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Berberine (BBR) is the primary alkaloid compound of the heat-clearing traditional Chinese medicine
Huanglian (Coptis chinensis) and exerts regulatory effects on energy metabolism. However, the specific
targets and molecular mechanisms are not clear. In this paper, the BBR-affected energy metabolism path-
way was screened by nontargeted metabolomics, and a BBR-derived photoaffinity labeled (PAL) probe was
designed to identify potential targets via a chemical proteomics approach. NDUFV1, a subunit of complex
I on mitochondria, was identified as a potential target of BBR. In the respiratory chain, BBR suppressed
the activity of complex I, reduced the electrochemical potential in the mitochondrial intermembrane and
inhibited the generation of ATP and heat via competitive binding with NDUFV1. The results illustrated
the underlying mechanism of BBR in the downregulation of energy metabolism.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Coptis chinensis (C. chinensis, Huanglian in Chinese) is a famous
traditional herbal medicine that has been used for clearing heat
and detoxification in traditional Chinese medicine for thousands
of years [1]. The crude extract of C. chinensis reduces oxygen con-
sumption and energy metabolism in mice [2]. Berberine (BBR) is
the primary alkaloid compound of C. chinensis and has a wide
range of pharmacological properties, such as anti-inflammatory
and antidiabetic properties, and alleviates digestive and cardiovas-
cular diseases [3]. Recent research has also shown that the oral
administration of BBR decreases ATP levels to regulate the energy
metabolism network [4]. However, few studies have revealed the
specific targets and molecular mechanisms by which BBR regulates
energy metabolism.

Chemical proteomics, and in particular photoaffinity labeled
(PAL), is a valuable tool for identifying protein-ligand interactions
[5,6]. PAL is always used in chemical probes that can covalently
bind to the target in response to activation by light, which en-
ables us to study the hydrophobic targets of noncovalent kinetic
small molecules [7,8]. In this study, we performed nontargeted
metabolomics combined with a chemical proteomics approach,
which was achieved with a BBR-derived PAL probe, to analyze
the potential target proteins in regulating mitochondrial energy
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metabolism. Subsequent molecular biology research revealed the
mechanism by which BBR inhibits oxidative respiratory chain func-
tion.

The animal experiments were approved by the Animal Ethics
Committee, Nankai university (Tianjin, 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 (2021-SYDWLL-000227). The material information
and detailed experimental procedures are described in Supporting
information.

First, we investigated the metabolites and related pathways that
BBR affected in HepG2 cells by nontargeted metabolomics. The
significantly different metabolites compared to the control (Con)
group identified by screening are shown in a volcano figure (Fig.
1A), and the functions and the degree of enrichment according to
the KEGG metabolic pathway were analyzed. The significance of
their enrichment in each pathway was calculated using Fisher’s ex-
act test. As shown in Fig. 1B, the oxidative phosphorylation path-
way and the central carbon metabolism pathway, which are re-
lated to energy metabolism, were markedly affected by BBR. There
were 7 significantly different metabolites in energy metabolism-
related pathways. After treatment with BBR, the content of ADP
increased markedly (Fig. 1C), and the content of ATP and the ra-
tio of ATP/ADP decreased markedly in the oxidative phosphoryla-
tion pathway (Figs. 1D and E). In the central carbon metabolism
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Fig. 1. Nontargeted metabolomics analysis of the metabolites in HepG2 cells. (A) Screening of significantly different metabolites affected by BBR in cells. (B) Metabolic path-
way enrichment of the significantly different metabolites. Metabolite sensitivity analysis of (C) ADP and (D) ATP and (E) the ratio of ATP/ADP in the oxidative phosphorylation
pathway. Metabolite sensitivity analysis of (F) citrate, (G) F1,6P, (H) succinate, (I) glutamine and (J) arginine in the central carbon metabolism pathway is presented as the

mean + SD (n=6, * P < 0.05, ** P < 0.01, ** P < 0.001 compared to the Con group).

pathway, the contents of citrate, fructose 1,6-bisphosphate (F1,6P),
succinate and glutamine were significantly reduced, and the con-
tent of arginine was significantly enhanced with BBR treatment
(Figs. 1F-]). Citrate and succinate participate in the tricarboxylic
acid (TCA) cycle, which together with oxidative phosphorylation
form the primary ATP synthesis harboring pathways in mitochon-
dria [9]. The results suggested that oxidative phosphorylation and
TCA were potential pathways affected by BBR in the process of reg-
ulating energy metabolism.

To analyze the main target of BBR in mitochondria, we synthe-
sized a BBR-PLA probe, which contained the skeleton structure of
BBR, an alkynyl click tag and a photoaffinity group (Fig. 2A). The
synthesis route of the BBR-PLA probe is shown in Scheme S1 and
the location analysis of BBR-PLA probe in HepG2 cells is shown in
Fig. S1 (Supporting information). As shown in Fig. 2B, the probe
(1 umol/L) or DMSO was incubated in mitochondria, which were
extracted from the livers of mice using a kit, with or without BBR
(10 pmol/L) for 4 h. The mitochondria were irradiated at 365 nm
to induce optical crosslinking. Finally, azide-modified magnetic mi-
crospheres (MMs) were used to enrich proteins following lysis by
click reaction, and the targets were identified by LC-MS analysis.
The enrichment proteins were analyzed by SDS-PAGE. Compared
to DMSO (Lane 2, negative Con group) and BBR-PAL probes with
the addition of BBR (Lane 4, competition group), BBR-PAL probes
(Lane 3) enriched more proteins, which were suggested to be po-
tential targets of BBR (Fig. 2C). Then, LC-MS was used to identify
the captured proteins and analyze the potential targets of BBR. In
the proteomics analysis, the scores of the captured proteins in the
BBR-PAL probe group were compared to those in the Con and com-

petition groups. According to the screening results, there were four
significantly different proteins: NADH dehydrogenase ubiquinone
flavoprotein 1 (NDUFV1), acetyl-coenzyme A synthetase (ACSS2),
oxoglutarate dehydrogenase (DHTK1), and very long-chain specific
acyl-CoA dehydrogenase (ACADV) (Fig. 2D). NDUFV1 is a subunit
of respiratory complex I, which is the beginning of electron trans-
port in the respiratory chain. The oxidative phosphorylation is ac-
complished by a series of electron transfer reactions to generate
cellular ATP in the respiratory chain [10]. Moreover, ACSS2, DHTK1
and ACADV are not related with oxidative phosphorylation and TCA
pathways. This result suggested that NDUFV1 was a potential tar-
get of BBR in the respiratory chain.

To further verify the result of target screening, Western blots
were used to confirm the most likely target of NDUFV1 enrich-
ment. As expected, the approximately 51-kDa NDUFV1 protein
band was enriched in the BBR-PAL probe group compared to the
Con and competition groups. The repeated targeting fishing (n=3)
suggested NDUFV1 was a potential target protein of BBR (Fig. 3A).
In the co-localization detection, the pseudo-green fluorescence of
the BBR-PAL probe was observed only in the BBR-PAL probe and
competition group, and weakened with the addition of BBR. In ad-
dition, the distribution of NDUFV1, which was stained pseudo-red
with a Cy3 antibody, was observed in cells. After amplification,
fluorescent imaging showed that the BBR-PAL probe appeared to
co-localize with the NDUFV1 protein partially (pseudo-yellow) (Fig.
3B). The above results were consistent with the target screening
result and suggested that BBR and the BBR-PAL probe competi-
tively bound with NDUFV1 in mitochondria. As a core subunit, the
function of NDUFV1 is related to the activity of complex I [11].
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Fig. 2. Target analysis of BBR in the regulation of energy metabolism. (A) The structures of BBR and the BBR-PLA probe. (B) The processes of target fishing and detection
from mitochondria by chemical proteomics. (C) SDS-PAGE of silver staining was used to detect the proteins enriched from mitochondria (Lane 1, total mitochondrial lysate;
Lane 2, Con group; Lane 3, BBR-PAL probe group; Lane 4, competition group). (D) Scatter diagram of differential protein profiling captured in the BBR-PAL probe group

compared to the Con and competition groups.
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Fig. 3. NDUFV1 was identified as the energy metabolism target of BBR. (A) Western blot analysis was used to detect NDUFV1 among the enriched proteins from mitochondria
(Lane 1, the total mitochondrial lysate; Lane 2, Con group; Lane 3, BBR-PAL probe group; Lane 4, competition group, n=3, * P < 0.05, ** P < 0.01 compared to BBR-PAL probe
group). (B) The co-localization of NDUFV1 (pseudo-red) and the BBR-PAL probe (pseudo-green) in HepG2 cells. Effects (C) and ICso (D) of Rot, BBR and the BBR-PAL probe on

the complex I activity.

Thus, the activity of complex I in HepG2 cells was measured us-
ing a kit. As shown in Fig. 3C, BBR and the BBR-PAL probe both
inhibited the complex I activity in a dose-dependent manner. The
ICs5o of BBR and BBR-PAL were 0.174 pmol/L and 0.198 pmol/L (Fig.
3D), which suggested BBR-PAL maintained similar inhibitory ef-
fects as BBR on the inhibition of complex I activity. Combined with

the target analysis, these results indicated that the BBR and BBR-
PAL probes both affected the complex I activity by binding with
NDUFV1.

Complex I is the entry point of electrons into the respiratory
chain and, together with complex IIl and complex IV, couples elec-
tron transfer and pumps protons from the mitochondrial matrix to
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Fig. 4. BBR regulated energy metabolism by inhibiting complex I. (A) The content
ratio of NAD*/NADH in HepG2 cells. Fluorescence imaging (B) and statistics (C) of
electrochemical potential in the mitochondrial intermembrane. (D) The content ra-
tio of ATP/ADP in HepG2 cells. (E) Mitochondrial temperature analysis with the
RhBIV fluorescent probe (n=6, * P < 0.05, * P < 0.01, ** P < 0.001 compared
to the Con group).

the intermembrane space, which builds up an electrochemical po-
tential [12]. The electrochemical potential is dissipated as heat and
ATP by uncoupling protein (UCP) and complex V (ATP synthase)
[13]. According to the biological process, we analyzed the effect of
BBR on energy metabolism in the respiratory chain. As shown in
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Fig. 4A, the complex I inhibitors rotenone (Rot) and BBR both re-
duced the generation of NAD* from NADH by inhibiting complex I
in HepG2 cells. The accumulated proton potential in the mitochon-
drial intermembrane was evaluated by JC-1 probe, and the uncou-
pler carbonyl cyanide-m-chlorophenylhydrazone (CCCP) promoted
protons back to the mitochondrial matrix and induced a decrease
in the ratio of pseudo-red fluorescence to pseudo-green fluores-
cence, which indicated electrochemical potential. Rot and BBR also
decreased the fluorescence ratio and the electrochemical potential
in the mitochondrial intermembrane (Figs. 4B and C). Then, the
translation of ADP to ATP was inhibited by Rot and BBR in a dose-
dependent manner (Fig. 4D). The RhBIV probe, a small-molecule
fluorescent mitochondrial thermometer, was then used to detect
the mitochondrial temperature in cells [14]. CCCP uncoupled ox-
idative phosphorylation in mitochondria and generated heat, which
caused the intensity of fluorescence to be reduced. Rot and BBR
enhanced the intensity of fluorescence, which suggested that the
release of thermal energy decreased (Fig. 4E). The above results
indicated that BBR affected energy metabolism in the respiratory
chain by inhibiting complex I.

Complex I contributes to cellular energy generation by transfer-
ring electrons from NADH to ubiquinone coupled to proton translo-
cation across the mitochondrial inner membrane [15]. NADH inter-
acts with flavin mononucleotide (FMN) in NDUFV1, and FMN ac-
cepts two electrons simultaneously from NADH and transfers them
to ubiquinone via Fe-S clusters [16]. To clarify the molecular mech-
anism by which BBR inhibits complex I, microscale thermophore-
sis (MST) was performed to analyze the relationship of BBR and
FMN in NDUFV1. As shown in Fig. 5A, BBR markedly increased the
interaction between FMN and NDUFV1 recombinant protein, and
the Kp value was reduced to 31 pmol/L from 611 pmol/L with the
addition of 1.25 mmol/L BBR, which suggested that BBR and FMN
competitively combined in the same pocket of NDUFV1 (Fig. 5A).
Molecular docking was used to provide additional insights into the
interaction of BBR and NDUFV1 (PDB: 5LDX). In all cases, the top-
scoring poses of BBR and FMN were displayed as 3D maps, and the
estimated free binding energy of BBR (—8.92 kcal/mol) was lower
than that of FMN (—6.58 kcal/mol) (Fig. 5B). In the thermal shift
assay, BBR and FMN both increased the thermal stability of the
NDUFV1 recombinant protein. BBR caused a 1.8°C increase in the
protein melting temperature (AT), which was slightly higher than
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Fig. 5. Analysis of the potential mechanism by which BBR inhibits the activity of complex 1. (A) The interactions of FMN and NDUFV1 recombinant protein with or without
the addition of 1.25 mmol/L BBR were determined by MST. (B) Molecular modeling of NDUFV1 with BBR or FMN. PyMOL software was used to display the 3D maps of the
interaction of NDUFV1 with BBR or FMN. BBR (red) and FMN (blue) are displayed as sticks. (C) The thermal stability of the NDUFV1 recombinant protein incubated with BBR

or FMN was assessed using the thermal shift assay.
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that caused by FMN (1.4°C) (Fig. 5C). The above results revealed
that the affinity between BBR and NDUFV1 was stronger than that
of FMN, which indicated that BBR might prevent FMN from bind-
ing with NDUFV1 and interacting with NADH to inhibit the pro-
duction of electrons and the activity of complex L

The respiratory chain contains five complexes, I-V, which are
all made up of multiple subunits [17]. For example, complex I,
which contains 55 subunits, is one of the largest membrane protein
complexes and includes 14 central subunits, an L-shaped structure
with 7 subunits in the hydrophilic peripheral arm and another 7
in the membrane arm, and 31 accessory subunits in the structure
of complex I [10,11]. Hence, it is challenging to identify the spe-
cific subunit proteins of BBR targets in the respiratory chain. In
our study, we designed a novel alkyne- and diazirine-containing
BBR-PAL probe. When a transient protein-small molecule structure
exists, active diazirine can attack the protein via 365 nm UV irradi-
ation to generate a protein-probe complex for further enrichment
and proteomics analysis [18]. This probe helps us efficiently iden-
tify the target subunit of BBR that regulates energy metabolism in
the respiratory chain.

The activity of complex I directly affects the generation of ATP
and heat; it is also related to glucose and lipid metabolism [19,20].
Recent studies have illustrated the potential mechanism by which
BBR attenuated fatty acid consumption, 8-oxidation and lipogene-
sis and improved glucose homoeostasis via inhibition of complex I
in diabetic animals [21,22]. However, few studies have revealed the
subunit of the BBR target in complex I. To the best of our knowl-
edge, we show for the first time that BBR suppresses the activity
of complex I by competitively binding with the NDUFV1 subunit.
These results provide information to develop BBR derivatives for
the treatment of disorders related to energy metabolism based on
the oxidative respiratory chain by targeting NDUFV1 of complex I.

The electron transfer from NADH to ubiquinone in complex I
requires the presence of at least eight Fe-S clusters, and the inter-
ruption of the transfer process by the inhibitor induces the leakage
of one electron to molecular oxygen and generates reactive oxygen
species (ROS) [23,24]. Rot targets the NUOD subunit and inhibits
the activity of complex I by blocking electron transfer. This leads to
an increase in ROS content, subsequent mitochondrial DNA damage
and cell death [25]. However, BBR prevents the interaction of the
electron donors FMN and NADH in NDUFV1 and inhibits the gen-
eration of electrons at the beginning of the transfer process, which
suppresses the production of ROS. This is consistent with the low
toxicity of BBR in the clinic [26]. The evidence in the present study
also indicated that BBR was a potential complex I inhibitor in vivo.

In this study, a BBR-PAL probe showed a powerful capacity for
target capture, and the NDUFV1 subunit of complex I was identi-
fied as a putative target. Our results demonstrated that BBR inhib-
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ited complex I activity and reduced the generation of ATP and heat
via competitive binding with NDUFV1. In summary, these results
provide an increased understanding of BBR, particularly regarding
the molecular mechanism of the regulation of energy metabolism.
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