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Objective: Phenolic acids widely exist in the human diet and exert beneficial effects such as improving
glucose metabolism. It is not clear whether phenolic acids or their metabolites play a major role
in vivo. In this study, caffeic acid (CA) and ferulic acid (FA), the two most ingested phenolic acids, and
their glucuronic acid metabolites, caffeic-40-O-glucuronide (CA4G) and ferulic-40-O-glucuronide (FA4G),
were investigated.
Methods: Three insulin resistance models in vitro were established by using TNF-a, insulin and palmitic
acid (PA) in HepG2 cells, respectively. We compared the effects of FA, FA4G, CA and CA4G on glucose
metabolism in these models by measuring the glucose consumption levels. The potential targets and
related pathways were predicted by network pharmacology. Fluorescence quenching measurement
was used to analyze the binding between the compounds and the predicted target. To investigate the
binding mode, molecular docking was performed. Then, we performed membrane recruitment assays
of the AKT pleckstrin homology (PH) domain with the help of the PH-GFP plasmid. AKT enzymatic activity
was determined to compare the effects between the metabolites with their parent compounds. Finally,
the downstream signaling pathway of AKT was investigated by Western blot analysis.
Results: The results showed that CA4G and FA4G were more potent than their parent compounds in
increasing glucose consumption. AKT was predicted to be the key target of CA4G and FA4G by network
pharmacology analysis. The fluorescence quenching test confirmed the more potent binding to AKT of the
two metabolites compared to their parent compounds. The molecular docking results indicated that the
carbonyl group in the glucuronic acid structure of CA4G and FA4G might bind to the PH domain of AKT at
the key Arg-25 site. CA4G and FA4G inhibited the translocation of the AKT PH domain to the membrane,
while increasing the activity of AKT. Western blot analysis demonstrated that the metabolites could
increase the phosphorylation of AKT and downstream glycogen synthase kinase 3b in the AKT signaling
pathway to increase glucose consumption.
Conclusion: In conclusion, our results suggested that the metabolites of phenolic acids, which contain
glucuronic acid, are the key active substances and that they activate AKT by targeting the PH domain,
thus improving glucose metabolism.
� 2023 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is anopen access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Natural products are not only ingredients to be consumed, but
also sensory signals to initiate related reaction pathways in vivo
(Belwal, Nabavi, Nabavi, & Habtemariam, 2017; Lee et al., 2022).
Phenolic acids (hydroxycinnamic and hydroxybenzoic acids)
widely exist in natural products, particularly those used for medi-
cal purposes, which are known as herbal medicines (Kumar & Goel,
2019). For example, phenolic compounds, especially caffeic acid
(CA) and ferulic acid (FA), are the major antioxidant constituents
in Angelicae Sinensis Radix (Danggui in Chinese) (Li, Wu, & Huang,
2009). In addition, human daily diets, such as grains, vegetables,
fruits and other types of food and beverages including tea, coffee
and wine, are all rich sources of polyphenols. An adult’s average
daily intake of phenolic acid is more than 600 mg, of which CA
and FA are the most ingested, accounting for approximately 80%
of the total phenolic acid intake (Ovaskainen et al., 2008). The ben-
eficial effects of phenolic acids have been reviewed (Zhan et al.,
2021). For example, the phenolic acid fraction from the extract of
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Sonchus oleraceus Linn, mainly containing chlorogenic acid and CA,
improves insulin sensitivity in HepG2 cells (L. Chen, Teng, & Cao,
2019). Whether phenolic acid compounds play a regulatory role
in the body is a topic worth exploring.

CA and FA exert anti-oxidant, anticancer, anti-inflammatory,
anti-Alzheimer’s disease and anti-diabetic effects. For example,
CA exerts anticancer properties, at least partly through its anti-
oxidant and pro-oxidant activities (Espindola et al., 2019). CA
was shown to protect against acrolein-induced neurotoxicity in
mouse hippocampal cells by activating AKT (also known as protein
kinase B, PKB)/glycogen synthase kinase 3b (GSK3b) pathway and
modulating the mitogen-activated protein kinase (MAPK) pathway
(Huang et al., 2013). In addition, Chang et al. found that CA could
upregulate the brain expression of proteins related to leptin and
insulin signaling, such as phosphatidylinositol 3-kinase (PI3K),
AKT, and glucose transporter 3 (GLUT3), in high-fat diet rats,
thereby reducing serum glucose, insulin and leptin levels (Chang,
Kuo, Chen, Wu, & Shen, 2015). FA can increase the activity and
mRNA expression of enzymes involved in oxidation resistance,
thereby scavenging free radicals and displaying a powerful antiox-
idant feature (Xie et al., 2020). FA can also improve blood glucose
and serum insulin levels in rats with type 2 diabetes induced by
high fat and fructose, increase phosphoenolpyruvate carboxyki-
nase and glucose-6-phosphatase activities, and maintain normal
glucose homeostasis (Narasimhan, Chinnaiyan, & Karundevi,
2015). Recently, Yin et al. reported the possible binding between
FA and AKT, indicating its participation in the mechanism underly-
ing the neuroprotective effect of FA in PC12 cells (Yin et al., 2019).

After entering the body, CA and FA can be quickly absorbed in
the stomach, jejunum, and ileum, and then metabolized into glu-
curonic acid, sulfate and sulfonic glucuronic acid in the liver by sul-
fotransferase and uridine diphosphate glucuronosyltransferase
(Lafay, Morand, Manach, Besson, & Scalbert, 2006; Pereira-Caro
et al., 2016). These metabolites and unaltered free CA and FA circu-
late in the circulatory system and reach throughout the body (Zhao
& Moghadasian, 2008). The concentration and duration of the
metabolites maintained in the body are crucial to the in vivo activ-
ities of the compounds. Studies have shown that CA glucuronides
are the main plasma metabolites after oral administration of CA,
accounting for approximately 41% of all plasma metabolites after
2 h of administration (Azuma et al., 2000). Omar et al. reported that
among the metabolites, caffeic-40-O-glucuronide (CA4G) consti-
tuted approximately 42% in the urine sample of 0–24 h, while
caffeic-30-O-glucuronide constituted < 5%. They found that the liver
was one of the major tissues outside the gastrointestinal tract, only
secondary to the kidneys (Omar et al., 2012). Notably, the struc-
tures of CA and FA are very similar. This suggested that FA might
share parallel metabolic processes and metabolites with CA, with
ferulic-40-O-glucuronide (FA4G) being one of its major metabolites
in vivo. Zhao et al. reported that conjugated FAs, including FA-
glucuronide, are the major metabolites in the plasma and urine
of rats (Zhao & Moghadasian, 2008). FA is metabolized mainly in
the liver, and it might undergo enterohepatic circulation, prolong-
ing the presence of FA and its metabolites in the body to some
extent (Zhao, Egashira, & Sanada, 2004). However, there are scar-
cely any reports of the pharmacological effects of these
metabolites.

Studies have shown that after a compound is metabolized, the
metabolites might have stronger activity than their parent com-
pound. For example, the glucuronidated metabolites of bisphenol
A (BPA) and bisphenol S (BPS) were reported to change the energy
metabolism of neutrophils and certain antimicrobial reactions, and
affect endocrine activity even more potently than BPA and BPS
(Peillex, Kerever, Lachhab, & Pelletier, 2021). The secondary
metabolites of quercetin can inhibit the activity of xanthine oxi-
doreductase, thereby reducing the plasma uric acid content in
399
patients with hyperuricemia (Tumova, Shi, Carr, & Williamson,
2021). Grape seed extract rich in flavonoids exerts an anti-
Alzheimer’s disease effect that is not directly related to the flavo-
noids in the diet, but related to their secondary metabolites, espe-
cially glucuronidated metabolites (Docampo-Palacios et al., 2020).

Considering the possibility that metabolism might increase the
efficacy of compounds, the metabolites CA4G and FA4G are sup-
posed to be more potent in regulating glucose metabolism than
their parent compounds. However, this hypothesis has not been
testified. In this study, we compared the biological effects of the
metabolites with their parent compounds, focusing on glucose
consumption. Then, the targets of the metabolites were predicted
by network pharmacology and verified by confirmation experi-
ments. The comparison of the regulatory effects between these
metabolites and their parent compounds in glucose metabolism,
as well as the clarification of the underlying mechanism, will pro-
vide more evidence for the application of functional foods in the
amelioration of glucose metabolism disorders. This will also lead
to the research and development of novel compounds in the future.
2. Materials and methods

2.1. Materials and reagents

CA (C108308) and FA (F103702) (purity > 98.5%, determined by
HPLC) were purchased from Aladdin (Beijing, China). CA4G
(C080020) and FA4G (F308910) were purchased from Toronto
Research Chemicals (Toronto, Canada). Palmitic acid sodium salt
(PA, P-0208429) was purchased from Heowns (Tianjin, China).
Human TNF-a (AF-300-01A-100) was purchased from PeproTech
Inc. (NJ, USA). Insulin from bovine pancreas (I8040) and 1,10-diocta
decyl-3,3,30,30-tetramethylindocarbocyanine perchlorate (Dil,
D8700) were purchased from Solarbio (Beijing, China). Metformin
hydrochloride (Met, B25331) was sourced from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). The primary antibodies
for AKT (cat no. 4691S), GSK3b (cat no. 12456S) and the anti-rabbit
IgG (cat no. 7070S), were purchased from Cell Signaling Technol-
ogy (Massachusetts, USA). Antibodies against p-AKT (phospho-
T308, ab38449), p-AKT (phospho-S473, ab8932) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, ab181602)
were purchased from Abcam (Cambridge, UK). A GSK3b
(phospho-Ser9) polyclonal antibody (BS94042) was purchased
from Bioworld Technology (Minnesota, USA). SC79 was purchased
from MedChemExpress (MCE, NJ 08852, USA). Two plasmids with
the pleckstrin homology (PH) domain, i.e., pcDNA3-AKT-PH-GFP
(PH-GFP, #18836) and pcDNA3-AKT-PH [R25C]-GFP (R25C,
#18837), were purchased from Addgene (MA, USA). All cell culture
reagents were obtained from Gibco BRL Life Technologies (Grand
Island, NY, USA). All the other chemicals used were of analytical
grade.

2.2. Cell culture

HepG2 and HEK 293T cells were acquired from American Type
Culture Collection (Rockville, MD), and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 100 U/mL penicillin,
100 lg/mL streptomycin and 10% (volume percent) fetal bovine
serum. The cells were cultured in a 37 �C constant temperature
incubator with 5% CO2.

2.3. In vitro insulin resistance models

Hyperinsulinemia can induce insulin resistance. Similarly, high
levels of free fatty acids (FFAs) may also cause the secretion of
inflammation-related cytokines and impair insulin sensitivity. In
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addition, TNF-a is used in multiple signal transduction nodes by
direct and indirect mechanisms through insulin action, thus play-
ing an important role in obesity-induced insulin resistance. There-
fore, three in vitro insulin resistance models were established
according to our previous work (Zhang et al., 2019). Briefly, HepG2
cells in the logarithmic growth phase were cultured in 96-well cul-
ture plates. After the cells grew adherently, the medium in 96-well
culture plates was discarded, and the cells were washed with pre-
cooled phosphate buffered solution (PBS) three times. Then, the
three kinds of insulin resistance models were established by treat-
ing HepG2 cells with 1 lmol/L insulin for 36 h, 300 lmol/L PA for
24 h, or 20 ng/mL TNF-a for 24 h, respectively.

2.4. Glucose consumption assay

After treatment with insulin, PA or TNF-a for 24 h, HepG2 cells
were incubated with CA (10, 1, and 0.1 lmol/L), CA4G (10, 1, and
0.1 lmol/L), FA (10, 1, and 0.1 lmol/L), FA4G (10, 1, and
0.1 lmol/L), or Met (10 lmol/L) as a positive control for another
12 h. Then, the supernatants were collected and measured accord-
ing to the manufacturer’s instructions with a Glucose Assay Kit
(Zhongsheng Beikong Biotechnology Limited Company, Beijing,
China). Glucose consumption levels were calculated by subtracting
the glucose concentration of each group of supernatants from the
glucose concentration of the medium (cell-free) and then normal-
ized to the cell number using the MTT assay (Zhang, Yan et al.,
2019).

2.5. Target prediction and molecular docking

The three-dimensional structures of CA4G and FA4G were input
into the PharmMapper database (https://www.lilab-ecust.cn/
pharmmapper/submitfile.html). The predicted human genes with
fit values greater than 2.6 were selected and overlapped with the
top 100 genes related to glucose metabolism obtained from the
GeneCards database (https://www.genecards.org/). Then, the first
10 related pathways and 16 interacting proteins were analyzed
through Kyoto Encyclopedia of Genes and Genomes (KEGG)
(https://bioinfo.capitalbio.com) and String 9.1 (https://www.
string-db.org/). The protein–protein interaction network analysis
was visualized using Cytoscape (version 3.7.1) (Chen et al., 2020).

The three-dimensional crystal structure of the predicted protein
target was obtained from the Protein Data Bank (PDB, https://
www.rcsb.org/pdb). The creation of the structures of the molecules
and the minimization of the energy were performed by SYBYL soft-
ware (Chemical Computing Group, Inc.). The molecular docking of
CA, CA4G, FA and FA4G with the AKT PH domain (PDB: 1UNQ) was
performed with AutoDock software version 4.2 (Olson Laboratory,
La Jolla, CA) as previously described (Gao et al., 2018). The distance
between molecules was calculated by PyMOL 2.3.

2.6. Fluorescence quenching measurement

Specifically, the solutions of AKT protein, expressed in our lab-
oratory (Zhang et al., 2020), at 5 lmol/L (in PBS buffer, pH 7.6) and
of the small molecules CA, CA4G, FA, or FA4G at concentrations
from 5 to 100 lmol/L were added in equal amounts to each well
in 96-well plates and mixed adequately. Then, the mixtures were
excited at 260 nm, and the fluorescence intensity at 308 to
400 nm at 37 �C was determined using a Cary Eclipse spectrofluo-
rometer (Varian, Palo Alto, CA, USA). The interactions between the
compounds and AKT proteins were expressed as dissociation con-
stants (KD) (Wang et al., 2019). The formula used for the calculation
is as follows (Lakowicz & Weber, 1973).
400
1
F0 � F

¼ 1
F
þ KD

F0 Q½ �

where F0 and F are the fluorescence intensity of AKT solution at
328 nm in the absence and presence of drugs, respectively, and
[Q] is the final concentration of drugs in the system. All tests were
repeated three times.
2.7. Membrane translocation of pH domain

HEK 293 T cells were seeded in glass-bottomed dishes (MatTek,
MA, USA), and treated with 10 lmol/L SC79 for 0.5 h or treated
with CA (10, 1, and 0.1 lmol/L), CA4G (10, 1, and 0.1 lmol/L), FA
(10, 1, and 0.1 lmol/L), or FA4G (10, 1, and 0.1 lmol/L) for 6 h.
After washing once with PBS, cells were transfected with R25C or
PH-GFP plasmid, which was used to indicate the cellular localiza-
tion of the transfected fluorescent AKT PH domain protein with
or without mutation, respectively, in a 37 �C incubator for 6 h.
The cells were observed under a confocal microscope after incuba-
tion with 5 lmol/L Dil, a membrane dye, at 37 �C for 10 min. The
excitation and emission wavelengths of GFP were 488 nm and
507 nm, respectively. The excitation and emission wavelengths
of Dil were 549 nm and 565 nm, respectively.

The Pearson correlation coefficient was calculated by ImageJ
software (Wayne Rasband, NIH, USA) with a Pearson correlation
coefficient (PCC) colocalization plug.
2.8. Enzymatic activity determination

HepG2 cells were cultured in 75 cm2 culture flasks at a density
of 5 � 106 cells per flask and grown to 80% confluence. The cells
were treated with CA4G (10, 1, and 0.1 lmol/L), FA4G (10, 1, and
0.1 lmol/L) or SC79 (10 lmol/L) for 6 h. Then, the protein concen-
tration was quantified using a BCA protein assay kit (Solarbio, Bei-
jing, China). According to the manufacturer’s instructions, the
absorbance at 340 nm was detected continuously to calculate the
enzymatic activity of AKT in the cell lysates (GENMED, Arlington,
MA, USA).
2.9. Western blotting

HepG2 cells were treated with FFA to establish the insulin resis-
tance model. Then, the cells were treated with SC79 (10 lmol/L),
CA (10, 1, and 0.1 lmol/L), CA4G (10, 1, and 0.1 lmol/L), FA (10,
1, and 0.1 lmol/L), or FA4G (10, 1, and 0.1 lmol/L) respectively
for 2 h, according to our preliminary experiment (data not shown).
Total proteins were extracted with a RIPA lysis buffer system
(Solarbio, Beijing, China). Western blotting was performed rou-
tinely. The bands were visualized using Immobilon� Western
Chemfluminescent HRP Substrate (Merck Millipore, USA) and ana-
lyzed by ImageJ software.
2.10. Statistical analysis

The data are expressed as the mean values ± standard devia-
tions (SD). One-way analysis of variance (ANOVA) followed by
Dunnett’s post-hoc test was performed by the SPSS 11.5 program
(SPSS Inc., Chicago, Illinois, USA) to compare the differences among
groups. When the P value was < 0.05, the difference was consid-
ered statistically significant.
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3. Results

3.1. CA4G and FA4G exert stronger effects on glucose consumption
than CA and FA

To compare the effects of different treatments on glucose meta-
bolism in vitro, glucose consumption by the cells was calculated. As
shown in Fig. 1, glucose consumption was markedly reduced in the
model group. Similar to Met, CA and CA4G improved glucose con-
sumption in a dose-dependent manner (Fig. 1A–C). In insulin and
FFA models, the effects of middle- and high-doses of CA4G were
stronger than those of CA at the same doses. In the TNF-a model,
the effect of high-dose CA4G was stronger than that of CA. These
results showed that the activity of CA4G, the metabolite of CA,
exerted more potent effects on improving glucose metabolism
than CA. Similarly, FA4G was better than FA in increasing glucose
consumption in these three insulin resistance models (Fig. 1D–F).
Since CA4G and FA4G are both glucuronic acid metabolites of phe-
nolic acid compounds and have similar structures, it was specu-
lated that they might have a common mechanism of action.

3.2. CA4G and FA4G target AKT by binding to PH domain

The PharmMapper database was used to predict the potential
target proteins of CA4G and FA4G. The genes from PharmMapper
and disease-related genes in the GeneCards database were over-
lapped to further screen targets related to glucose metabolism
(Fig. 2A). According to the false discovery rate, the first 10 path-
ways with the lowest value were selected, including the adenosine
50-monophosphate-activated protein kinase signaling pathway,
insulin signaling pathway, forkhead box O signaling pathway, insu-
lin resistance, and PI3K-AKT signaling pathway (Fig. 2B). Then,
Fig. 1. Effects of CA, CA4G, FA and FA4G on glucose consumption in three insulin resist
glucose consumption in insulin-stimulated HepG2 cells. (B) Effects of CA and CA4G on g
glucose consumption in TNF-a-stimulated HepG2 cells. (D) Effects of FA and FA4G on glu
glucose consumption in FFA-stimulated HepG2 cells. (F) Effects of FA and FA4G on gluco
means ± SD (n = 6) (***P < 0.001 vs control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs
respective parent compound group at the same dose).
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Cytoscape software was used to analyze the relationship between
selected pathways and targets. The size of the map node and edge
were positively correlated with the degree and combined score.
AKT, the largest node, was predicted to be the target of CA4G
and FA4G (Fig. 2C).

Previous studies have indicated that the PH domain of AKT is an
important active region, whose mutation or deletion can lead to a
decrease or loss of AKT activity (Takeuchi et al., 1997). Therefore,
we focused on the AKT PH domain to explore the interaction
between the compounds and AKT. With the addition of small
molecules, the endogenous fluorescence intensity of a protein
decreases accordingly. This provides a clue for determining the
interaction between them. Fluorescence spectroscopy was used
to analyze the quenching effect of CA, CA4G, FA, and FA4G on the
endogenous fluorescence of AKT. The maximal fluorescence emis-
sion peak of the AKT PH domain was at 328 nm. The KD values of
CA and CA4G at 328 nm were 182.8 lmol/L and 37.9 lmol/L,
respectively. In addition, the KD values of FA and FA4G at 328 nm
were 185.1 lmol/L and 48.1 lmol/L, respectively. The KD value
indicated the combination strength between the compound and
protein. These results signified that the binding between the
metabolites and AKT was stronger than that between their parent
compounds and AKT (Fig. 2D).

Then, we focused on the mode of binding between the com-
pounds and the AKT PH domain to further investigate the mech-
anisms underlying the different interaction abilities. Molecular
docking was performed by AutoDock 4.2 (Fig. 2E). In our results,
there were hydrogen bonds between CA and several residues of
the AKT PH domain, i.e., Asn-53, Glu-17, Tyr-18, Ile-19, Arg-23,
and Lys-14. FA might interact with Asn-53, Glu-17, Tyr-18, Ile-
19, Arg-23, and Lys-14 in the binding pocket. However, CA4G
and FA4G might interact with AKT in a different way. They were
ance models. Met was used as the positive control. (A) Effects of CA and CA4G on
lucose consumption in FFA-stimulated HepG2 cells. (C) Effects of CA and CA4G on
cose consumption in insulin-stimulated HepG2 cells. (E) Effects of FA and FA4G on
se consumption in TNF-a-stimulated HepG2 cells. The values are presented as the
respective insulin resistance model group; ▲P < 0.05, ▲▲P < 0.01, ▲▲▲P < 0.001 vs



Fig. 2. Target of CA4G and FA4G is AKT. (A) Venn-diagram of the predicted targets of CA4G and FA4G by overlapping the genes from PharmMapper with glucose metabolism-
related genes in the GeneCards database. (B) CA4G and FA4G related pathway scoring and functional analysis. (C) Protein–protein interaction network analysis of CA4G and
FA4G targets with the first ten pathways. (D) The fluorescence quenching spectra of the AKT PH domain influenced by CA, CA4G, FA, and FA4G (ranging from 5 to 100 lmol/L).
The concentration of the AKT PH domain was fixed at 5 lmol/L, and the ratios of CA, CA4G, FA, FA4G and the AKT PH domain were from 1:1 to 20:1. The vertical axis and the
horizontal axis represent the fluorescence intensity and emission wavelength, respectively. The excitation wavelength was 260 nm, and the AKT emission peak was 328 nm.
(E) Molecular docking of CA, CA4G, FA, and FA4G with the AKT PH domain. The distances between Arg-25 and O of the carbonyl group in CA4G were 2.0 and 2.1 Å,
respectively, and were 2.5 and 2.6 Å between Arg-25 and O of the carbonyl group in FA4G.
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both predicted to bind to the residues Asn-53, Arg-23, Lys-14,
Arg-25, and Leu-52 in the AKT PH domain. Among these resi-
dues, Lys-14, Arg-25 and Arg-86 have been reported to be the
three important sites related to AKT activity (Thomas, Deak,
Alessi, & van Aalten, 2002). Moreover, in these three important
residues, Arg-25 was the only different residue when comparing
the predicted binding sites between the metabolites and their
parent compounds. The results of molecular docking showed
that the glucuronic acid structure of the metabolites could form
hydrogen bonds with Arg-25. This might be the reason for the
different effects between the parent compounds and their glu-
curonic acid metabolites. Considering the importance of Arg-25
on AKT activity, we focused on Arg-25, which was reported to
be critical in membrane translocation (Thomas, Deak, Alessi, &
van Aalten, 2002).
402
3.3. CA4G and FA4G activate AKT after binding to its PH domain

The activation of AKT can be roughly divided into two path-
ways. One pathway is to be recruited to the plasma membrane
after binding to phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
and phosphatidylinositol-4,5-bisphosphate (PIP2), followed by
phosphorylation at T308 and S473 (Badolia, Manne, Dangelmaier,
Chernoff, & Kunapuli, 2015). The other pathway is to be directly
activated in the cytoplasm without membrane translocation (Jo
et al., 2012). The aforementioned results predicted that CA4G and
FA4G would bind to the PH domain of AKT, which likely involved
Arg-25. Therefore, the membrane translocation of AKT was exam-
ined. We performed membrane translocation assays of the AKT PH
domain with the help of the PH-GFP plasmid. For the HEK 293T
cells of the control group transfected with the PH-GFP plasmid,
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obvious green fluorescence could be observed on the membrane,
indicating the translocation of AKT to the plasma membrane.
SC79, an AKT activator enhancing the phosphorylation of AKT,
inhibited its transfer to the membrane after binding with the
AKT PH domain. In addition, R25C is a PH domain mutant with
an arginine to cysteine mutation at amino acid 25, resulting in
the loss of the physiological function of membrane translocation
of the AKT PH domain. R25C was used as a control to show the
inhibition of AKT translocation. The results indicated that CA4G
and FA4G bound to the AKT PH domain and inhibited its transloca-
tion to the cell membrane, similar to SC79 (Fig. 3A). The Pearson
correlation coefficient was used to quantify the colocalization ratio
of AKT PH domain fluorescence and membrane fluorescence. CA4G
and FA4G had a dose-dependent inhibitory effect on the mem-
brane translocation of the AKT PH domain, while CA and FA had
no such effect, which further confirmed that CA4G and FA4G might
have similar binding effects to the AKT PH domain (Fig. 3B).

Next, we used enzymatic activity determination to investigate
the effects of CA4G and FA4G on AKT after binding to its PH
domain. As shown in Fig. 3C, both CA and CA4G significantly
increased AKT enzymatic activity in a dose-dependent manner.
Compared to CA at the same dose, the metabolite CA4G exerted a
relatively more potent effect in increasing AKT activity. Consider-
ing the above result of the membrane translocation of AKT, this
result indicated that CA4G might activate AKT by inhibiting its
translocation to the cell membrane, as SC79 did. Similarly, FA4G
increased the enzymatic activity of AKT after inhibiting AKT
translocation (Fig. 3D).
3.4. CA4G and FA4G regulate AKT signaling pathway

When AKT is activated, phosphorylation occurs at two sites, i.e.,
p-AKT (T308) and p-AKT (S473). Then, the AKT-GSK3b pathway is
activated to participate in the process of glucose metabolism. To
confirm the activation of AKT by CA4G and FA4G, we tested the
phosphorylation levels of AKT and its downstream molecule,
GSK3b. The results showed that CA4G and FA4G obviously
increased the content of p-AKT (T308), p-AKT (S473) and p-
GSK3b in a dose-dependent manner (Fig. 4). This confirmed the
activation of AKT by CA4G and FA4G, and indicated that they might
activate the downstream AKT-GSK3b pathway to exert their role in
regulating glucose metabolism.
4. Discussion

In this study, CA4G and FA4G, the metabolites of CA and FA,
were demonstrated to exert more potent effects on regulating glu-
cose metabolism than their parent compounds. They might inter-
act with Arg-25 in the AKT PH domain with a higher affinity than
their parent compounds due to the glucuronic acid structure. After
binding to AKT PH domain, CA4G and FA4G inhibited the mem-
brane translocation of AKT, and activated it and its downstream
signaling pathway, thus regulating glucose metabolism.

AKT, a serine/threonine kinase, is the main effector of the insu-
lin signaling pathway and the PI3K signaling pathway. AKT is a key
protein kinase required to maintain blood glucose concentration
(Boucher, Kleinridders, & Kahn, 2014). It can change glucose and
lipid metabolism in cells (Manning & Cantley, 2007) and regulate
systemic glucose homeostasis, including glucose transport in fat
and muscle cells (Jiang et al., 2003), and liver gluconeogenesis inhi-
bition (Titchenell et al., 2016). As demonstrated in Fig. 5, growth
factors such as insulin induce PI3K activation through receptor tyr-
osine kinase (RTK), including insulin receptor (INSR) and insulin-
like growth factor 1 receptor (IGF1R), or G protein-coupled recep-
tor (GPCR). Typical AKT activation is initiated by plasmamembrane
403
recruitment and activation of PI3K. PI3K can phosphorylate PIP2 to
produce PIP3. Inactive AKT in the cytoplasm is recruited to the
membrane to bind with PIP3. The binding leads to the exposure
of the T308 and S473 sites, which are phosphorylated by phospho-
inositide dependent protein kinase 1 (PDK1) and mammalian tar-
get of rapamycin (mTOR) complex 2 (mTORC2) respectively,
causing complete activation of AKT (Manning & Toker, 2017). After
AKT is activated, it can phosphorylate and thus inhibit glycogen
synthase kinase GSK3b, which inhibits the activation of glycogen
synthase (GYS), to stimulate glycogen synthesis, thereby regulating
glucose metabolism.

The structure of AKT mainly includes a C-terminal regulatory
domain, an N-terminal PH domain, and a catalytic kinase domain
in the middle. It facilitates the binding of AKT to PIP3 on the mem-
brane. In fact, in addition to the typical activation, AKT can also be
activated in the cytoplasm. The AKT PH domain binds to agonists in
the cytoplasm to expose the T308 and S473 sites, which are phos-
phorylated by PDK1 and mTORC2, respectively, resulting in com-
plete activation of AKT (Jo et al., 2012). Studies have shown that
after Arg-25, Lys-14 or Arg-86 of the AKT PH domain are mutated,
the interaction between AKT and PIP3 nearly disappears. Mutated
AKT cannot be phosphorylated and activated by PDK1 even in
the presence of PIP3 (Thomas, Deak, Alessi, & van Aalten, 2002).
Here, we found that the glucuronic acid structure of CA4G and
FA4G could bind to the PH domain of AKT due to the interaction
of the carbonyl group in glucuronic acid with Arg-25 in AKT. This
induced the change in AKT structure in a direction that was favor-
able for phosphorylation, thereby bypassing the PIP3-mediated
AKT plasma membrane recruitment, and activating AKT in the
cytoplasm.

Our results demonstrated that the compounds with glucuronic
acid structures exerted biological activities by interacting with the
AKT PH domain. This was in accordance with our previous reports
showing that baicalin and chlorogenic acid, two compounds with
glucuronic acid structures, can bind to Arg-25 of the AKT PH
domain, inhibit the membrane translocation of AKT, activate AKT,
and ultimately induce phosphorylation of downstream GSK3b to
improve glucose metabolism (Gao et al., 2018; Yang et al., 2019).
Furthermore, our previous research found that the glucuronic acid
metabolites of two flavonoids, kaempferol and quercetin, also
exerted more potent effects on improving glucose metabolism
than their parent compounds due to binding to the AKT PH domain
(Fang et al., 2021). This further confirmed the vital role of glu-
curonic acid in activating AKT. Notably, the structure of the PH
domain exists not only in AKT but also in many other proteins,
such as Bruton’s tyrosine kinase (Btk) and Grb2-associated binder
1 (Ferguson et al., 2000). These proteins are crucial to many biolog-
ical activities in vivo. Polyphenols have been reported to be benefi-
cial due to the regulation of proteins containing the PH domain. For
example, Tsai et al. reported the inhibition of Btk phosphorylation
by resveratrol, which participated in the attenuation of lung injury
(Tsai, Chen, Chang, Syu, & Hwang, 2019). Resveratrol was also
reported to activate the Akt/GSK3b pathway, leading to protection
of cardiomyocytes against anoxia/reoxygenation-induced injury
(Tian et al., 2019). However, the mechanisms were not thoroughly
investigated. It is reasonable to speculate that the metabolites
might also act on the proteins containing the PH domain due to
the glucuronic acid structure. Therefore, our future investigation
focusing on the interaction between glucuronic acid metabolites
and proteins containing the PH domain might broaden the applica-
tion of polyphenols and their metabolites.

Notably, although PI3K/AKT/mTOR signaling is important in
normal cellular processes, its aberrant activation participates in
many human cancers. For example, lysosomal AKT inhibition has
been used in the clinical treatment of metastatic cancer
(Radisavljevic, 2020). However, AKT activation could also partici-



Fig. 3. CA4G and FA4G inhibited membrane translocation and increased the enzymatic activity of AKT. SC79 was used as the positive control to demonstrate AKT activation
without membrane translocation. (A) Confocal images of CA, CA4G, FA, and FA4G influencing the membrane translocation of AKT. R25C was used as the control to show the
inhibition of the membrane translocation of AKT. (B) Bar graph showing the analysis of fluorescence values in Fig. 3A (n = 6). (C) The effect of CA and CA4G on AKT enzymatic
activity. (D) The effect of FA and FA4G on AKT enzymatic activity. The absorbance at 340 nm was detected continuously for 180 s to calculate AKT enzymatic activities. The
values are expressed as the means ± SD (n = 3) (**P < 0.01, ***P < 0.001 vs control group; ▲P < 0.05, ▲▲P < 0.01, ▲▲▲P < 0.001 vs parent compound group).
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Fig. 4. Effect of CA4G and FA4G on p-AKT (T308), p-AKT (S473) and p-GSK3b. (A) The dose-dependent effect of CA4G (0.1–10 lmol/L) on the phosphorylation of AKT and
GSK3b at 2 h after treatment. (B) The dose-dependent effect of FA4G (0.1–10 lmol/L) on the phosphorylation of AKT and GSK3b at 2 h after treatment. The values are
expressed as the means ± SD (n = 3) (**P < 0.01, ***P < 0.001 vs control group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs insulin resistance model group).

Fig. 5. CA4G and FA4G target the AKT PH domain to activate AKT, promote AKT phosphorylation, and improve glucose metabolism. Activated AKT regulates glucose
metabolism through phosphorylation of GSK3b (Created with BioRender.com).
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pate in the anticancer effect of polyphenols. Lee et al. reported that
resveratrol activated natural killer (NK) cells by activating AKT via
mTORC2 to defend against cancer (Lee & Kim, 2020). On the other
hand, the mechanisms underlying the anticancer effect of polyphe-
nols are commonly found to be related to their antioxidant and
pro-oxidant capacities (Espindola et al., 2019).
5. Conclusion

In summary, this study found that glucuronic acid metabolites
of phenolic acids showed better activity that their parent com-
pounds in regulating glucose metabolism by binding to the PH
domain to activate AKT and triggering the activation of down-
stream signaling pathways. Furthermore, the glucuronic structure
405
might be the crucial group that interacts with the PH domain.
The mechanism was predicted to be the glucuronic acid structure
of the compounds binding to Arg-25 in AKT PH domain. This could
be the common mechanism underlying the improved glucose
metabolism exerted by glucuronic acid metabolites compared to
their respective parent compounds. Our results provided evidence
for further investigation to broaden the application of other glu-
curonic acid metabolites.
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