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CPT1 have not been reported yet. Therefore, the search for novel
compounds that can activate CPT1 and promote FAO to attenuate
lipid accumulation and metabolic disorders is of substantial interest.
The flavonoid family contains more than 5,000 naturally oc-
curring members from plants and fungi with diversified structures
and bioactivity (21). Many of these polyphenolic compounds have
been found to prevent hepatic steatosis (22), insulin sensitivity
(23), and other metabolic syndromes (24, 25). Furthermore, sev-
eral flavonoids have been reported to improve lipid metabolism,
mainly through regulating lipogenic pathways (26). Scutellaria
baicalensis is one of the fundamental herbs that has a long history
of usage in traditional Chinese medicine (27), and its raw extracts
have been reported to have a strong lipid-reducing effect (28). In
particular, one of its major flavonoid components, baicalin (Fig.
1A4), was shown to reduce diet-induced hepatic steatosis in rodents
(29, 30); however, the mechanism of its action remains elusive.
In the current work, we implemented a quantitative chemical
proteomic strategy to globally profile protein-baicalin interactions
and identified the liver isoform of CPT1 (CPT1A) as one of the
key targets of baicalin. The flavonoid directly activated CPT1A to
accelerate the influx rate of long-chain acyl-CoAs into mito-
chondria for B-oxidation. Structural modeling predicted an allo-
steric binding site on CPT1, which, upon disruption, abolished the
activation of baicalin. Chronic treatment of baicalin effectively
ameliorated DIO and associated symptoms in mice, and the

beneficial effect was critically dependent on the activation of he-
patic CPT1. Our work reports the discovery of a natural activator
for this rate-limiting enzyme of liver FAO and justifies the ratio-
nale of activating FAO as an effective approach to prevent obesity
and hepatic steatosis. The results not only provide mechanistic
insights to explain the bioactivity of baicalin in reducing lipid ac-
cumulation but also open exciting opportunities of developing
novel flavonoid-based FAO activators for pharmacological treat-
ment of DIO and associated metabolic disorders.

Results

Baicalin Can Lower the Lipid Accumulation in High-Fat-Treated Cells.
To facilitate our quantitative chemical proteomic study to
identify the targets of baicalin, we first evaluated the ability of
baicalin to lower the lipid accumulation in a mammalian cell line.
HeLa cells were treated with 1 mM oleic acid and palmitic acid
(2:1 molar ratio) to induce deposition of lipid droplets. These
cells were then treated with a series of concentrations of baicalin
for 24 h in presence of the excessive free fatty acids. The cells
were stained by Oil Red O (ORO), and the extent of lipid ac-
cumulation was quantified by the intensity of DMSO-extracted
ORO dye. Baicalin is able to significantly lower the cellular ac-
cumulation of lipid droplets at as low as 12.5 pM and maintains
its strong lipid-reducing effect at up to 400 pM when ~80% of
the cells are still viable (Fig. 1B). Baicalin treatment at 100 pM
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Fig. 1. Baicalin reduces cellular lipid accumulations.
(A) Structure of baicalin. (B) Evaluation of the dose-
dependent lipid-reducing effects and cytotoxicity
of baicalin in HelLa cells using ORO staining and the
thiazolyl blue tetrazolium bromide assay (n = 6). (C)
Images (Top) and quantitation (Bottom) of the
CTR o CTR HFA & extracted ORO dyes from the stained Hela cells that
Baicalin Baicalin were treated with DMSO [control (CTR)], a high
concentration of fatty acids alone (HFA), and a high
12 . HHH e concentration of HFA together with baicalin (n = 6).
2 7 1T % 1.2 (D) Images (Top, 200x magnification) and quantita-
% S tion (Bottom) of ORO staining of Hela cells that
kS IS were treated with DMSO (CTR), HFA alone, and HFA
8 0.8 ‘£ 0.8 together with baicalin (n = 3). (E) Images (Top, 240x
o 2 magnification) and quantitation (Bottom) of SRS
§ 8 microscopy analysis of Hela cells treated with DMSO
g 0.4 ‘_E“ 04 (CTR), a high concentration of fatty acids alone
5 g (HFA), and together with baicalin (n = 3). The cells
=z were treated with 1 mM free fatty acids for 24 h to
0 0 induce accumulation of lipid droplets and treated
CTR HFA HFA & CTR HFA HFA & with 100 uM baicalin for another 24 h before being
Baicalin Baicalin assayed. Both *** and #** represent P < 0.001.
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Fig. 2. Quantitative chemoproteomic profiling identified CPT1A as a target of baicalin. (A) Structure of the baicalin probes with [benzophenone probe (BP)]
or without [control probe (CP)] the benzophenone photo—cross-linking group (colored red). The alkyne reporter group is colored blue. (B) Evaluation of the
ability of the baicalin BP probe to reduce lipid accumulation in HeLa cells. (C) Overall scheme of the SILAC-ABPP experiments to identify baicalin targets in
proteomes. Four sets of experiments were performed, including “BP-control,” “UV-control,” “CP-control,” and “Competition” experiments. (D) Venn diagram
showing the number of proteins with an averaged SILAC ratio >4.0 identified in each set of SILAC-ABPP experiments (shown in parentheses), highlighting a
total of 142 proteins commonly identified from all four sets of SILAC-ABPP experiments. (E) Gene ontology analysis of the 142 protein targets identified by
SILAC-ABPP reveals their association with fatty acid degradation and metabolism. The names of the seven proteins specifically assigned to the functional
cluster of “Fatty acid degradation” are shown. (F) Knockdown of each of the seven enzymes by siRNA abolished the lipid-reducing effect of baicalin to various
extents in Hela cells. Black asterisks denote the comparison to lipid-fed cells treated with DMSO and an empty vector [control (CTR)]. “Mock” denotes lipid-
fed cells treated with baicalin and an empty vector. Cells were assayed after treatment with 100 uM baicalin for 24 h. (G) Cotreatment of malonyl-CoA, a
known CPT1A inhibitor, abolished the effect of baicalin in reducing lipid accumulation in HelLa cells. N.S., not significant. For all data, ***P < 0.001 (n = 6).

Dai et al. PNAS | vol. 115 | no.26 | E5899

BIOCHEMISTRY

CHEMISTRY





http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801745115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1801745115

A B

Temperature(°C)
CPTIAPMSO = s v e - - CPTIA == = v o e ey o il

@)

Baicalin(uM) — |:|0XC.or1nXp<2ti;ion. o
X

o

B0 ey gy gy o e — — - 1.2

12 —a— DMSO
0.8 I/J
—&
[ —

*x —e— Baicalin
0.4

IS

o

[e9)
*
b4
N

o
~
IS)

ABPP-RD ratios (light/heavy)

Normalized Intensity
Normalized Intensity

o
W 4
o

40 50 60 70 80 001 01 1 10 100 1000
Temperature(°C) Baicalin concentration (uM)

m

0.8

0.4

Normalized labeling Intensity

)
I

oSaline =Baicalin oSaline wBaicalin oSaline =Baicalin

) > 16 & 3.44

© £ -

2 g 8300 3.5
Z2o £12 2o
zE o s E
g g § g200
3 - 08 <= 4612 g
FE g Eg 332 :
O = T 0.4 G 2100

8 E g

- o -

. “ 0 g

Fig. 4. Structural modeling and physiological validation of the CPT1A-baicalin interaction. (A) Baicalin treatment (100 uM) increases the thermal stability of
CPT1A in cell lysates as measured by the temperature-dependent cellular thermal shift assay (n = 3). (B) Baicalin treatment increases the thermal stability of
CPT1A in cell lysates as measured by the concentration-dependent cellular thermal shift assay at 52 °C (n = 3). (C) CPT1A peptides identified by the com-
petitive ABPP reductive dimethylation (RD) experiment with ratios sensitive (magenta) or insensitive (purple) to the increasing competition of baicalin. (D,
Left) Structural overview of a CPT1A-baicalin complex model predicted based on information from the competitive ABPP-RD experiment. The protein is
shown in a cartoon representation in gray, and baicalin is shown in a stick representation in yellow. The active-site residues (H473, Y589, and T602) are shown
in the stick representation in cyan. The peptides with ABPP-RD ratios sensitive and insensitive to the binding of baicalin are colored magenta and purple,
respectively. Residues around the predicted binding pocket are colored green. (D, Right) Zoom-in view of the predicted CPT1A-baicalin interface. Key in-
terface residues (L286, 1291, E309, and H327) in CPT1A are shown in the stick representation and are labeled by residue name and position. (E) Disruptive
mutations of predicted key interface residues abolished CPT1A labeling by the baicalin photoaffinity probe (n = 2). Four disruptive mutations were predicted
based the docking model of the CPT1A-baicalin complex. E. coli lysates overexpressing these mutants were labeled by the baicalin probe with or without
baicalin competition and enriched by streptavidin. Inmunoblotting analysis of CPT1A was performed for the input lysate before enrichment (input), for the
sample after enrichment (pulldown), and for the sample after enrichment with baicalin competition (competition). The intensity of immunoblotting signals
was quantified by ImageJ (NIH), and the quantitative ratio of probe labeling was calculated by subtracting the intensity from the competition lane from that
of the pulldown lane, and then divided by that of the input lane. *P < 0.05; ***P < 0.001, compared with wild-type. (F) Overall activity of CPT1A upon baicalin
activation in HeLa cells with siRNA knockdown of endogenous CPT1A followed by overexpression of wild-type CPT1A or each of the disruptive mutants. The
fold of activation is shown above each bar (n = 3). (G) Overexpression of wild-type CPT1A but not any of the disruptive mutants in Hela cells with siRNA
knockdown of endogenous CPT1A can rescue the lipid-reducing response to baicalin treatment (100 pM treatment for 24 h, n = 3). N.S., not significant; ***P <
0.001, compared with Saline. (H) Overall activity of CPT1A upon baicalin activation in HelLa cells with siRNA knockdown of endogenous CPT1A followed by
overexpression of wild-type CPT1A or each of the disruptive mutants. The fold of activation is shown above each bar (100 pM baicalin for 24 h, n = 3).
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Fig. 5. Baicalin ameliorates DIO and associated metabolic disorders in mice. (A) Baicalin treatment reduced the body weights in DIO mice, but not in mice on
the regular diet (CHOW). (B) Baicalin treatment decreased the percentage of body fat in DIO mice. (C) Baicalin treatment does not affect food intake in either
CHOW or DIO mice. (D) Baicalin treatment increased the energy expenditure in DIO mice. (E) Baicalin treatment shifted the RER toward 0.7 in DIO mice,
suggesting that more fat is used as the energy source. (F and G) Baicalin treatment reduced the liver sizes and weights in DIO mice. (H and /) Images of
hematoxylin and eosin staining and ORO staining of liver tissue slices from CHOW or DIO mice with or without baicalin treatment. (Magnification: 200x.) (J)
Baicalin treatment reduced the levels of hepatic triglyceride (TG) and cholesterol (CHOL) in DIO mice. (K) Baicalin treatment increased the activity of CPT1A in
the livers of in both CHOW and DIO mice. (L) Baicalin treatment reduced the levels of NEFAs and increased the level of TKBs in plasma. All data were measured
after daily treatment with saline or 400 mg/kg baicalin for 12 wk. N.S., not significant. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 5 per group).
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Fig. 6. Antiobesity and antisteatosis effects of baicalin are dependent on its interaction with CPT1A. (A) H327E mutant of mouse CPT1A retains its resistance to
activation by baicalin. The fold of activation of mouse CPT1A activity by baicalin is shown above each bar (n = 3). Baicalin treatment increases the thermal stability
of recombinant mouse wild-type CPT1A (B) in E. coli lysates but not in its baicalin-resistant H327E mutant (C) as measured by the temperature-dependent cellular
thermal shift assay (n = 3). *P < 0.05, compared with DMSO. Overexpression of wild-type CPT1A but not the disruptive mutant H327E in mouse liver after
knockdown of endogenous hepatic CPT1A can rescue the antisteatosis response to baicalin in DIO mice, including the reduction of body weight (D), the reduced
percentage of body fat (E), the reduced liver sizes and hepatic steatosis as measured by hematoxylin and eosin (HE) and ORO staining (200x magnification) (F), the
reduced liver weights (G), the reduced levels of hepatic triglyceride (TG) and cholesterol (CHOL) (H), the reduced levels of NEFAs and the increased level of TKBs in
plasma (/), the increased energy expenditure (J), and the shifted RER to 0.7 (K). (L) Overall of hepatic CPT1A activity in DIO mice with overexpression of wild-type
CPT1A or the disruptive mutant H327E in mouse liver after knockdown of endogenous hepatic CPT1A. For D-L, all data were measured after daily treatment with
saline or 400 mg/kg baicalin for 12 wk. N.S., not significant. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 5 per group). pal-car, palmitoyl-carnitine; SI&OE_WT or
SI&OE_H327E, overexpression of wild-type CPT1A or H327E mutant in mouse liver after knockdown of endogenous hepatic CPT1A, respectively.
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