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Abstract
Erhuangquzhi granules (EQG) have been clinically proven to be effective in nonalcoholic steatohepatitis (NASH) treatment. 
However, the active components and molecular mechanisms remain unknown. This study aimed to screen active components 
targeting tumor necrosis factor α (TNF-α) in EQG for the treatment of NASH by a surface plasmon resonance (SPR) biosen-
sor–based active ingredient recognition system (SPR–AIRS). The amine-coupling method was used to immobilize recombinant 
TNF-α protein on an SPR chip, the specificity of the TNF-α-immobilized chip was validated, and nine medicinal herbs in EQG 
were prescreened. Nuciferine (NF), lirinidine (ID), and O-nornuciferine (NNF) from lotus leaves were found and identified as 
TNF-α ligands by UPLC‒MS/MS, and the affinity constants of NF, ID, and NNF to TNF-α were determined by SPR experi-
ments (Kd = 61.19, 31.02, and 20.71 µM, respectively). NF, ID, and NNF inhibited TNF-α-induced apoptosis in L929 cells, the 
levels of secreted IL-6 and IL-1β were reduced, and the phosphorylation of IKKβ and IκB was inhibited in lipopolysaccharide 
(LPS)-stimulated RAW264.7 cells. In conclusion, a class of new active small-molecule TNF-α inhibitors was discovered, 
which also provides a valuable reference for the material basis and mechanism of EQG action in NASH treatment.
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Introduction

Nonalcoholic steatohepatitis (NASH) is the accumulation 
of fat accompanied by hepatic steatosis, inflammatory infil-
trate, and cellular injury, with or without hepatic fibrosis [1]. 
The prevalence of NASH in the general population could be 
as high as 12% [2]. Many liver-related deaths are related to 
NASH, as the ultimate progression of NASH is cirrhosis and 
liver cancer, constituting the third leading cause of cancer-
related death worldwide. There is no definitive regimen for 
NASH treatment; although liver transplantation is effec-
tive, there is a shortage of appropriate donors [3]. Therefore, 
novel pharmacotherapy for the treatment of NASH is urgently 
needed. Tumor necrosis factor α (TNF-α) is considered a 

potential drug therapeutic target for NASH therapy because 
NASH pathogenesis is associated with many proinflammatory 
cytokines. TNF-α, a secreted protein, plays an essential role 
among the proinflammatory cytokines in NASH progression 
[4, 5]. Anti-TNF-α monoclonal antibodies are widely used 
to treat inflammatory diseases in the clinic and have been 
repurposed for preclinical studies in the treatment of NASH. 
For example, Schramm et al. conducted a study showing that 
adalimumab, a humanized TNF-α antibody, could improve 
liver function and ameliorate NASH symptoms [6]. Anti-
TNF-α antibodies have also shown therapeutic effects. How-
ever, TNF-α antibodies have limitations, such as serious side 
effects, high cost, and poor stability, which have prompted 
the need for small-molecule inhibitors that target TNF-α [7]. 
The small-molecule anti-TNF-α agent pentoxifylline is con-
sidered an effective drug for the treatment of NASH [8], and 
patients with NASH treated with pentoxifylline have reduced 
mortality and improved hepatorenal syndrome [9]. However, 
pentoxifylline can cause symptoms in the digestive system 
[10]. Thus, lower toxicity and effective TNF-α inhibitors are 
urgently needed for the treatment of NASH.

Traditional herbal medicines are not only used as com-
plementary and alternative therapies for diseases [11] but 
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also considered a component library for lead compound 
discovery. Erhuangquzhi granules (EQG) derived from 
Shengjiang Powder (SJP) have a history of more than 
230 years and have lipid-lowering and anti-inflammatory 
functions. Thus, EQG is clinically used to treat patients 
with NASH [12]. Although EQG has been clinically proven 
to be effective in NASH treatment, its pharmacologically 
active components and molecular mechanisms remain 
unknown. Only a portion of the components have phar-
macological activity in herbal extracts, but screening the 
active components from the EQG is a time-consuming and 
complex process. The commonly used strategy for active 
component identification begins with the separation of all 
components from traditional herbal medicine, and active 
ingredient analysis is performed individually. However, 
inactive components will waste many reagents and time, 
which is a drawback of this strategy.

There are many methods to screen the active compo-
nents of traditional herbal medicines. Some approaches 
are based on the specific binding of the target protein to 
the active components, such as ultrafiltration (UF) LC/
MS [13, 14] and microscale thermophoresis (MST) [15] 
approaches. UF LC/MS is used to determine the small 
molecules that bind to the target protein by incubating the 
target protein together with the traditional herbal medicine 
extract, intercepting the small molecules that bind to the 
protein through an ultrafiltration tube, and comparing the 
small molecules intercepted by denatured histone proteins 
versus normal proteins. MST technology requires fluores-
cent labeling of target proteins and changes in the fluores-
cence of labeled proteins caused by thermal surges caused 
by protein interactions with small molecules to analyze the 
affinities of small molecules of drugs with target proteins 
according to the changes in fluorescence [16, 17]. How-
ever, the above methods have limitations. For example, UF 
consumes a large amount of protein, and it is impossible to 
determine the affinity information of the compound and the 
target protein to sort the compound according to the affin-
ity value. MST requires the fluorescent labeling of target 
proteins, which makes MST experiments more expensive 
and longer-term. Hence, a more effective method than tra-
ditional screening methods should be introduced.

Surface plasmon resonance (SPR) is a label-free method 
for detecting biomolecular interactions in real time [18]. 
SPR has been widely used in biomolecular interactions, 
including enzyme–substrate interactions [19], protein‒pro-
tein interactions [20], and drug–target interactions [21]. 
The significant advantages of SPR in detecting proteins and 
small-molecule interactions have been recognized [22, 23]. 
In terms of active compound identification from medici-
nal herbal extracts, the advantage of SPR in the screen-
ing of active ingredients is that active components can be 
selected directly from medicinal herbal extracts [24], which 

reduces the purification and separation steps. Research-
ers have used SPR and ultra-performance liquid chro-
matography–tandem mass spectrometry in combination 
(SPR-UPLC‒MS/MS) to screen active components from 
medicinal herbal extracts. Chen et al. applied this method 
to screen signal transducer and activator of transcription 3 
(STAT3) ligands, and features of the method were investi-
gated, including the specificity, linearity, limit of detection, 
saturability, and robustness. Five compounds could bind 
to the STAT3 SH2 domain and inhibit STAT3-driven tran-
scriptional activity. Among them, polydatin and neobaica-
lein were first reported to be STAT3 ligands [25]. Fu et al. 
demonstrated that avenanthramides (AVNs) significantly 
reduced DDX3 expression and used the SPR-UPLC‒MS/
MS method to identify avenanthramide A as specifically 
binding to the oncogenic DDX3 protein. Avenanthramide 
A is an active component in AVNs and selectively kills 
tumor cells that highly express DDX3 [26]. Hence, the pur-
pose of the study was to screen active components targeting 
TNF-α in EQG by SPR–AIRS.

In this study, SPR–AIRS was applied to screen direct 
small-molecule TNF-α inhibitors from EQG. The experi-
mental workflow is illustrated schematically in Fig. 1. 
Recombinant TNF-α protein was immobilized on an SPR 
chip surface by the amine-coupling method, and the activ-
ity and specificity of the TNF-α-immobilized chip were 
validated by the direct small-molecule TNF-α inhibitor 
SPD304. Nine medicinal herbal extracts were used for pre-
screening, and lotus leaf extract had a high response to the 
TNF-α-immobilized chip. Lotus leaf extract was injected 
into the TNF-α-immobilized chip surface for ligand fish-
ing, and recovery samples were analyzed by a UPLC-Q 
Exactive HF-X mass spectrometer (UPLC-QE HF-X MS) 
to confirm their structures. Nuciferine (NF), lirinidine 
(ID), and O-nornuciferine (NNF) from lotus leaves were 
found and identified, and their affinities were validated by 
SPR assay and molecular docking, which could be used as 
TNF-α ligands. NF and NNF significantly neutralized TNF-
α-induced cytotoxicity in L929 cells. Due to its cytotoxic-
ity, ID did not exert a good neutralizing TNF-α-induced 
cytotoxicity effect. Enzyme-linked immunosorbent assay 
(ELISA) experiments demonstrated that NF, ID, and NNF 
could significantly induce IL-6 and IL-1β protein levels 
in LPS-induced RAW264.7 macrophages. Western blot-
ting (WB) revealed that NF, ID, and NNF could inhibit the 
phosphorylation of IκBα and IKKβ. These results validated 
that NF, ID, and NNF can be used as potential inhibitors 
of TNF-α. Among them, NF and NNF have low toxicity in 
RAW264.7 cells and good pharmacological effects. ID also 
has good pharmacological effects but is highly toxic. These 
results demonstrate that EQG contains inhibitors of TNF-α, 
while NF, ID, and NNF may be partially active components 
in the treatment of NASH by EQG.
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Materials and methods

Chemicals and reagents

CM5 chips, an amine coupling kit, and PBS were purchased 
from Cytiva (Shanghai, China). TNF-α protein was from 
Sino Biological (Beijing, China). The purities of NF, ID, and 
NNF were over 98%, and these standard compounds were 
purchased from ChemFaces (Wuhan, China). SPD304 and 
actinomycin D were from MCE (Medchem Express, USA). 
ELISA kits were from Westang Biotechnology (Shanghai, 

China). Phospho-IKKα/β (Ser176/180) Antibody II, IKKβ 
(D30C6) Rabbit mAb, IκBα (L35A5) Mouse mAb, and 
Phospho-IκBα (Ser32) (14D4) Rabbit mAb were from Cell 
Signal Technology Inc. (Beverly, MA, USA). The L929 cell 
lines were purchased from Boster Bioengineering Company 
(Wuhan, China). The RAW264.7 cell lines were obtained 
from the cell bank of Shanghai Institutes for Biological Sci-
ences. Fetal bovine serum (FBS) was produced by Biologi-
cal Industries (Grand Island, NY, USA).

Nine medicinal herbs of EQG include Turmeric (Cur-
cuma longa L.); Rhubarb (Rheum palmatum L.); Herba 

Fig. 1   Workflow for identifying potential TNF-α inhibitors from 9 
medicinal herbs of EQG by SPR-UPLC‒MS/MS. A Nine medici-
nal herbs of EQG were extracted. B TNF-α protein was immobilized 
to the surface of the chip, and TNF-α ligands were screened from 9 

medicinal herbs of EQG. C The results were validated by SPR and 
molecular docking. D The pharmacological activities of NF, ID, and 
NNF were validated by TNF-α-induced cytotoxicity in L929 cells and 
anti-inflammatory in LPS-induced RAW264.7 cells

Biosensor based active ingredient recognition system for screening TNF α inhibitors from…‑ ‑ 1643



Guan J. et al.

1 3

Gynostemmatis Pentaphylli (Gynostemma pentaphyllum 
(Thunb.) Mak.); Rhizoma Atractylodis Macrocephalae 
(Atractylodes macrocephala Koidz.); Lotus Leaf (Nelumbo 
nucifera Gaertn.); Oriental Waterplantain Rhizome (Alisma 
plantago-aquatica Linnaeus); Giant Knotweed Rhizome 
(Polygoni Cuspidati Rhizoma et Radix.); Radix Glycyrrhizae 
(Glycyrrhiza uralensis Fisch.); and Lobed Kudzuvine Root 
(Pueraria montana (Willd.) Ohwi) purchased from the First 
Affiliated Hospital of Shihezi University School of Medi-
cine in Xinjiang Uygur Autonomous Region of China in 
December 2021. They were identified by Professor Bo Han. 
Voucher specimens (No. 20211220) were preserved in the 
Key Laboratory of Xinjiang Phytomedicine Resource and 
Utilization (School of Pharmacy, Shihezi University). Nine 
medicinal herbs of EQG were used for this work.

Recombinant TNF‑α protein immobilized on the chip 
surface

A Biacore T200 instrument (GE Healthcare, Sweden) was used 
to perform SPR experiments. Flow cell 1 was the reference 
channel, and other cells were the detection channels. The CM5 
chip with a carboxymethylated dextran–coated surface was 
activated by a 1:1 mix of N-hydroxysuccinimide (NHS) and 
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide HCl (EDC). 
Recombinant TNF-α protein was diluted in 10 mM sodium 
acetate (pH 5.0, 50 µg/mL), the ligand was attracted and cova-
lently coupled to the dextran matrix, and the contact time was 
900 s with a flow rate of 10 μL/min. Ethanolamine was used 
to deactivate and further wash away loosely associated ligand.

TNF‑α‑immobilized chip specificity detection

SPD304 (10 µM) and INT747 (10 µM) sample solutions 
were injected into the TNF-α-immobilized chip surface to 
determine their response values to TNF-α protein, while 
running buffer was used as a blank control. The contact and 
dissociation times were 60 s and 180 s, respectively, and 
the flow rate was 30 µL/min. Subsequently, the affinity with 
TNF-α protein was tested over a concentration range of 0.5 
to 32 µM. The steady-state affinity model (1:1) was used to 
perform affinity fitting to obtain the affinity constant (Kd) 
by Biacore T200 evaluation software.

Preparation of herbal extracts and prescreening

The nine kinds of medicinal herbs were crushed, and the 
powder was passed through a 50-mesh sieve and retained. 
The powdered medicinal herbs (1.00 g each) were accurately 
weighed and subjected to ultrasound extraction with 10 mL 
80% methanol/water (v/v) for 40 min. Subsequently, the 
herbal extracts were centrifuged at 8000 × g for 5 min and 
were stored at 4 °C before analysis.

The nine herbal extracts were each diluted in PBS (1 µg/
mL) and filtered through a 0.22-µm filter. The samples were 
flowed over the TNF-α-immobilized chip, and the contact 
and dissociation times were 60 s and 180 s, respectively. 
PBS was injected between different samples for the SPR 
system cleaning.

Recovery of TNF‑α‑bound active components

The TNF-α-bound active components were recovered 
through the Biacore T200 system. The process of the 
recovery experiment was divided into four parts: (1) 
Herbal extracts were f lowed over the surface of the 
TNF-α-immobilized chip, and active components were 
bound to TNF-α protein. (2) The system washed away the 
residual sample solution. (3) The recovery solution was 
incubated on the surface of the TNF-α-immobilized chip, 
and the active ingredients dissociated from the TNF-α 
protein. Finally, (4) the flow direction of the TNF-α-
immobilized chip surface was reversed, and the recovery 
solution containing active components was mixed with 
the deposition solution. Herbal extracts were flowed over 
the TNF-α-immobilized chip surface for 180 s, and the 
flow rate was maintained at 5 µL/min. The chip surface 
was cleaned with distilled water. Formic acid (0.5%) in 
water was used as the recovery solution and incubated for 
20 s. A recovery solution containing active components 
was deposited in 10 µL ammonium bicarbonate (50 mM). 
This process was repeated 5 times as a cycle, and lotus 
leaf extract was recovered for 15 cycles. Recovered sam-
ples were dried with nitrogen gas and dissolved in 100 µL 
methanol. The samples were centrifuged at 8000 × g for 
5 min and filtered through a 0.22-µm filter. The super-
natants were taken and transferred into glass vials with 
micro inserts.

UPLC‑QE HF‑X MS analyses of active components

SPR-recovered samples and lotus leaf extract were analyzed 
on a Thermo Vanquish UPLC system (Thermo Fisher Sci-
entific, USA). Chromatographic separation was carried out 
on a Waters ACQUITY UPLC®HSS T3 (Ф 2.1 × 100 mm, 
1.8 μm) at 40 °C. Each sample was measured with differ-
ent gradients of mobile phases of 0.1% aqueous formic acid 
(v/v) (A) and acetonitrile (B), and the injection volume was 
5 µL. The elution procedure was 0% B at 1 min, 0 ~ 5% B at 
1 ~ 5 min, 5 ~ 100% B at 5 ~ 20 min, 100% B at 20 ~ 25 min, 
and 100 ~ 0% B at 25 ~ 30 min. The flow rate was a constant 
speed of 0.3 mL/min. Samples were selected for MS/MS 
using 25/35/45% normalized collision energies (NCE), data-
dependent MS/MS Top 20. The MS scans used positive ion 
mode, and the m/z scan range was 100 to 1000. All the data 
were processed by Thermo Scientific FreeStyle™ 1.7.

1644



1 3

Affinity validation

The active component standards were dissolved in PBS with 
5% DMSO and diluted from a 256-µM gradient to 1 µM. The 
samples were injected through a TNF-α-immobilized chip 
surface at a flow rate of 30 µL/min. The contact and dissocia-
tion times were 60 s and 120 s, respectively. The steady-state 
affinity model (1:1) was used to perform the affinity curve 
fitting to obtain the Kd by Biacore T200 evaluation software.

Molecular docking

Docking analysis was performed between standard com-
pounds and TNF-α by AutoDock Vina. The crystal structure 
of TNF-α was retrieved from the Protein Data Bank (PDB: 
2AZ5) [27]. To prepare for docking, hydrogen atoms were 
added, while water molecules and co-crystallized ligand 
were removed from the TNF-α crystal structure. Standard 
compound structures were retrieved from PubChem. The 
semiempirical MM method was applied to optimize the 
structures of small molecules in Chem Office Ultra 14.0 
(Cambridge software). The docking site of the original ligand 
(x =  − 8.33388, y = 68.21730, z = 19.96260) was selected as 
the center of the binding pocket with a 10-Å radius. The opti-
mal posture is evaluated by calculating the binding energy. 
The docking results were visualized in PyMol.

Inhibition of TNF‑α‑induced cytotoxicity

The inhibition rate of TNF-α-induced cytotoxicity was deter-
mined in the L929 cell line after standard compound ther-
apy. L929 cells were resuspended in RPMI-1640 complete 
medium containing 10% FBS at a density of 104 cells/mL 
and subsequently seeded in a 96-well plate for 24 h. After 
24 h of incubation, the complete medium was discarded and 
replaced with 100 µL of RPMI-1640 incomplete medium 
containing different concentrations of standard compounds 
with 1 µg/mL actinomycin D and 2 ng/mL recombinant 
human TNF-α. The total volume of the mixture was 100 
µL, and it was incubated with the L929 cells for 24 h. Cell 
morphological changes were observed under an inverted 
microscope, and images were taken, while the cell survival 
rate was measured using the CCK8 method.

Cell viability detection

RAW264.7 cells were cultured in DMEM containing 10% 
FBS at 37 °C with 5% CO2. RAW264.7 cells were trypsinized 
and resuspended at a density of 1.5 × 105 cells/mL and sub-
sequently seeded in a 96-well plate for 24 h. At the end of 
the incubation time, the medium was replaced with DMEM 

containing different concentrations of standard compounds 
(10, 20, 40, 60, 80, and 100 µM). The viability of RAW264.7 
cells was measured after 24 h by adding CCK8 solution and 
incubating for 2 h. The absorbance was determined at 450 nm 
with a Model 680 Microplate Reader (Multiskan FC, Thermo).

Detection of cell supernatant cytokine levels

RAW264.7 cells (106 cells/mL) were treated with NF, 
ID, and NNF (10, 20, 40 µM) for 3 h in a 12-well plate 
and then incubated with LPS (1 μg/mL) for another 12 h. 
Next, the cell supernatant was collected and centrifuged at 
1000 × g for 20 min. ELISA was used to detect the levels 
of IL-6 and IL-1β in the medium, and the absorbance was 
determined at 450 nm with a microplate reader.

Western blot

RAW264.7 cells (5 × 105 cells/mL) were cultured overnight. 
Then, the medium was discarded and replaced with DMEM 
containing different concentrations of standard compounds 
(10, 20, and 40 µM). LPS (1 µg/mL) was added after 12 h 
and incubated for another 2 h. The cellular proteins were 
extracted with RIPA lysis buffer (Solarbio, China) and cen-
trifuged to remove insoluble matter. Protein concentrations 
were measured using bicinchoninic acid (BCA) experiments 
(Solarbio, China). Equal amounts of protein were separated 
by 10% SDS‒PAGE and transferred to PVDF membranes. 
After blocking with 2% BSA powder-TBST for 90 min, the 
membranes were incubated with primary antibodies against 
IκB-α (1:1000), p-IκB-α (1:1000), IKKβ (1:1000), p-IKKβ 
(1:1000), and GAPDH (1:1000). The protein band was incu-
bated for 1 h with a goat anti-rabbit or anti-mouse IgG sec-
ondary antibody (1:10,000). Enhanced chemiluminescence 
(ECL) reagents were used to detect protein bands.

Statistical analysis

The results are presented as the means ± standard deviations 
(SD) and were analyzed using SPSS software version 16.0. 
One-way analysis of variance (ANOVA) was used to deter-
mine significant differences between groups, and P < 0.05 
was considered a statistically significant difference.

Results and discussion

Protein precoupling and immobilization

To determine the optimal equivalent point of the protein, 
more recombinant TNF-α proteins can be immobilized. 
Sodium acetate at different pH values (4.0, 4.5, 5.0, and 5.5) 
was selected as the dilution buffer for TNF-α protein in the 
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precoupling assay. Recombinant TNF-α protein was diluted 
in sodium acetate buffers with different pH values to a con-
centration of 50 µg/mL in each sample and analyzed by the 
Biacore T200 system. The results showed that a high immo-
bilization level was achieved at pH 5.0 (Fig. 2A). Therefore, 
sodium acetate at pH 5.0 was used for protein immobiliza-
tion. Recombinant TNF-α protein was immobilized on three 
detection channels of the CM5 chip with immobilization 
levels of 21,500.3, 23,127.8, and 22,841.7 response units 
(RU), respectively (Fig. 2B).

Specificity of the TNF‑α‑immobilized chip

A direct inhibitor and a negative control compound were 
used to verify the specificity of the TNF-α-immobilized 
chip. SPD304 was selected a direct TNF-α inhibitor as a 
positive control, and INT-747, a direct ligand for farnesoid 
X receptor [28], was selected as a negative control. Stand-
ard solutions of different concentrations of SPD304 and 
INT-747 were flowed through the surface of the TNF-α-
immobilized chip. The blank with the addition of PBS 
was used as a control. SPD304 produced a high response 
signal with TNF-α protein, while INT-747 responded to 

a signal of approximately 0 RU, which is close to the sig-
nal produced by PBS (Fig. 2C). This result demonstrates 
the specificity of the TNF-α-immobilized chip. In addi-
tion, SPD304 could bind to the surface of the TNF-α-
immobilized sensor chip in a concentration-dependent 
manner, and the Kd of SPD304 was 11.09 µM (Fig. 2D).

Screening of active components from herbal 
extracts

The SPR system was used to screen TNF-α ligands from 
EQG. Nine medicinal herbs of EQG were prescreened. The 
herb extraction samples (10 µg/mL) were injected into the 
surface of the TNF-α-immobilized chip. The prescreening 
results are shown in Fig. 2E. Among the 4 herb extraction 
samples, the response signal of lotus leaf was the highest, 
at 55.20 RU. The prescreening results for 5 other herbal 
extracts are shown in Electronic supplementary material 
Fig. S1.

According to the prescreening results, the lotus leaf was 
selected for further screening by combining SPR and UPLC-
QE HF-X MS. An injection and recovery program was 
applied to recover the TNF-α-bound components in lotus 

Fig. 2   Immobilization of TNF-α 
proteins and screening of 
active ingredients. A Response 
of TNF-α protein diluted in 
sodium acetate buffers with 
different pH values. B Sensor-
grams showing the immobili-
zation of TNF-α proteins via 
amine coupling at pH 5.0 in 
flow cell 2. C The specificity of 
the TNF-α-immobilized chip 
was validated. D Sensorgrams 
of SPD304 and fitting curves 
are shown. E The prescreening 
response signals of 4 medicinal 
herbs. F Schematic diagram of 
the active ingredient recovery 
process
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leaf; the recovery process is shown (Fig. 2F). First, due to 
the specificity of the TNF-α-immobilized chip, components 
that could interact with TNF-α bound to TNF-α remained on 
the chip, while other components that did not bind to TNF-α 
eluted from the TNF-α-immobilized chip surface. Second, 
the wash solution was flowed over the TNF-α-immobilized 
chip surface to wash off components not bound to TNF-α 
protein. Third, the recovery solution was used for incuba-
tion and dissociation of the active ingredients. Finally, the 
flow direction of the recovery solution changed and mixed 
with the deposition solution to neutralize excess formic acid.

Identification of TNF‑α‑bound components

The recovered samples were analyzed by UPLC-QE 
HF-X MS. The total ion chromatogram (TIC) of the lotus 
leaf extract is shown in Fig. 3A. Ion signals were iden-
tified in the lotus leaf extract sample (Rt = 12.00 min, 
m/z = 296.1641 [M + H]+) and the lotus leaf recovery 

sample (Rt = 12.19 min, m/z = 296.1642 [M + H]+) (Fig. 3B, 
C). The structure was identified by matching precise mass 
numbers and secondary mass spectrometry. The ion m/z 
296.1641 of the lotus leaf extract sample produced frag-
ment ions at m/z 265.1219, 250.0984, and 234.1036 
(Fig. 3E), while the ion m/z 296.1642 of the lotus leaf 
recovery sample produced the same fragment ions 
(Fig. 3F). According to fragment characteristics (Fig. 3G), 
this compound was speculated to be NF. Subsequently, 
the NF standard solution was injected into the UPLC-QE 
HF-X MS system under the same conditions. The Rt of 
NF was 12.33 min, and the m/z was 296.1641 ([M + H]+) 
(Fig. 3D), which was the same as the ion signal in the lotus 
leaf extract and recovery samples. Therefore, NF was iden-
tified as a candidate TNF-α ligand from lotus leaf extract. 
The secondary mass spectrometry of NF is shown in Elec-
tronic supplementary material Fig. S2. In addition, ID and 
NNF were identified as candidate compounds from lotus 
leaf extract in the same way. The Rt and m/z of NF, ID, and 

Fig. 3   Identification of active ingredients. A TIC of lotus leaf extract. 
EIC of NF in lotus leaf extract samples (B), lotus leaf recovery sam-
ples (C), and NF standard samples (D). The secondary mass spec-

trum of NF in lotus leaf extract samples (E) and lotus leaf recovery 
samples (F). Probable fragmentation pathways of NF (G)
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NNF in lotus leaf extract, recovery samples, and standard 
samples are shown in Table 1. The ion chromatogram and 
secondary mass spectrometry of ID and NNF are shown in 
Electronic supplementary material Fig. S3.

Validation of NF, ID, and NNF binding to TNF‑α

To validate the interactions between TNF-α and NF, ID, and 
NNF, an SPR affinity assay was performed. The sensorgrams 

and fitting curve of NF are shown in Fig. 4A, B. The results 
of ID and NNF are shown in Fig. 4C, D and Fig. 4E, F, 
respectively. According to the SPR assay results, NF, ID, and 
NNF had good affinities with TNF-α protein (Kd = 61.19, 
31.02, and 20.71 µM, respectively).

To further validate that NF, ID, and NNF can bind to 
TNF-α, molecular docking was applied to evaluate the inter-
actions. The X-ray cocrystal structure of a TNF-α dimer 
with SPD304 (PDB code: 2AZ5) was applied as the model 
to validate NF, ID, and NNF, which bind to TNF-α. The 

Table 1   Identification result of 
NF, ID, and NNF

Compound name Chemical formula Rt m/z

Herbal extract Recovery sample Standard sample

NNF C18H19NO2 11.31 282.1484 282.1484 282.1484
ID C18H19NO2 11.64 282.1485 282.1486 282.1485
NF C19H21NO2 12.33 296.1641 296.1642 296.1641

Fig. 4   Fitting curves of a series of concentrations and affinity sensing diagrams of NF (A, B), ID (C, D), and NNF (E, F) with TNF-α
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conformation with the most favorable orientation was the 
most stable for further structural analysis. The structures 
of the complex between SPD304, NF, ID, or NNF and the 
TNF-α dimer are shown in Fig. 5. According to the results, 
the binding energies of NF, ID, and NNF were negative, 
which suggested that NF, ID, and NNF can bind to TNF-α. 
Thus, NF, ID, and NNF were submitted to further biological 
evaluations.

Inhibition of TNF‑α‑induced cytotoxicity in L929 
cells

Cell apoptosis plays an important role in chronic inflamma-
tion, is associated with inflammatory destruction, and affects 
tissue repair. TNF-α has been shown to induce L929 cell 
apoptosis [29]. The inhibitory effects of NF, ID, and NNF on 
TNF-α-induced L929 cell cytotoxicity were detected by the 
CCK-8 method. Actinomycin D is an autophagic activator 
[30] that can increase TNF-α-induced L929 cell cytotox-
icity. As shown in Fig. 6B, C, actinomycin D and TNF-α 
inhibited the viability of L929 cells; cell viability was only 
2.99 ± 0.18%, but with treatment with NF and NNF, the cell 
survival rate improved significantly. Due to its cytotoxicity, 
ID did not exert a good neutralizing TNF-α-induced cytotox-
icity effect at 40 µM. These results indicate that NF, ID, and 
NNF can neutralize the cytotoxicity of TNF-induced L929 

cells and suggest that the SPR–AIRS method specifically 
recognizes NF, ID, and NNF as TNF-α-binding ingredients.

Effects of NF, ID, and NNF on cell viability

To determine whether NF, ID, and NNF had toxic effects on 
RAW264.7 macrophages, CCK-8 experiments were applied 
to cell viability assays. After treatment with different con-
centrations (0, 10, 20, 40, 60, 80, and 100 μM) of NF, ID, 
and NNF, the results showed that treatment with 100 μM 
NF (Fig. 7A) and 100 μM NNF (Fig. 7C) had no obvious 
effect on cell viability. However, after treatment with ID, 
cell viability was significantly reduced (Fig. 7B). The cell 
survival rate was approximately 80% after treatment with ID 
at 40 μM. Thus, 10, 20, and 40 μM NF, ID, and NNF were 
applied in the next experiments.

NF, ID, and NNF block TNF‑α‑mediated signaling 
pathways

The TNF-α-mediated inflammatory process is regulated 
by several sequences in gene promoters [31]. The TNF-α-
mediated classical nuclear factor kappa-B (NF-κB) pathway 
has received much attention. The effects of NF, ID, and NNF 
on the activation of the NF-κB pathway in RAW264.7 cells 
were investigated. The phosphorylation levels of IKKβ and 

Fig. 5   Molecular docking results of SPD304 (A), NF (B), ID (C), or NNF (D) with TNF-α. The TNF-α model is based on the cocrystal structure 
of the TNF-α dimer and SPD304 (PDB ID: 2AZ5)
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IκB were enhanced by LPS compared to the control group. 
Encouragingly, IKKβ and IκB phosphorylation levels showed 
dose-dependent decreases after NF pretreatment (Fig. 7F, G). 
The same effect can be seen in the presence of ID (Fig. 7H, 
I) and NNF (Fig. 7J, K). NF, ID, and NNF exert an in vitro 
anti-inflammatory effect by inhibiting the TNF-α pathway.

Discussion

SPR–AIRS for the discovery of TNF-α ligand active com-
ponents in EQG was established in this study. Compounds 
of the same parent nucleus (NF, ID, and NNF) were 

discovered as TNF-α ligands from complex extracts. NF, 
ID, and NNF as TNF-α ligands were verified by SPR affin-
ity analysis and molecular docking, and cell assays dem-
onstrated that they inhibited TNF-α-induced apoptosis in 
L929 cells and reduced LPS-induced RAW264.7 cellular 
inflammation levels. The experimental results demonstrate 
that SPR–AIRS could be an effective method to analyze 
the active components of traditional herbal medicines.

Interestingly, NF, ID, and NNF have similar chemical 
structures and all belong to the category of aporphine alka-
loid [32, 33]. The chemical structures are shown in Fig. 6A. 
The structure of NF contains methyl groups at the positions 
of R1 and R2, that of ID contains a methyl at the R1 position 

Fig. 6   NF, ID, and NNF can 
inhibit TNF-α-induced cytotox-
icity in L929 cells. A Chemical 
structures of NF, ID, and NNF. 
B Inhibition of TNF-α-induced 
cytotoxicity in L929 cells. The 
inhibition rate was determined 
after treatment with different 
concentrations of NF, ID, and 
NNF (10, 20, and 40 µM). 
Survival rates were deter-
mined as the average ± SD. C 
Morphology of L929 cells after 
treatment with actinomycin D, 
actinomycin D with TNF-α, 
actinomycin D, and TNF-α with 
10, 20, or 40 µM NF, ID, and 
NNF
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and an H atom at the R2 position, and that of NNF contains 
an H atom at the R1 position and a methyl at the R2 posi-
tion. NF and NNF did not exhibit obvious cytotoxicity at 
100 μM, while ID showed obvious cytotoxicity from 40 to 
100 μM. In terms of structure, NF and NNF are not cyto-
toxic to the cell, and the structures of NF and NNF contain 
methyl groups at the R2 position. ID showed cytotoxicity, 
and the structure of ID contains an H at the R2 position. In 
TNF-α-induced L929 cell cytotoxicity experiments, NNF 
exhibited superior activity over NF because, structurally, 
NF has a methyl at R1 and NNF has an H at R1. In simple 
terms, if NF is used as the structural parent nucleus, the 
methyl group at R1 is replaced with an H, and its activity is 
enhanced, while the methyl group at R2 is replaced by an H, 
and its cytotoxicity increases. In addition, NNF exhibited 
inhibition of TNF-α-induced L929 apoptosis activity better 
than NF and ID, as shown in the SPR assay, in which the 
TNF-α affinity of NNF (Kd = 20.71 µM) was better than 
those of NF and ID (Kd = 61.19 and 31.02), indicating that 
compounds with good specificity for TNF-α proteins will 
have a strong effect on neutralizing TNF-α-induced L929 
cell cytotoxicity.

It has been reported that NF has anti-inflammatory 
activity [34]. Previous studies have indicated that NF 
reduces the level of IL-6 and the phosphorylation level 
of IκB to alleviate LPS-induced inflammation [35]. Other 
studies have demonstrated that NF has anti-inflammatory 
and antitumor properties through the regulation of NF-κB 
[36]. Tumor necrosis factor receptor type 1 (TNF-R1) is 
widely distributed on the surfaces of normal cell mem-
branes [37], and crosslinking with TNF-α produces a clas-
sic proinflammatory response, the most classic of which 
is the activation of NF-κB [38]. The reason why NF regu-
lates NF-κB can be explained in part because NF acts as a 
TNF-α ligand. Additionally, there have been many reports 
of NF having anti-obesity activity and improving obesity-
related diseases [39]. NF is a major aporphine alkaloid 
constituent present in lotus leaves, and through its activ-
ity, the lipid-lowering, antioxidant and anti-inflammatory 
properties of the lotus leaves [40] are explained. There-
fore, screening NF, ID, and NNF from lotus leaves not 
only identified new TNF-α inhibitors but also provided a 
valuable reference for explaining the anti-inflammatory 
activity of lotus leaves.

Conclusions

SPR–AIRS was used to screen active components from nine 
medicinal herbs of EQG. NF, ID, and NNF were screened out to 
make TNF-α ligands and validated by SPR binding experiments 
and molecular docking. Experiments with L929 cells revealed 
that the binding of NF, ID, and NNF to TNF-α resulted in inhibi-
tory effects on TNF-α-induced cytotoxicity. NF and NNF had 
no cytotoxicity to RAW264.7 cells and could inhibit the phos-
phorylation of IKKβ and IκB in LPS-induced RAW264.7 cells. 
Although ID inhibited the phosphorylation of IKKβ and IκB, ID 
was cytotoxic to RAW264.7 cells. Taken together, these results 
demonstrate that NF, ID, and NNF are potential TNF-α inhibi-
tors. Our study showed the feasibility of applying SPR–AIRS to 
screen active components targeting TNF-α and high-resolution 
MS identification for screening TNF-α ligands from lotus leaf 
extract. This illustrates that NF, ID, and NNF may be partially 
active components in the treatment of NASH by EQG. This also 
provides a valuable reference for the material basis and mecha-
nism of action of EQG in the treatment of NASH.
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