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The clinical benefit of combination therapy is significant, but it is not easy to define the mechanism of
complexity and diversity. Previous studies illustrate that phillygenin (Phi) binds in the allosteric inhibit
pocket of protein kinase B (AKT), and swertiamarin (Swe) acts on the pleckstrin homology (PH) domain
of AKT. However, the combined synergistic effect of relieving the inflammatory response has yet to be
elucidated. Based on high sensitivity, specificity and fast-responsibility fluorescent sensors, the Forster
Keywords: resonance energy transfer (FRET) technique offers a route to provide clear insights into physiological and
FRET pathological processes. In the study, molecular docking, the fluorescent probes of Phi and Swe for FRET
Swertiamarin were designed and synthesized. FRET analysis shown that Swe and Phi concurrently acted on the PH do-
Phillygenin main and allosterically inhibited pocket of AKT, respectively. The combination of Swe and Phi significantly
QEE-inﬂammation increased the heat stability of AKT and decreased protease-induced degeneration. In lipopolysaccharides
Combinatorial drug (LPS)-induced mice and cells, the combination arrested AKT activation, nuclear factor kappa-B (NF-«B)

phosphorylation, and the expression of tumor necrosis factor-o (TNF-¢¢), interleukin (IL)-6 and IL-8. In
conclusion, FRET revealed Phi and Swe concurrently targeted AKT on different domains and the combi-

nation of Phi and Swe enhanced the anti-inflammatory effect.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The combination therapies of the compounds are able to en-
hance the treatment of disease, such as increasing safety and opti-
mizing efficacious preparations [1]. Moreover, studies have shown
that disease resistance is less likely to occur against a combina-
tion of compounds than to single active constituents [2]. Amox-
icillin and clavulanic acid, a combination of penicillin antibiotics
and beta-lactamase inhibition, have been widely used for various
infections caused by susceptible bacteria [3,4]. The concept of syn-
ergistic effects in natural products has gained attention, for exam-
ple, cinnamaldehyde promoted the antimelanoma activity of dacar-
bazine both in vivo and in vitro. The combination of cinnamalde-
hyde and dacarbazine enhanced cell cycle arrest in the S phase
and significantly inhibited melanoma growth [5]. Epigallocatechin-
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3-gallate inhibited the expression of adenosine triphosphate (ATP)
binding cassette transporter and enhanced the intracellular con-
centration of 5-fluorouracil (5-FU), which markedly increased
growth inhibition of human colon cancer cells and human colon
adenocarcinoma cells [6].

In general, the combination of compounds increases the bio-
logical effect via targeting the same or multiple signaling path-
ways. Hence, the evaluation of combination effects between ac-
tive compounds has become an important topic in pharmacology
[7,8]. Combinatorial drug therapy is complex and diverse, and re-
vealing the mechanisms is the key for further application. Resver-
atrol and quercetin synergistically regulated the mitogen-activated
protein kinase (MAPK) pathway to inhibit thrombin-induced c-Jun
N-terminal kinase (JNK) activation and neutrophil migration in en-
dothelial cells [9]. The combination of pumpkin polysaccharides
and puerarin alleviated insulin resistance and exerted cytoprotec-
tive effects by affecting the Nrf2 and PI3K/AKT signaling pathways
in diabetic mice [10]. Moreover, the combination also synergisti-
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Fig. 1. Screening of the combination dose in cells. (A) CI analysis of different dose combinations of Phi and Swe by the inhibitory effect on NF-«B in TNF-« induced HEK
293 cells. BEAS-2B cells were stimulated with LPS for 30 min with or without pretreatment with Phi, Swe or the combination of Phi and Swe. The activation of AKT was
detected by Western blot (B), and the relative intensity of P-AKTS*3 to that of total AKT is presented as the mean + standard deviation (SD) of three experiments (C). ###p
< 0.001 compared to the control group; *P < 0.05, **P < 0.01, ***P < 0.001 compared to the model group (LPS group); 2*42P < 0.001 compared to the combination group

(Swe plus Phi).

cally increased bioactivity by enhancing the bioavailability or up-
take of each other, targeting gut microbial profiles and influencing
gut integrity [11]. However, it is still challenging to clarify the syn-
ergistic mechanism accurately.

Swertiamarin (Swe), a secoiridoid glycoside, is found in the
family Gentianaceae. It has been reported to exert various pharma-
cological effects, including anti-inflammation, antioxidant and liver
protection [12]. Phillygenin (Phi) is a lignan component extracted
from the fruit of Forsythia suspensa with a wide range of bioac-
tivities, such as anti-inflammatory, antitumor and attenuating liver
fibrosis effects [13]. Our previous studies illustrated that Swe and
Phi both exert anti-inflammatory effects by targeting protein Kki-
nase B (AKT) [14,15]. Swe acts on the pleckstrin homology (PH) do-
main of AKT, and Phi binds in the allosteric inhibit pocket of AKT.
By targeting the different binding domains to inhibit AKT, it sug-
gested that Swe and Phi have the potential to combine to block the
activation of AKT. However, few studies have analyzed the combi-
nation mechanism and revealed the details between Swe and Phi
in the process of attenuating inflammation by inhibiting AKT phos-
phorylation and membrane transport.

Forster resonance energy transfer (FRET) is an energy trans-
fer process between a pair of light-sensitive molecules, where the
donor fluorophore, initially in its electronic excited state, transfers
energy to an acceptor chromophore [16]. It has been extensively
used in various fields, including biological, food safety and biomed-
ical research [17-19]. Based on high sensitivity, specificity and
fast-responsibility fluorescent sensors, the FRET technique offers a
route to provide clear insights into physiological and pathological
processes [20,21]. In particular, FRET-based small-molecule fluores-
cent probes are often used as photochemical sensors and imaging
agents in biological analysis [22]. In combinatorial drug therapy, a
FRET-based disulfide-linked xanthene-coumarin-chlorambucil con-
jugate probe was used successfully for real-time monitoring of
drug delivery [23].

To reveal the combination mechanism, in this paper, Phi- and
Swe- derived fluorescent probes, Phi-BODIPY@TMR (BTMR) and
Swe-BODIPY@TR (BTR), were prepared to analyze the binding con-
dition of Phi and Swe in the structure of AKT by FRET detection in
vitro and in vivo. Subsequently, pathological and biochemical anal-
yses were performed to verify the combined effects of Phi and Swe
in a lipopolysaccharides (LPS)-induced inflammation mouse model.
The synergistic effect of Phi and Swe inhibiting AKT activity by
concurrently targeting the different domains of AKT to alleviate in-
flammation was finally revealed. The animal experiments were ap-
proved by the Animal Ethics Committee, Nankai University (Tian-
jin, China) and were performed in accordance with the guidelines
of the national legislation of China. The use and care of mice for
the study described herein was approved (DW20200711-098). The

material information and detailed experimental procedures are de-
scribed in Supporting information.

Firstly, we screened the optimal combination dose of Phi and
Swe for anti-inflammatory effects. According to combination index
(CI) analysis, the different combinations of Phi and Swe enhanced
the inhibitory effect on the expression of nuclear factor kappa-B
(NF-kB) (CI < 1), which compared to the same dose of Phi or Swe
treatment. The CI of 5 pmol/L Phi combined with 20 pmol/L Swe
was the lowest score in all combination doses, which suggested
that it was the optimal combination dose to alleviate inflamma-
tion (Fig. 1A). In LPS-induced inflammatory BEAS-2B cells, the
phosphorylation of AKT significantly increased, and the activation
of AKT was markedly decreased by 5 pmol/L Phi or 20 pmol/L
Swe as well as the positive drug dexamethasone. Compared to the
Phi group and Swe group, the inhibitory effect of the combination
observably enhanced AKT activity (Figs. 1B and C). The results
suggested that the combination of 5 pmol/L Phi and 20 pmol/L
Swe significantly increased the anti-inflammatory effect and the
inhibitory effect on AKT activity.

Based on our previous studies, in which both Phi and Swe tar-
get AKT to reduce inflammation, molecular docking was performed
to provide additional insights into the interactions of AKT with Phi
and Swe [14,15]. The top-scoring poses of Phi and Swe were dis-
played as three dimensional (3D) maps in Fig. 2A. As a result, Phi
acted on the allosteric inhibit pocket of AKT, which did not disturb
the binding of Swe with the PH domain of AKT. It is known that
the FRET efficiency depends on the spectral overlap between the
donor fluorescence and the acceptor extinction, and the distance
from donor to acceptor, which typically range from less than 100 A
[24]. Fortunately, the distance between Phi and Swe was approx-
imately 14.9A to 23 A (Fig. S1 in Supporting information). Hence,
the FRET assay was fit for analyzing whether Phi and Swe concur-
rently bind to the different domains of AKT protein. The structures
and design ideas of the Phi-BTMR and Swe-BTR probes are shown
in Figs. 2B and C, and the synthesis route is detailed in Schemes
S1 and S2 (Supporting information). The cell counting kit-8 (CCK8)
results demonstrated that both Phi-BTMR and Swe-BTR probes did
not affect the cell viability in BEAS-2B cells under 100 pmol/L (Fig.
S2 in Supporting information). Moreover, the inhibitory effects of
Phi-BTMR and Swe-BTR probes on AKT activation were evaluated
in LPS-induced BEAS-2B inflammatory cells (Fig. S3 in Supporting
information). Due to the similar effects, Phi-BTMR and Swe-BTR
probes were suggested to replace prototype drugs for subsequent
localization analysis.

Subsequently, the absorption (Ab) and emission (Em) wave-
lengths of Phi-BTMR probe and Swe-BTR probe were evaluated
(Fig. 3A). As expected, the peaks of Ab and Em for Phi-BTMR
probe were 542 and 578 nm, respectively, and those for the Swe-
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Fig. 2. The FRET analysis preparations of Phi and Swe. (A) Molecular modeling of
AKT with Phi and Swe. PyMOL software was used to display the 3D maps of the in-
teractions of AKT with Phi and Swe in the allosteric inhibit pocket and PH domain,
respectively. (B) The structures of Phi and the Phi-BTMR probe. (C) The structures
of Swe and the Swe-BTR probe.

BTR probe were 606 and 636 nm, respectively. The fluorescence
quantum yields of the two fluorescent substances detected by
fluorescence spectrophotometer is 0.81 and 0.76, respectively,
indicating that both Phi-BTMR probe and Swe-BTR probe have
strong fluorescence [25,26]. Due to the desirable overlap of the
wavelength spectrum between the Em of Phi-BTMR and the Ab
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of Swe-BTR (approximately 550-650nm), which suggested the
probes could be applied to FRET analysis. Then, the photoex-
citation energy of donor Phi-BTMR was set at 514nm, and the
acceptor of Swe-BTR probe was set at 620-670nm (Fig. 3B).
To test the feasibility of the FRET method, BEAS-2B cells were
exposed to an environment containing Phi-BTMR, Swe-BTR and
combination probes. The results are shown in Fig. 3C, under exci-
tation at 514 nm, only Phi-BTMR showed pseudo blue fluorescence
and partially merged with the AKT protein (pseudo cyan). In the
combination group, the pseudo red fluorescence of Swe-BTR was
clearly observed, which mainly colocalized with Phi-BTMR (pseudo
purple) and partially merged with the AKT protein (pseudo yellow)
on the cell membrane and cytoplasm. The results indicated that
Phi and Swe could concurrently bind with the AKT protein at
different domains at the cellular level.

In the inactive and active states of AKT, the structural features
are diverse [27]. The combination of 5 nmol/L Phi and 20 pmol/L
Swe significantly inhibited the Ser473 phosphorylation of AKT, and
the activation state of AKTS%3 was driven by an intramolecular
structural transformation between the C-tail and the PH domain
linker [28]. Hence, the structural stability of AKT in the inactive
state was further analyzed. In cellular thermal shift assay (CETSA),
AKT protein denatured with increasing gradient temperature. Com-
pared to the control (Con), Phi or Swe group, AKT protein degen-
eration was observably inhibited in the combination group at 61
and 64 °C (Figs. 4A and B). Moreover, the combination significantly
improved the stability of AKT protein and decreased the digested
AKT protein in the drug affinity responsive target stability (DARTS)
analysis (Figs. 4C and D). The results suggested that the combina-
tion of 5 ymol/L Phi and 20 umol/L Swe was able to increase the
structural stability of AKT in an inactive state at the cellular level.

To demonstrate that Swe and Phi can concurrently work on
AKT with different domains in vivo, Phi-BTMR and Swe-BTR probes
were administered to mice via intraperitoneal injection. As shown
in Fig. 5A, the fluorescence of Phi-BTMR probe (pseudo blue)
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Fig. 3. FRET analysis of the combination of Phi and Swe in cells. (A) Ab and Em wavelength detection of Phi-BTMR probe and Swe-BTR probe. (B) The process of fluorescent
energy transfers in FRET analysis. (C) The fluorescent localization of AKT protein (pseudo green), Phi-BTMR probe (pseudo blue) and Swe-BTR probe (pseudo red) in BEAS-2B
cells.
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Fig. 4. BEAS-2B cells were pretreated with or without 5 pmol/L Phi, 20 pmol/L Swe or the combination of 5 pmol/L Phi and 20 pmol/L Swe. CETSA was detected by Western
blot (A), and the relative intensity of total AKT is presented as the mean + SD of three experiments (B). DARTS analysis was performed by Western blot (C), and the relative
intensity of total AKT with protease to total AKT without protease in each group is presented as the mean + SD of three experiments (D). **P < 0.01 compared to the control
group (Con).
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probe (pseudo red) in lung tissue. The mice were pretreated with different combination doses of Phi and Swe for 6 h, and then stimulated with 10 mg/kg LPS for 90 min. The
activation of AKT was detected by Western blot (B), and the relative intensity of P-AKT¥73 to that of total AKT is presented as the mean + SD of three experiments (C). ###P
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Fig. 6. Anti-inflammatory effect analysis of the combination of Phi and Swe in vivo. The mice were pretreated with Phi, Swe or the combination of Phi and Swe for 6 h, and
then stimulated with 10 mg/kg LPS for 90 min. (A) Histopathological changes in the lung tissue observed by hematoxylin and Eosin (H&E) staining. Scale bar: 200 um. (B) The
phosphorylation of AKT and NF-xB was detected by Western blot. The relative intensity assay of P-AKTS#3/AKT (C) and P-NF-xB/NF-xB (D) (n=3). The contents of TNF-«
(E), IL-6 (F) and IL-8 (G) in BALF were measured by enzyme linked immunosorbent assay (ELISA) kits (n=6). ¥*##P < 0.001 compared to the control group (Con); *P < 0.05,
***P < 0.001 compared to the model group (LPS group); 2P < 0.05, 24P < 0.01 compared to the combination group (Swe plus Phi).

partially colocalized with AKT (pseudo green) both in the Phi-
BTMR group and the combination group, which merged and shown
pseudo cyan. As expected, the fluorescence Ab of Swe-BTR was de-
pendent on the Em of Phi-BTMR for FRET analysis. Hence, the fluo-
rescence of Swe-BTR probe (pseudo red), which was observed only
in the combination group, mainly colocalized with the Phi-BTMR
probe (pseudo purple) and partially merged with the AKT protein
(pseudo yellow). In addition, the fluorescence of Phi-BTMR probe,
Swe-BTR probe and AKT protein were also partially merged to-
gether in lung sections.

Next, to evaluate the combination effect in LPS-induced inflam-
matory mice, the phosphorylation levels of AKT were detected on
different combinations of Phi and Swe. The group treated with
2.5mg/kg Phi and 10mg/kg Swe exerted a better effect than the
group treated with 1.25 mg/kg Phi and 5 mg/kg Swe, and showed a
similar effect as the combination of 5 mg/kg Phi and 20 mg/kg Swe
(Figs. 5B and C).

To evaluate the anti-inflammatory effect of combination ad-
ministration in vivo, LPS-induced lung inflammation was exam-
ined. Histologically, LPS stimulation caused capillary congestion
and inflammatory cell infiltrates in lung tissue, which were com-
pared to the Con group. Meanwhile, treatment with Phi, Swe or
the combination of Phi and Swe obviously alleviated lung injury
and decreased the inflammatory infiltrate in small airways (Fig.
6A). Then, the activation of AKT and downstream inflammatory
proteins, NF-xB, in the lung lysates was measured. As shown in
Figs. 6B-D, LPS-induced phosphorylation of AKT and NF-«B was
significantly increased, and activation was markedly decreased by
the combination of 2.5 mg/kg Phi and 10 mg/kg Swe. Compared to
the Phi and Swe groups, the inhibition effect of the combination

group was observably enhanced on the phosphorylated activation
of AKT and NF-xB. Then, the cytokine levels of tumor necrosis
factor-o (TNF-«), interleukin (IL)-6 and IL-8 in broncho alveolar
lavage fluid (BALF) were further detected. As shown in Figs. 6E-
G, only 10mg/kg Swe reduced the expression of TNF-««. However,
the combination of Phi and Swe markedly reduced the expres-
sions of TNF-«, IL-6 and IL-8 in BALF, which exerted a better anti-
inflammatory effect compared to the Phi group and Swe group. The
above results suggested that the combination of Phi and Swe sig-
nificantly increased the inhibitory effect on AKT activity and the
anti-inflammatory effect.

Pharmacological investigations into combination effects can be
examined at the level of the molecular targets, disease pathways,
cellular processes, and patient responses [29]. As such, in vitro, in
vivo, preclinical, and clinical research can all provide valuable in-
sight into combination effects [30]. Understanding how mixtures
work in combination to exert the biological effect may enhance
insight into pharmacological research of natural products or ad-
dress the ever-increasing threat of disease resistance [31]. In our
study, the combination of 5 pmol/L Phi and 20 pumol/L Swe signifi-
cantly enhanced the inhibitory effect on AKT activity and the anti-
inflammatory effect in vitro. Integrated with the animal research of
LPS-induced inflammation, Phi and Swe concurrently bound with
the different domains of AKT and were considered the potential
mechanism by which the combination of Phi and Swe alleviated
inflammation.

FRET-based fluorescent probes are beneficial in illuminating the
underlying pathophysiological mechanism at the molecular scale
and provide clear insights into the interactions of proteins or
molecules with proteins [32,33]. AKT, a multi domain protein,
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contains the N-terminal PH domain followed by an unstructured
linker, a protein kinase domain, and a flexible C-terminal AGC-
kinase domain. In our study, the fluorescence efficiency of Phi-
BTMR probe could excite the Swe-BTR probe, which suggested that
the donor and acceptor pair were positioned in proximity to each
other (typically 10-100A). Combined with the results of molecular
docking and previous studies [14,15], we illustrated that Phi and
Swe both concurrently acted on the AKT protein at different bind-
ing pockets both in vitro and in vivo.

It is known that the activation of AKT is able to phosphorylate
the inhibitor of kappa B kinase (IKK)/NF-xB complex and plays a
key role in the activation of NF-«B, which is critical for the ex-
pression of inflammatory cytokines, such as IL-6 and IL-8 [34,35].
In the absence of stimulus signals, AKT is autoinhibited, with the
PH domain interacting with the kinase domain in a closed con-
formation [36]. The C-terminal AGC-kinase domain interacts with
the PH domain, which relieves PH domain-mediated AKT autoinhi-
bition in the phosphorylation of Ser473 activation [37]. Moreover,
the allosteric inhibit pocket is at the interface of the protein ki-
nase domain and the PH domain of the inactive conformation of
AKT, and the allosteric inhibitor is able to stabilize the closed con-
formation by the target allosteric inhibit pocket [38]. As we known,
the activation of AKT is directly related to its intramolecular inter-
action and structural transformation [27]. In the CETSA and DARTS
analysis, the combination markedly stabilized the structure of AKT
protein in an inactive state. The result indicated that Swe acted
on the PH domain to enhance AKT autoinhibition and Phi bond to
the allosteric inhibit pocket to stabilize the closed conformation of
AKT, which synergistically stabilized the inactive state of AKT.

In the classical model of AKT regulation, AKT is recruited
to the plasma membrane by phospholipid phosphatidyl inosi-
tol 3,4,5-triphosphate (PIP3), and Ser473 is phosphorylated by 3-
phosphoinositide-dependent protein kinase 1 (PDPK1) [39]. The
PIP3 molecule binds to the PH domain and allosterically activates
AKT, and the PH domain inhibitor influences PIP3 binding in cells
[28]. Moreover, the allosteric inhibitor of AKT kinase inhibits the
interaction with PDPK1 and facilitates the impairment of AKT sig-
naling downstream [40]. The combination of Swe and Phi targeted
the PH domain and the allosteric inhibit pocket to increase the
inactive conformation stability of AKT and weaken the response
of AKT to LPS stimulation in the PDPK1/AKT signaling pathway,
which induced a reduction in NF-«B activation and inflammatory
cytokine expression.

The allosteric inhibit pocket provides high specific inhibition
and minimal off-target pharmacology in the AKT structure [41].
Compared to traditional competitive inhibitors, allosteric inhibitors
have the potential to overcome mutation-associated drug resis-
tance [42]. Therefore, allosteric inhibitors are always used in com-
binatorial drug therapy, such as perifosine, an allosteric inhibitor of
AKT, combined with 5-FU to promote the anticancer effect in colon
cancer cells with PIK3CA mutations [43]. In our study, Phi alloster-
ically inhibited AKT, and Swe induced the autoinhibition of AKT.
The combined utilization markedly enhanced the inhibitory effect
on the activation of AKT and the anti-inflammatory activity both in
vitro and in vivo.

In this paper, we found that Phi and Swe concurrently targeted
AKT on different domains by FRET. Phi and Swe, in combination,
enhanced the structural stability of AKT in an inactive state, re-
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duced phosphorylated activation, and inhibited the inflammatory
response.
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