathway with enzymatic activity, which reg-
ulates the proliferation and survival of cancer cells. Abnormal activity
of the PI3K/Akt pathway not only leads to malignant transformation
of cancer cells, but it also is related to the migration, adhesion, angio-
genesis, and degradation of the extracellular matrix. Akt, as the core of
this pathway, regulates the expression of target genes by phosphory-
lating downstream substrates.'®*' Studies have shown that chiral
substances with lactam structure can promote apoptosis of cancer
cells by inhibiting the phosphorylation of Akt in the PI3K/Akt
pathway, then upregulating caspase-3, caspase-9, and Bax, and down-
regulating the expression of Bcl-2 protein.”” BAD and BAL are
formed by BA and two PMEs through an amide bond; meanwhile,
molecular docking technology predicts that BAD and BAL can better
combine with Akt than can BA. Western blot analysis was used to
explore the effect of BAD and BAL on the PI3K/Akt pathway. The re-
sults showed that BAD and BAL could inhibit the expression of p-
Akt, and BAL was stronger than BAD (Figure 6). These effects also
directly affected the downstream apoptotic proteins. The ratio of
Bax/Bcl-2 regulated by p-Akt is the key factor to determine cell
apoptosis, and these data indicated that the ratios of Bax/Bcl-2 in
BAD and BAL were higher than in BA. Interestingly, the effects of
BAD and BAL on caspase-9 and caspase-3 were the same as the ratio
of Bax/Bcl-2. This suggested that BAD and BAL could promote the
apoptosis of A549 cells by inhibiting the expression of p-Akt, and
the selectivity of BAL was stronger than that of BAD.

Subsequently, an animal model with xenograft nude mice bearing
A549 cells was established to further investigate the antitumor activity
of BAD and BAL in vivo. At the end of the experiment, there was no
death in each group, and there was no significant difference in the
weight of each group compared with the control group (Figure 7A).
The tumor volume of nude mice in the control group increased
with time (Figure 7C). H&E staining showed that A549 cells grew
actively and microvessels were abundant (Figure 7H). However, the
tumor volume of nude mice in the experimental group decreased
significantly. In particular, the BAL and BAD groups were both
smaller than the BA group. H&E staining showed that all of the tumor
cells in the three experimental groups showed necrosis. The results of
immunohistochemistry also suggested that BAD and BAL could
inhibit tumor angiogenesis better than BA (Figure 7G), and the effect
was shown with BAL > BAD > BA (Figure 7H). The results of the
experiment in nude mice once again proved that BAD and BAL
had a strong inhibitory effect on tumors (Figures 7B-7F). The phar-
macodynamics in vivo were consistent with the results of cytotoxicity
in vitro. It has been proven that BAD and BAL, as chiral derivatives of
BA, have higher anti-neoplastic activity than does BA in the treatment

of lung cancer. BAD and BAL are potential anti-neoplastic drugs that
are safe and effective in the treatment of lung cancer.

Conclusions

In conclusion, there were stronger tumor cell growth inhibition ef-
fects induced by BAD and BAL than that of BA, especially with
high sensitivity to lung cancer. BAD and BAL had a good inhibitory
effect on subcutaneous tumor growth in vivo, which was consistent
with the results in vitro. The mechanism of that may induce the
apoptosis of tumor cells by inhibiting the expression of p-Akt to pro-
mote Bax, caspase-3, caspase-9 expression and inhibit Bcl-2
expression.

MATERIALS AND METHODS

Materials and Instruments

BA (purity >98%), 1-hydroxybenzotriazole (purity >98%), and 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDCI) (purity >95%) were
purchased from Best Company (Chengdu, China). Other reagents
are analytical reagents, purchased from China Kelong. The structures
of BAD and BAL are shown in Figure 1, which were confirmed by
"H-NMR spectroscopy and liquid chromatography-mass spectrometry
(LC-MS) analysis.

Synthesis of BAD and BAL

0.5 mmol of BA, 0.6 mmol of 1-hydroxybenzotriazole (HOBT),
0.9 mmol of 1-ethyl-(3-dimethylaminopropyl)carbonyl diimide hy-
drochloride (EDC.HCL) were dissolved in N,N-dimethylformamide
(DMF), and reacted at room temperature for 6 h. Later, 1.5 mmol
of L-Phe methyl ester hydrochloride (LBMS) or p-Phe methyl ester
hydrochloride (DBMS) dissolved in DMF and triethylamine (TEA)
were added, and the reaction lasted for 48 h at 50°C. The solvent of
the mixture was removed by rotary evaporation, and the desire prod-
ucts were separated by column chromatography (silica gel, dichloro-
methane/methanol/formic acid = 19:1:0.5) and were purified by
recrystallization with ethanol.

Cell Culture

Breast cancer MCF-7, MBA-MB-435, and T47D cells and lung cancer
A549, H460, and Calu-1 cells were obtained from the Shanghai Cell
Bank (China). All cells were cultured in a 5% CO, incubator (with
a HEPA class 100 filter) in RPMI 1640 or DMEM medium of
100 U/mL of penicillin-streptomycin and 10% fetal bovine serum.
Medium was replaced three times a week. Cells were used during
the exponential growth phase of all experiments.

Cell Viability Assay

The drug mother liquor of 100 pg/mL was prepared in the medium
containing 0.1% dimethyl sulfoxide (DMSO) as solvent. At the
same time, the drug solution was diluted to 10, 20, 30, 40, and
50 ng/mL, respectively. Cells were inoculated into 96-well plates at
a concentration of 2 x 10* cells/well. Next, the cells were treated
with various concentrations of drug solutions in triplicate. 24 and
48 h later, 20 pL of MTT (5 mg/mL) was added to each pore and
the cells were cultured in darkness at 37°C for 4 h. After removing
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the equipartition samples, the remaining crystals (methyl sulfoxide
precipitate) were dissolved with 150 pL of DMSO, the cells were
cultured at 37°C for 10 min, and the absorbance (optical density
[OD]) was measured with ELISA at 570 nm. Cell viability was deter-
mined by an MTT assay. The cell inhibition rate was calculated as fol-
lows: inhibition rate = [(OD¢ontrol — ODtreated)/ODcontrol] X 100%.

Cell Apoptosis and Cycle

A549 cells were inoculated into six-well plates at a concentration of
4 x 10° cells/well. Cells were fixed with 4% paraformaldehyde for
15 min and washed twice with PBS. Subsequently, Hoechst 33258
was used for staining. Under x200 magnification, the morphology
of the nucleus was observed with a fluorescence microscope. The
Hoechst 33258 kit was from the Beyotime Institute of Biotechnology.

A549 cells were inoculated into six-well plates. After adherence, BA,
BAD, and BAL were used to interfere with A549 cells in logarithmic
growth phase. The concentration gradients of A549 cells were 50 png/
mL. At the same time, the control group was set up without admin-
istration. After 48 h, the supernatant was removed, and the cells
were digested and collected by trypsinase without EDTA. PBS was
washed twice at 3,000 rpm. After centrifugation for 10 min, 1 mL
of buffer suspension was added. First, 5 uL of annexin V/fluorescein
isothiocyanate (FITC) was added, and then 5 pL of annexin V/propi-
dium iodide (PI) was added. Oscillating and mixing were performed.
Light-shielding staining was performed for 30 min. Finally, apoptosis
rate was determined by flow cytometer (FACSCalibur, BD Biosci-
ences, San Jose, CA, USA) and Flow]o software.

A549 cells were inoculated into six-well plates at a concentration of
4 x 10° cells/well. The cells were incubated with 50 pg/mL of BA,
BAD, and BAL for 24 h. All cells were digested with trypsin, washed
twice with PBS, and then fixed in PBS with 70% dry ice-ethanol for
30 min at —20°C. Finally, the cells were washed twice with PBS,
dealing with RNase A (10 mg/mL), and then suspended in 50 pg/
mL PI for dyeing. Flow cytometry (BD Biosciences, San Jose, CA,
USA) was used for cell cycle distribution.

Western Blot Analysis

SYBYL-X 2.0 software was used to verify the affinity of derivatives to
amino acids and proteins. A total score of >4 was considered as high
affinity. Western blot was used to detect the expression levels of T-
Akt, p-Akt, Bax, Bcl-2, caspase-3, and caspase-9. Three concentra-
tions (50, 25, and 12.5 pg/mL) of BA, BAD, and BAL were used to
treat A549 cells for 48 h. The control group was given the culture me-
dium without drugs. The cell protein was collected and lysed by lysate.
Protein content was determined by the phenylmethanesulfonylfluor-
ide (PMSF) method. The protein was separated by SDS-PAGE and
then transferred to a nitrocellulose (NC) membrane. The NC mem-
brane was non-specific binding blocked by 5% milk for 1 h in
TBST (5 mM Tris-HCl, 136 mM NaCl, 0.05% Tween 20 [pH 7.6]).
The membranes were cultured with primary antibodies of Akt
(1:1,000), p-Akt (1:1,000), Bax (1:5,000), Bcl-2 (1:2,000), caspase-3
(1:2,000), caspase-9 (1:1,000), and B-actin (1:100,000) at 4°C over-
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night. The membranes were rinsed three times with 1x TBST and
incubated with secondary antibodies (1:1,000) for 2 h at room tem-
perature. Finally, the membranes were washed three times with 1x
TBST. Protein bands were visualized by an ECL (enhanced chemilu-
minescence) system (Amersham Biosciences, USA). The gray values
of T-Akt, p-Akt, Bax, Bcl-2, caspase-3, and caspase-9 proteins were
measured by Quantity One software.

Nude Mice

Twenty-four nude mice (12 males and 12 females) aged 4 weeks and
weighing 18-22 g were purchased from Chengdu Dashuo Biotech-
nology (Chengdu, China, license no. SCXK [Chuan] 2013-24). Ac-
cording to the national requirements for animal welfare, all nude
mice were in the VIC Animal Breeding Room of the Animal Breeding
Center of Southwest Medical University. The room temperature was
18°C-22°C and the relative humidity was 40%-70%. The nude mice
were provided with sufficient food and pure water. All the in vivo
experimental protocols were approved by the animal care committee
of Southwest Medical University.

Nude Mice Xenograft Models

A549 cells in the logarithmic phase of growth were collected for inoc-
ulation. Nude mice were injected with A549 cells (1 x 107 cells/mL) in
0.1 mL of PBS in the right hip. Two vertical diameters were measured
daily with a digital caliper to monitor the size of xenografts. After
7 days, the maximum diameter of the tumors was between 5 and
7 mm. Twenty-four nude mice were randomly divided into four
groups: (1) saline control group, (2) 100 mg/kg BA group, (3)
100 mg/kg BAD group, and (4) 100 mg/kg BAL group. Each mouse
in the experimental group was orally administered BA, BAD, or
BAL once a day for 24 days. The weight of every mouse was measured
once a day.

Tumor Volume and Weight

The tumor volume was measured with a Vernier caliper, and the
weight of nude mice in each group was measured every 3 days. The
formula V = 7t/6(ab®) was chosen to calculate the volume (V) of tu-
mors, where a and b represent the largest and shortest vertical axes,
respectively. After 24 days of administration, nude mice were sacri-
ficed by cervical dislocation and autopsy was performed. All xeno-
grafts of tumors were isolated from nude mice and analyzed. The
weight of tumors was measured. The tumor inhibition rate (IR) was
calculated as follows: IR = (1 — tumor weightgg/tumor weight onerol)
x 100%. The weight and volume of each tumor were plotted and
compared with those of the control group. Tumor tissue was fixed
with formalin buffered by 10% phosphate, embedded in paraffin,
stained with H&E, and observed under light microscope. All experi-
mental procedures were performed in a blinded manner.

Immunohistochemistry

Tumor tissues were fixed in 4% paraformaldehyde for 24 h and dehy-
drated and embedded to prepare tumor sections. Antigen retrieval of
tissue sections was performed for 3 min at 95°C in 0.01 M citric acid
buffer (pH 6.0). Sections were incubated by the primary antibody
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(1:100) of CD31 overnight at 4°C, and then incubated by the
second antibody for 2 h at 37°C. Finally, after development with
3,3'- diaminobenzidine (DAB) and hematoxylin staining, immuno-
histochemical signals were imaged and observed under a microscope.
Staining was assessed by bright-field light microscopy.

Statistical Analysis

Statistical data were summarized as mean + standard deviation by
SPSS 19.0 software. Univariate analysis of variance and a Tukey’s
test were used for inter-group comparison. A p value of <0.05 was
considered statistically significant.
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