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A B S T R A C T

The binding of p-coumaroyl glucose to glycogen phosphorylase (GP; a pharmaceutical target for the development
of antihyperglycaemic drugs) has been studied by kinetics, and X-ray crystallography while its effect to HepG2
cells metabolism has been assessed by NMR metabolomics. p-Coumaroyl glucose is a potent inhibitor of human
liver GP with a Ki value of 213 μМ that binds at the active site of the enzyme. Comparative structural analysis with
chemically similar GP inhibitors reveals the structural basis of its inhibitory potency. NMR metabolomics analysis
revealed that HepG2 cells in the presence of p-coumaroyl glucose actively response to higher glucose uptake from
their environment and a display an “insulin-sensitizing’’ state. Furthermore, NMR metabolomics analysis in-
dicates an enhancement of gluconeogenesis towards lipid metabolism and glycerol-derived components.
1. Introduction

Glycogen phosphorylase (GP; EC 2.4.1.1) is the key enzyme of
glycogen metabolism, catalyzing the phosphorolysis of the α-1,4 glyco-
sidic bonds of glycogen to yield glucose-1-phosphate [1,2]. Since
glycogen metabolism is a key metabolic process for glucose homeostasis,
GP has been the focus of many inhibition studies for the development of
novel agents to treat hyperglycemia in the context of type 2 diabetes
(T2D). Over the last decade GP cellular and animal studies have shown
that GP inhibition leads to a better hepatic glycogen balance and blood
glucose levels control [3]. These results are also supported by in vitro, ex
vivo and in vivo studies [1,2,4–8]. It has been also suggested that GP in-
hibitors can also target pancreatic cells and hence they can improve β-cell
function and survival [9]. Moreover, GP inhibition is now recognized to
have a significant potential for the treatment of other conditions such as
cancer, myocardial and cerebral ischemias [10–12]. In a very recent
study, it has been pointed out that some glucose derived GP inhibitors act
also on sodium dependent glucose cotransporters (SGLTs), another target
in combatting T2D with marketed drugs called gliflozins [13]. This will
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GP is an allosteric enzyme that balances between two major confor-

mation states, a T state with low activity and affinity for substrates and an
R state with high activity and affinity for substrates [4]. The biologically
active GP is a dimer, with a cofactor pyridoxal 50-phosphate (PLP)
molecule and it is regulated allosterically by phosphorylation. It there-
fore exists in two interconvertible forms: GPa is the Ser14 phosphory-
lated form (R state); GPb is the unphosphorylated form (T state). X-ray
crystallography and enzyme kinetics have identified seven distinct ligand
binding sites in GP: the active, the inhibitor, the allosteric, the glycogen
storage, the indole binding, the quercetin, and the benzimidazole binding
sites [14]. The conformational changes responsible for GP conversion
from its inactive T to its active R state by phosphorylation or
ligand-binding at the allosteric site [15,16] are mainly focused in a
flexible loop (280s loop; residues 280–286) which controls entrance to a
long channel that leads to the active site. Potent GP inhibitors with Ki
values in the range of low μM to nM stabilize the obstructing confor-
mation of the 280s loop locking thus the enzyme in the inactive T state
conformation.
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Scheme 1. The chemical structure of p-coumaroyl glucose (1-O-(4-coumaroyl)-
β-D-glucose) with the crystallographic numbering.
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In recent years, several studies have explored phytogenic compounds,
extracts, and mixtures in a quest to discover new potent GP inhibitors [1,
14,17–19]. This has led to the discovery of some strong inhibitors such as
ellagic (Ki ¼ 13.4 μM) [17], and asiatic acid (IC50 ¼ 17.0 μM) [20], some
iminosugars like 1,4-dideoxy-1,4-imino-D-arabinitol (IC50 ¼ 0.39 μM)
[21], and chrysin (Ki¼ 19.0 μM) [22]. Although, phytogenic polyphenols
and especially triterpenes and flavonoids have been found to be potent
inhibitors of GP [1], little is known on the effect of soluble phytogenic
compounds. p-Coumaric acid (p-CA), a phenolic acid of the hydroxycin-
namic acid family, in free or bound form is found in fruits, vegetables,
cereals, herbs, and mushrooms [23]. p-CA and its conjugates have been
shown to act as moderators of hyperglycemia by inhibiting α-glucosidase
[24], aldose reductase [25,26], the processes of gluconeogenesis and
adipogenesis [23], by activating AMP-activated protein kinase [27], and
by increasing insulin sensitivity reducing post-prandial hyperglycemia
[23]. However, the effect of p-CA conjugates on the GP activity has not
been studied yet. A water soluble conjugate of p-CA, p-coumaroyl-glucose
(1-O-(4-hydroxycinnamoyl)-β-D-glucopyranose; Scheme 1) is present in a
variety of herbal teas. A study of chamomile tea and its individual
components showed a significant effect on lowering blood glucose levels
in vitro and in streptozotocin (STZ)-induced diabetic rats [28]. Other
studies showed that consumption of chamomile tea has some beneficial
effects on glycemic control in T2D patients [29,30]. Furthermore,
chamomile tea has been shown to inhibit digestive enzymes (α-amylase
and maltase) related to intestinal sugar release [31]. To investigate the
bioactivity of p-coumaroyl glucose against GP we have performed a ki-
netic and X-ray crystallography study on the binding of p-coumaroyl
glucose to GP. Furthermore, we studied the effect of p-coumaroyl glucose
on the metabolome of HepG2 cells. Our results show that p-coumaroyl
glucose is a potent inhibitor of GP with a significant effect on the
metabolism of HepG2 cells. This is the first time that a GP inhibitor has
been shown to affect the metabolic pathways at cellular level and as such
the analysis will have significant impact on future antihyperglycaemic
drug discovery studies targeting GP.

2. Materials and methods

2.1. Synthesis

2.1.1. General methods
Melting points weremeasured on a Kofler hot-stage and the values are

uncorrected. NMR spectra were recorded on Bruker DRX360 (360/
90 MHz for 1H/13C) and DRX400 (400/100 MHz for 1H/13C) spec-
trometers. Chemical shifts are referenced to internal Me4Si (1H) or the
residual solvent signals (13C). Mass spectra were recorded using a
Thermo LTQ XL mass spectrometer (Thermo Electron Corp., San Jose,
CA, USA) using positive-ion ESI mode. Thin-layer chromatography (TLC)
was carried out on aluminium sheets coated with Silica Gel 60 F254
(Merck). Silica gel column chromatography was performed with Kie-
selgel 60 (particle size 63–200 μm; Molar Chemicals). 2,3,4,6-Tetra-O-
chloroacetyl-D-glucopyranosyltrichloroacetimidate (1)was prepared by a
literature method [32].
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3. 4-Chloroacetoxycinnamic acid (2)

To the solution of p-coumaric acid (4, 2 g, 12.2 mmol) and triethyl-
amine (6.8 mL, 48.7 mmol, 4 equiv.) in anhydrous THF (40 mL) chlor-
oacetyl chloride (1.94 mL, 24.4 mmol, 2 equiv. in 4 mL of anhydrous
THF) was added dropwise at 0 �C. After 4 h of stirring the mixture was
poured into ethyl acetate (50 mL) and extracted with 1 M aqueous HCl
(30 mL) and brine. The organic phase was dried over MgSO4, filtrated,
and concentrated under reduced pressure. The resulting crude product
was purified by column chromatography (toluene-acetic acid 19:1→ 9:1
gradient) to yield 2.6 g (89%) of white crystalline product. m.p.
183–185 �C (lit. m.p. 186–187 �C [33]). Rf ¼ 0.55 (toluene-acetic acid
4:1) 1H NMR (400 MHz, DMSO‑d6): 12.44 (1H, s, COOH); 7.78 (2H, d,
J ¼ 8.6 Hz, Ar), 7.61 (1H, d, J ¼ 16.0 Hz, Ar-CH––CH-); 7.24 (2H, d,
J ¼ 8.6 Hz, Ar); 6.53 (1H, d, J ¼ 16.0 Hz, Ar-CH––CH-); 4.71 (2H, s,
COCH2Cl); 13C NMR (100 MHz, DMSO‑d6): 167.4, 166.2 (C––O); 151.4,
142.8, 132.4, 129.6, 122.0, 119.6 (Ar, -CH ¼ ), 41.3 (-COCH2Cl).

4. 2,3,4,6-Tetra-O-chloroacetyl-l-O-(4-chloroacetoxycinnamoyl)-
β-D-glucopyranose (3)

Compound 3 was prepared according to the published procedure
[34].

5. l-O-(4-hydroxycinnamoyl)-β-D-glucopyranose (5)

Compound 3 (50 mg, 0.07 mmol) was dissolved in a 1:1 mixture of
anhydrous methanol and chloroform (2 mL) and triethylamine (50 μL,
0.35 mmol) was added at 0 �C. After 2 h of stirring at this temperature the
volatiles were removed under reduced pressure and the residue was
purified by column chromatography (eluent: chloroform-methanol
9:1 → 4:1 gradient) to give 19 mg (83%) colourless syrup. Rf ¼ 0.28
(chloroform-methanol 4:1). 1H and 13C NMR spectra are in good agree-
ment with those reported in methanol-d4 solvent [34,35]. 1H NMR
(360 MHz, DMSO‑d6): 7.63 (1H, d, J ¼ 15.9 Hz, Ar-CH––CH-), 7.56 (1H,
d, J ¼ 8.6 Hz, Ar), 6.81 (1H, d, J ¼ 8.6 Hz, Ar), 6.37 (1H, d, J ¼ 15.9 Hz,
Ar-CH––CH-), 5.44 (1H, d, J ¼ 7.9 Hz, H-1), 3.44 (1H, dd, J ¼ 12.1,
5.4 Hz, H-6), 3.28–3.10 (5H, m, H-2, H-3, H-4, H-5, H-6’); 13C NMR
(90 MHz, DMSO‑d6): 165.8 (C––O), 160.2, 146.4, 130.9, 125.3, 116.1,
113.9 (Ar, -CH ¼ ), 94.5 (C-1), 77.9, 76.5, 72.6, 69.7 (C-2 – C-5), 60.8
(C-6). ESI-MS: Calculated [MþNa]þ: 349.09, Found: 349.17.

5.1. Enzyme kinetics

Rabbit muscle and human liver GPa (rmGPa and hlGPa) were pro-
duced following previously established protocols [36]. Enzymatic ac-
tivity was measured in the direction of glycogen synthesis following a
procedure described earlier [37]. Initial velocities were calculated from
the pseudo-first order rate constants using the first-order rate equation
and inhibition constant (Ki) values were calculated from the plot of
Km(app.) vs [inhibitor] using the non-linear regression program GRAFIT
[38] and an explicit weighting.

5.2. X-ray crystallography

T state rabbit muscle GPb (rmGPb) crystals were grown as described
previously [37]. Ligand complexes were produced by soaking preformed
rmGPb crystals in a solution of 10 mM p-coumaroyl glucose in the crys-
tallization media supplemented with 10% (v/v) DMSO 24 for h at room
temperature. X-ray diffraction data were collected using synchrotron
radiation at beamline P13 of the EMBL-Hamburg outstation at room
temperature on a Pilatus 6 M detector. Crystal orientation, integration of
reflections, inter-frame scaling, partial reflection summation, and data
reduction was performed by the program XDS [39] while scaling and
merging of intensities, was performed by Aimless [40]. Crystallographic
refinement of the complexes was performed by maximum-likelihood



Table 1
Summary of the diffraction data processing and refinement statistics for the GPb -
p-coumaroyl glucose complex. Values in parentheses are for the outermost shell.

Data Processing and collection statistics

Space group and unit cell dimensions P43212, a ¼ b ¼ 128.6 Å, c ¼ 116.6 Å
Resolution (Å) 1.60 (1.63–1.60)
Reflections measured 835324 (36085)
Unique reflections 128346 (6280)
Rmerge 0.046 (0.621)
Completeness (%) 99.9 (99.9)
< I/σ(I) > 15.1 (3.0)
Multiplicity 6.5 (5.7)
CC1/2 0.998 (0.900)
B Wilson (Å2) 28.2
Reflections used for refinement 114728 (8739)
No of water molecules 451
No of ligand atoms 23
R (%) 12.8 (16.1)
Rfree (%) 32.0 (35.5)
r.m.s.d. in bond lengths (Å) 0.007
r.m.s.d. in bond angles (�) 1.2
Average В (Å2)
Protein atoms 36.4
Water molecules 48.9
Ligand atoms 29.8
PDB entry 7ONF
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methods using REFMAC [41] using as starting model the structure of the
free T state rmGPb (pdb entry 7P7D [42]). Ligand molecule coordinates
and topologies were constructed using JLigand [43] and they were fitted
to the electron density maps by adjusting of their torsion angles. A
summary of the data processing and refinement statistics for the inhibitor
complex structure is given in Table 1. The validity of the refinement
procedure was checked using the PDB_REDO server [44]. As there were
more than 5 reflections per atom available, both an isotropic and an
anisotropic B-factor model were considered, and the anisotropic B-factor
model was selected based on the Hamilton R ratio test. A TLS model for
grouped atom movement with one TLS group was used. The stereo-
chemistry of the protein residues was validated by MolProbity [45].
Hydrogen bonds and van der Waals interactions were calculated with the
program CONTACT as implemented in CCP4 [46] applying a distance cut
off 3.4 Å and 4.0 Å, respectively. Accessible surfaces were calculate using
NACCESS [47]. Figures were prepared with CCP4 Molecular Graphics
[48]. The coordinates of the new structure have been deposited with the
RCSB Protein Data Bank (http://www.rcsb.org/pdb) with code presented
in Table 1.

5.3. Cellular studies

For the assessment of the effect of p-coumaroyl glucose on the hep-
atocarcinoma HepG2 cells metabolic profile, human HepG2 hep-
atocarcinoma cells that were maintained in Dulbecco's modified Eagle
medium (DMEM), containing 25 mM glucose 10% FBS, 2 mM glutamine,
and penicillin/streptomycin, in a humidified atmosphere with 5% CO2,
at 37 �C, were seeded in 60 mm culture dishes at a density of
1.5� 106 cells per dish. After cell attachment (16–18 h), the mediumwas
replaced by serum-free medium containing 10 nM dexamethasone,
25 mM glucose, and 100 nМ insulin, and cells were further incubated for
16–18 h to replete glycogen stores [18]. Cells were then incubated in the
presence or absence of 400 μМ p-coumaroyl glucose in serum- and
glucose-free medium supplemented with 100 nM glucagon for 3 h.
Subsequently, growth media were collected, and cells were washed in
phosphate buffer, harvested, and centrifuged at 700 g for 5 min. Cell
pellets were resuspended in lysis buffer containing 20 mM Tris pH 7.5,
0.5% (v/v) Triton X-100, 250 mM NaCl και 3 mM EDTA, supplemented
with 1 mM DTT, 0.1 mM PMSF and cocktail inhibitors (Roche). Extra-
cellular growth media as well as cell lysates were subjected to NMR
analysis.
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5.4. NMR metabolomics

NMR samples were prepared by mixing 70 μL of cell extract with
530 μL of 1.5 M potassium phosphate buffer (pH 7.4) to a final volume of
600 μL. Samples contained 100% D2O (v/) and 0.1 mM DSS, used as
internal standard chemical shift reference. For control experiments
300 μL of cell media mixed with 300 μL of potassium phosphate buffer
(pH 7.4, 100% D2O (v/v) and 0.1 mM DSS). Samples were vortexed
briefly and transferred in a 5-mm NMR tube (Bruker BioSpin srl.) for
analysis.

The 1H NMR spectra were recorded at 298 K on a Bruker Avance III
HD 700 MHz NMR spectrometer equipped with a cryogenically cooled
5.0-mm 1H/13C/15N/D Z-gradient probe. For each sample, three 1H NMR
spectra were acquired. A mono-dimensional (1D) NMR spectrum ac-
quired using a standard Carr-Purcell-Meiboom-Gill (cpmgpr1d.comp;
Bruker BioSpin) pulse sequence was applied to remove the broad signal
contribution from proteins and other high-molecular-weight components
imposing a T2 filter. All monodimensional spectra were acquired with
128 scans, a relaxation time of 4 s, receiver gain of 50.8, 128 scans and a
spectral width of 19.9993 ppm. Additional, 1H–1H J-resolved
(jresgpprqf.comp; Bruker BioSpin) pulse sequence was performed in
order to facilitate metabolite identification separating chemical shifts
and J-couplings into two different spectral dimensions. Two dimensional
1H–13C HSQC nmr spectrum helped in the accurate assignment and
specially of highly overlapping spectral regions present in all the mon-
odimensional spectra. For all samples matching and shimming performed
manually.

Free induction decays were multiplied by an exponential function
equivalent to a 1.0 Hz line-broadening factor before applying Fourier
transform. Transformed NMR spectra were phased, baseline-corrected
and calibrated (using as a reference peak the 1H signal of the anomeric
hydrogen of a-glucose doublet at 5.24 ppm) manually using Topspin 3.2
(Bruker BioSpin srl). Each processed NOESY spectrum (0.06–9.00 ppm)
was uniformly segmented into 0.02 ppm spectral width buckets in Amix
3.9.13 software (Bruker Biospin). Spectral regions between 5.20 and
4.18 ppm containing residual water reducing the system to 406 bins. The
resulting data sets were separately imported into MetaboAnalyst 5.0
software [49] for statistical analysis and evaluation.

NMR data analysis followed by an untargeted analytical approach. A
variety of multivariate and univariate statistical methods applied on the
obtained bucket files. The original NMR data were subjected to both
unsupervised and supervised methods. All NMR spectra subjected into
Principal component analysis (PCA) to identify any clustering trends and
control the datasets for the presence of outliers. Additionally, Partial least
squares discriminant analysis (PLS-DA) was performed as a supervised
method of classification. Bucket tables resulting from the 1D NOESY
spectra were used to construct the subsequent classification models. For
the assessment of the class discrimination and the prediction ability of
the classification models’ standard definitions were used.

To examine the detailed relationships between the concentrations of
the top 30 metabolites/variables resulted from ANOVA in the 12 sam-
ples, correlation heatmaps were ordered according to hierarchical clus-
tering, Ward linkage. Pearson's correlation coefficient was used to reveal
the kind of correlation between each pair. Metabolite identifications
were performed using Chenomx NMR software (Profiler 8.1 Chenomx
Inc., Canada), the public database (HMDB) and literature data.

6. Results & discussion

6.1. Synthesis

The first synthesis of p-coumaroyl-β-D-glucopyranose (5) was ach-
ieved by the biotransformation of p-coumaric acid (4) or cinnamic acid
using the cultured cells of the Eucalyptus perriniana [50]. Chemical syn-
thesis of 5 was carried out by the glycosylation of O-chloroacetyl pro-
tected p-coumaric acid 2 with trichloroacetimidate 1 followed by

http://www.rcsb.org/pdb


Scheme 2. The synthesis of p-coumaroyl glucose. Reagents and conditions: a)
TMSOTf, anh. DCM, 4 Å MS, 0 �C, 28%; b) ClCH2COCl, Et3N, anh. THF, 0 �C,
89%; c) Et3N, anh. MeOH, CHCl3, 0 �C, 83%.

Fig. 1. Competitive inhibition of hlGPa at 0.2% w/v glycogen, different Glc-1-P
concentrations (1, 2, 3, 4, and 6 mM) and different inhibitor concentrations (0
( ), 70 ( ), 120 ( ), 150 ( ), and 200 ( ) μM). The insert plot of the KM(app.)

versus inhibitor concentration yields the Ki value.

Table 2
Inhibition constants for p-coumaroyl glucose and similar inhibitors for rmGPb.

Entry Inhibitor Ki (μM)

31.4 � 1.9

1 18 [2]

2 6.3 [2]

3 4.6 [56]

4 4.98 [54]

5 8.25 [54]

6 75.3 [54]

7 48.7 [54]

Fig. 2. Stereo diagram of the sigmaA 2Fo-Fc electron density map, contoured at
1 σ, for the bound p-coumaroyl glucose at rmGPb. Electron density map was
calculated before incorporating the inhibitor molecule in the refine-
ment procedure.
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deprotection to 5 (Scheme 2) [34]. In this study, for the preparation of 5
the published synthetic strategy was applied with minor modifications to
obtain compounds 2 [33] and 5 [34] in higher yields as compared to the
reported methods. Acylation of p-coumaric acid (1) with chloroacetyl-
chloride in THF resulted in 2 in excellent yield which was then glyco-
sylated by imidate 1 [32] under the published conditions [34] to give
glucosyl ester 3. Mild deprotection of 3 with triethylamine in methanol
resulted in p-coumaroyl glucose 5 in high yield.

6.2. Enzyme inhibition

The physiological inhibitor of GP, α-D-glucose, displays Ki values of
1.7 2.0 and 4.3 mM for rmGPb [51] rmGPa [52], and hlGPa [53],
respectively. p-Coumaroyl glucose is a potent, competitive to Glc-1-P,
inhibitor of rmGPb (Ki ¼ 31.4 � 1.9 μM), rmGPa (Ki ¼ 67.7 � 4.2 μM)
and hlGPa (Ki ¼ 212.9 � 12.5 μM) as revealed by the Lineweaver-Burk
plots that intersect at the same point on the y-axis (Fig. 1). As indi-
cated by the Ki values, for all three enzymes, p-coumaroyl glucose is more
potent for rmGPb than for rmGPa or hlGPa. The difference in the Ki
values is significant indicating that this inhibitor can differentiate be-
tween the three enzymes. Based on the absolute conservation of the
active site of the three enzymes this could imply that p-coumaroyl
glucose also binds at another binding site of GP (e.g., the AMP or the
inhibitor binding site) with different affinity for the three enzymes.
However, no binding was found at the crystal at these sites despite the
high concentration of p-coumaroyl glucose used for soaking GP crystals.
We must note here that although it is always better to investigate binding
at a site by co-crystallization experiments all six binding sites of rmGPb
are solvent accessible and are not occluded by any crystal packing con-
tacts in the tetragonal crystals we used in our experiment. A possible
explanation for this preference might be that the R state conformation of
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the phosphorylated GP isoenzymes (rmGPa and hlGPa) is less sensitive
than the R state of the AMP activated rmGPb for p-coumaroyl glucose.

In the absence of any inhibitor studies withO-acyl-β-D-glucopyranosyl
compounds to GP the chemically closest inhibitors to p-coumaroyl-
glucose are theN-acyl-β-D-glucopyranosylamines (entries 2 and 3) andN-
acetyl-β-D-glucopyranosylamines (entries 1, 4–7) [54,55] presented in
Table 2. The inhibitory potency of p-coumaroyl-glucose is similar to that
of entry 1 but weaker than those of entries 2–5. Nevertheless, is



Table 3
Interactions of p-coumaroyl glucose with rmGPb residues in the crystal.

Hydrogen bonds Van der Waals interactions

Inhibitor atom Protein Residues (atoms) Distance (Å) Protein Residues (atoms)

Glucopyranose atoms O10 Asn284(CG, ND2, OD1)
His377(CB, O)

O20 Tyr573(OH) 3.1 Asn284(CG, OD1)
Glu672(OE2) 3.2
Asn284(ND2) 2.9
Water-219 2.8
Water-384 2.8

O30 Ser674(N) 3.0 Ala673(C, CA, CB) Ser674(CA, C)Glu672(CG, CD, C)
Gly675(N) 3.1
Glu672(OE2) 2.7
Ala673(N) 3.3

O40 Gly675(N) 2.9 Gly675(C, O, CA) Thr676(N) Ser674(CB, C) Asn484(ND2)
Water-299 2.7

O50 His377(CD2, CB, CG) Leu136(CB, N)
O60 Asn484(ND2) 2.8 His377(CD2, NE2, CG)

Val455(CG2, CB, CG1)
Leu139(CD2)
Asn484(CG)

C20 Glu672(OE2) His377(O)
C30 Gly675(N) Glu672(OE2)
C40 Gly675(N) Water-299
C50 Gly135(C) Leu136(N) Water-299
C60 Gly135(C, O) His377(CD2) Asn484(ND2) Leu136(CA, N)

Linker atoms O2 Leu136(N) 3.1 Leu136(CB, CA) Gly135(N) Asn284(ND2) Asp283(OD1)
C2 Leu136(CB) Asn284(ND2)
C3 Asn284(CG, ND2, N)
C4 Leu136(CB, CD1) Asn284(N)

p-hydroxyphenyl atoms O8 Phe285(O) 3.2 His341(NE2) Arg292(NH2)
C5 Asn284(N) His341(CE1)
C6 Asn284(N, CA) His341(CE1, NE2)
C7 Asn284(N) His341(CE1, NE2) Phe285(N, O)
C8 Asn282(O) His341(CE1, NE2) Phe285(O)
C9 Asn282(O) Glu88(OE2) His341(CE1)
C10 Glu88(OE2) Asn282(O) His341(CE1)

Total 14 86
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significantly stronger than that of entries 6–7 that lack the double bond in
the linker.

From the comparison of the inhibition constants, it seems that the
double bond confers to potency as does the second amide group in the
linker region.
6.3. X-ray crystallography

The pharmacologically relevant target enzyme is the human liver
GPa, but our structural studies were performed with the rmGPb due to
the ease in growing suitable crystals for protein-inhibitor complexes. The
active site is identically conserved in all mammalian GPs [57], indicating
that compounds inhibiting muscle GP by binding at this site are likely to
inhibit also liver GP and this has been shown in numerous previous
studies [36,53,58–61]. p-Coumaroyl glucose was found bound at the
active site of rmGPb with all atoms well defined within the electron
density map (Fig. 2). The binding did not cause any significant confor-
mational changes of the polypeptide chain.

Superposition of the native T state rmGPb structure (PDB entry 7O8E)
onto the rmGPb-p-coumaroyl glucose complex structure over well-
defined residues (18–49, 262–312, 326–829 gave an r.m.s.d. of 0.19 Å
and 0.8 Å for the Cα atoms and all residue atoms, respectively. The
binding of the glucopyranose ring is very similar to the binding of all
glucose derived inhibitors to the active site of rmGPb [2,4,6,14,62]
5

engaging in an extended network of hydrogen bond interactions with
residues of the active site (Table 3; Fig. 3).

Atom O2 of the linker (Scheme 1) forms a hydrogen bond interaction
with the main chain nitrogen of Leu136 (Table 3 and Fig. 3) and par-
ticipates to a water mediated interaction with Asp283 OD1, Glu88 OE2,
Gly134 N, and Gly137 N. These interactions are reminiscent to the
interaction of inhibitors with similar linkers in N-acetyl-β-D-glucopyr-
anosylamine derivatives [63–70] and promote the closed geometries and
give rise to increased rigidity of the 280s and 380s loops. However, in all
β-D-glucopyranosylamine and spirohydantoin analogues of β-D-gluco-
pyranose there is a conserved hydrogen bond interaction between the
main chain carbonyl oxygen of His377 and the nitrogen atom that has the
place of O10 at the p-coumaroyl glucose molecule. This interaction is
absent in the p-coumaroyl glucose complex and O10 is 3.8 Å away from
the main chain nitrogen of His377. The length of the linker seems to be
important in the inhibitory potency of the ligand since ligands with
shorter linkers than 4 atoms have 2–3 fold larger Ki values [2,4,6]. The
linker of p-coumaroyl glucose is also involved in 13 van der Waals in-
teractions with residues Gly135, Leu136, Asp283 and Ans284 (Table 3).
The hydroxyphenyl group binds at the so-called β-cavity (a channel lined
up with hydrophobic groups adjacent to the active site [4]) engaging in
23 van der Waals interactions. The hydroxyl group O8 forms a hydrogen
bond with the main chain carbonyl oxygen of Phe285 and water medi-
ated interactions with Ala383, Arg292, Glu287 and Glu385 (Fig. 3). On



Fig. 3. The binding of p-coumaroyl glucose at the rmGPb active site. The in-
hibitor molecules are shown as thick bonds, water molecules as cyan spheres
(labeled W) and hydrogen bond interactions as dashed lines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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forming the rmGPb complex p-coumaroyl-glucose becomes buried. The
solvent accessibilities of the free and bound ligand molecule are 571 and
19 Å2, respectively, indicating that ~96% of the inhibitor surface be-
comes buried. On the protein surface, a total of 916 Å2 solvent accessible
surface area becomes inaccessible on binding of the inhibitor.

The closest structurally, to p-coumaroyl glucose, GP inhibitors are
presented in Table 2. They all have an amide instead of oxygen at the
linker component of the glucopyranose inhibitor. Comparative structural
analysis of the rmGPb - p-coumaroyl glucose complex and the rmGPb in
complex with inhibitors in entries 2–5 (Table 2) revealed that while all
four ligands upon binding induce a significant conformational change of
the 280s loop, p-coumaroyl-glucose does not (Fig. 4). The r.m.s. distance
for residues 281–288, between the GPb - p-coumaroyl glucose structure
and the GPb in complex with inhibitors 2–5 (Table 2) is 2.3, 2.2, 1.5, and
2.1 Å, respectively. The 280s conformational change was attributed to
the presence of the bulky phenyl substituent which induced a significant
movement of this loop away from the active site to make space for the
inhibitor [54].

Comparing the protein interactions of p-coumaroyl glucose to those of
entries 2–5 in Table 2 reveals that the linker part is involved in similar
Fig. 4. Superposition of the rmGPb-p-coumaroyl glucose complex structure (gold)
complex in grey (B). Asn284 is labeled in each of the complexes. (For interpretation o
version of this article.)
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interactions with protein residues including a hydrogen bond to the main
chain amide of Leu136 (Fig. 3). The rest of the atoms of the aromatic
group engage in similar van der Waals interactions with protein residues;
23 for p-coumaroyl glucose, and 25, 24, 24, and 27 for entries 2, 3, 4, and
5 in Table 2, respectively). Their most significant difference in their in-
teractions is the hydrogen bond of the hydroxyphenyl group of p-cou-
maroyl glucose to the main chain carbonyl oxygen of Phe285. This
interaction together with two water mediated hydrogen bond in-
teractions of the O8 hydroxyl group of p-coumaroyl glucose to Arg292,
Glu385 seem to counterbalance any conformational change might have
caused by the binding of the hydrophobic hydroxyphenyl group of the
inhibitor. Interestingly, although inhibitor of entry 2 in Table 2 has a
hydroxyphenyl group induces the conformational change of the 280s
loop and its hydroxyl group is 5.7 Å away from the main chain carbonyl
oxygen of Phe285. The new conformation of the 280s loop is stabilized
by a water mediated hydrogen bond with the second carbonyl oxygen of
the linker to Asp283, a bond which p-coumaroyl glucose cannot form
since it lacks this group. Thus, the 280s conformational change is not
caused solely by the hydrophobicity or the bulkiness of the inhibitor but
it also depends on whether it will find suitable interactions to stabilize in
the new adopted conformation. The inhibitory potency of p-coumaroyl
glucose is 3.8–6.8 times smaller than that of entries 2–5. This may be
attributed to the failure of p-coumaroyl glucose to induce the confor-
mational change of the 280s loop. This change causes a 180� flip of
Asn284 which is positioned between the phenyl rings of Phe285 and
Tyr613, two residues that constitute the inhibitor site at the entrance of
the catalytic site in GPb, resulting in its blockage. This rearrangement of
the 280 s loop is in the direction of the R to T allosteric transition, causing
the destruction of the GPb inhibitor site and changes at the intersubunit
contacts of the dimer which give rise to allosteric effects [71]. It has been
also observed in other GPb ligand complexes with bulky benzoyl moieties
that bind at the active site [2,54] Thus, p-coumaroyl-glucose is a weaker
inhibitor. This further supported by the similar inhibitory potency of
compound in entry 1 in Table 2, which lacks the hydroxyl group O8
(Scheme 1) of p-coumaroyl glucose. In the absence of the crystal structure
of the rmGPb-1 complex we assume that the phenyl substituent causes a
less extensive or no conformational change of the 280s loop, than the rest
of the inhibitors.

6.4. 1H NMR based metabolomics analysis

Cell medium and cell extracts, in the presence and absence of p-
coumaroyl glucose from three different flasks were screened (12 sam-
ples). For each biofluid, the corresponding “chemical environment”
(DMEM, DMEM with glucagon, and the cell lysis buffer) was also
analyzed. Typical 1H 1D Noesy presat NMR spectra of cell extracts and
onto the structure of the rmGPb-4 complex in pink (A) and onto the rmGPb-5
f the references to colour in this figure legend, the reader is referred to the Web



Table 4
Fold change results of the identified and assigned metabolites in the two bio-
logical samples.

Metabolites of cell extract Fold
changea

Metabolites of cell
media

Fold
changeb

Acetate 0.202 Ethanol 0.142
Creatine �0.13 Creatinine 0.123
Lactate * Lactate 0.51
Alanine �2.555 Alanine 0.181
Isoleucine 0.059 Lysine 0.025
Glutamate �0.131 Valine 0.005
Glycine �0.247 Isoleucine 0.037
Leucine 0.761 Leucine 0.041
Glutamine �0.432 Pyroglutamate 0.009
O-phosphocholine �0.123 Glutamine 0.020
Valine �0.248 Myo-inositol 1.736
Threonine * Methanol 0.817
Choline �0.733 Formate 0.277
NADþ/NADH �0.294 Phenylalanine �0.021
UDP-galactose 1.523 Tyrosine 0.024
UDP-glucuronate �0.621 Maltose *
Uridine inf Tryptophan �0.081
EDTA * Homoserine *
Mannitol �0.201 Niacinamide? *
Unsaturated fatty acids �0.526 Cadaverine 0.024
Fatty acid Alkyl chain
–(CH2)n-

�0.321

Glycylproline * Dimethylamine �0.084
Carnitine �0.276 Homocysteine 0.261
N-acetyl glutamate * N-acetylglucosamine *
Isopropanol �0.241 Glucuronate *
AMP -inf Arginine �0.035
UMP �0.026 Glycerol-derivatives *
Acetone/acetoin -.0258 1-Methylhistidine 0.087
Oxypurinol 0.84 Ketoleucine �0.183
2-deoxyadenosine inf Nicotinurate �0.102
N-Nitrosodimethylamine 0.109 5-aminolevulinic acid *
Methanol 1.116 Sn-glycero-3-

phosphocholine
0.114

methylamine 0.077

a Metabolite's fold changes are presented using the calculated metabolite peak
area in NMR spectra of control and p-coumaroyl cell extracts (Δp-coumaroyl
glucose/control); b Metabolite's fold changes are presented using the calculated
metabolite peak area in NMR spectra of control and p-coumaroyl glucose cell
media (Δp-coumaroyl glucose/control); * metabolites not subjected to univariate
analysis due to 1H overlapped signals.
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cell media samples were obtained from the sets of different cell culture
conditions. Analysis and assignment of 1H NMR spectra contributed
significantly to the identification of the metabolites (summarized in
Table 4), whose contribution dictates the clustering trends and are
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valuable to enhance the accuracy of the classification presented below.
The two biological fluids were analyzed, and their results were evaluated
distinctively since the metabolic inference is based on the endo- and the
exo – HepG2 cells metabolic activity. The data obtained by the bucketing
of the twelve spectra were first explored by principal component analysis
(data not shown), whilst the clustering was achieved by using the PLS-DA
model. PLS-DA models were validated using Leave One Out Cross Vali-
dation (LOOCV) method. This analysis revealed for the cell extracts
dataset an accuracy of 66.6% (R2: 99%, Q2:�12%) (Fig. 5), while for the
cell medium dataset the PLS-DA model exhibited an accuracy of 50%,
(R2: 99.9%, Q2: �100%) (Fig. 6).

Multivariate analysis of the two biological fluids reveals metabolites
arising in highly overlapped NMR spectral regions. More specifically,
comparison of cell extracts metabolic profile reveals significantly
decreased levels of threonine, choline, N-acetylaspartate, leucine and
lipids in the presence of p-coumaroyl glucose. Similarly, comparison of
the cell medium metabolic profiles indicated higher levels of proline, 5-
aminolevulinate, 1-methylhistidine, sugars (highly overlapped sugar
backbone spectral area δH:3.00–4.00 ppm), N-acetylglucosamine, sn-
glycerol-3-phosphocholine, glycerol derivatives, glutamine and gluta-
thione in p-coumaroyl glucose treated cells.

Additionally, the presence of p-coumaroyl glucose in cell media seem
to significantly contribute (p-coumaroyl glucose 1H signals arising from
the protons presented in Table S1) in clustering (VIP scores, Fig. 6).
Biochemical composition of cell medium is representative of the dynamic
metabolic process of the cultured cells. Hence, cell medium metabolites
manifest a vast number of metabolites, which qualitatively can be
attributed to both cellular excretion but also to the essential nutrients
derived from their selected nutritional environment, herein the Dulbec-
co's modified Eagles Medium (DMEM, high glucose). Cell medium
metabolomic data presented in this study exhibit the complexity of the
biofluid's nature. However, it should be stressed out that metabolic
profiling results are greatly depended on cultured media selection. NMR
analysis of the DMEM's metabolite composition does not correlate with
the cell media metabolism of the two examined groups.
6.5. Pathway analysis

To identify the most relevant metabolic pathways involved in p-
coumaroyl glucose addition in HepG2 cells, univariate analysis data were
subjected in pathway analysis using MetaboAnalyst 5.0. Analysis con-
ducted using the compound list, result of the semiquantitative data for
each sample group, cell extracts and cell media. The lists were as
uploaded and processed using the homo sapiens library from KEGG public
database (https://www.genome.jp/kegg/kegg.html). Pathway topology
Fig. 5. Multivariate analysis of 1D 1H NOESY cell
extracts spectra of the control and the p-cou-
maroyl glucose group. (A) Partial Least Squares-
Discriminant Analysis (PLS-DA) 2D scores plot;
control group is represented by green spheres and
the p-coumaroyl-glucose group by red spheres.
(B) Important features identified by PLS-DA
-variable importance in projection (VIP) scores.
The colored boxes on the right indicate the rela-
tive concentrations of the corresponding metab-
olite in each group under study. The dataset was
mean centered. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

https://www.genome.jp/kegg/kegg.html


Fig. 6. Multivariate analysis of 1D 1H NOESY cell
medium spectra of the control and p-coumaroyl
glucose group. (A) PLS-DA 2D scores plot; control
group is represented by green spheres and the p-
coumaroyl glucose group by red spheres. (B)
Important features identified by PLS-DA -variable
importance in projection (VIP) scores. The
colored boxes on the right indicate the relative
concentrations of the corresponding metabolite
in each group under study. The dataset was
normalized by sum and autoscaled. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version
of this article.)

Fig. 7. Pathway analysis of cell extracts NMR metabolomic data displaying
metabolic pathways arranged by scores from pathway enrichment analysis (y
axis) and from topology analysis (x axis). Each point represents a metabolic
pathway. The colour and the size of each circle is based on p-values and
pathway impact values, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 8. Pathway analysis of cell media NMR metabolomic data displaying
metabolic pathways arranged by scores from pathway enrichment analysis (y
axis) and from topology analysis (x axis). Each point represents a metabolic
pathway. The colour and the size of each circle is based on p-values and
pathway impact values, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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analysis revealed the impact values for each active metabolic pathway. P
values were calculated from the metabolite set enrichment analysis
(Tables S2 and S3). Each dot point represents one metabolic pathway,
while the size of the dot correlates positively with the impact of the
pathway in each dataset.

The highly differential metabolites of cell extracts indicate the path-
ways of Glycine, serine, and threonine metabolism (p. value 0.0529) and
Glycerophospholipid metabolism (p. values 0.0531) as the most altered
pathways upon p-coumaroyl glucose treatment. Observation of the
decreased levels of choline and creatine and the moderate higher levels
of glycine in p-coumaroyl glucose group respect to control group, suggest
that Glycine, serine, and threonine metabolic pathway is the most
significantly involved biochemical pathway. Whilst elevated levels of
choline phosphate and decreased levels of choline in p-coumaroyl
glucose group contribute to the significance of the glycerophospholipid
8

pathway (Fig. 7). However, the pathways with the greater impact
regarding cell extracts are ascorbate and aldarate metabolism (impact:
0.5), D-glutamine and D-glutamate metabolism (impact: 0.5), arachidonic
acid metabolism (impact: 0.3135), alanine, aspartate and glutamate
metabolism (impact: 0.3109), glycine, serine and threonine metabolism
(impact: 0.24577), pyrimidine metabolism (impact: 0.10507) and
pentose and glucuronate interconversions (impact: 0.125).

In addition, some relatively low impact pathways involve more than
three statistically significant changed metabolites. These include choline
which implicates glycine, serine & threonine and glycerophospholipid
metabolism. Creatine and L-glutamine indicating the purine metabolism,
UDP-α-galactose levels designate the galactose metabolism, and alanine
levels demonstrating the selenocompound metabolism (Fig. 7).
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Cell media metabolites are mostly indicating the myoinositol meta-
bolism. Elevated levels of myoinositol in cell medium samples of the p-
coumaroyl glucose treated cells suggests that inositol phosphate, galac-
tose metabolism (p. value 6.7597E-4), phosphatidylinositol signaling
system (p. value 6.7597E-4) and ascorbate and aldarate metabolism (p.
value 6.7597E-4) are highly triggered. Also increased levels of Alanine in
p-coumaroyl glucose treated cell media, indicate the involvement of
selenocompound metabolism (p. value 8.7488E-4). High levels of
excreted lactate in p-coumaroyl glucose treated cells suggest stimulation
of the pyruvate metabolism (p. value 0.0032). Furthermore, increased
levels of branched chain amino acids (BCAAs) underlying an increase in
valine, leucine, and isoleucine metabolism activation (p. value
0.0097269). Cell medium pathways of high impact but not of the same
statistical significance are three. The phenylalanine, tyrosine, and tryp-
tophan biosynthesis pathway (impact: 1.0), phenylalanine metabolism
(impact: 0.357) and tyrosine metabolism (impact: 0.14) (Fig. 8). These
results may be attributed to the culture medium used, since DMEM
contains high amounts of isoleucine, leucine, valine, glycine, choline,
phenylalanine, and tyrosine.

The analysis of the metabolic profile of the HepG2 cells indicates a
decrease in the concentration levels of certain metabolites, in the pres-
ence of p-coumaroyl glucose, in the cell extracts. These metabolites are
threonine, mannitol, choline, unsaturated lipids ω-3/6, saturated lipids,
and N-acetylaspartate. Reduced threonine levels could explain the in-
crease towards glycine and acetate percentages. Increased levels of
methylamine in HepG2 cells could be a notification of a more active
glucose uptake process, in agreement with studies on the regulation of
glucose transportation in human adipocytes [72,73]. Furthermore,
reduction of choline, which serves as essential nutrient and is a compo-
nent of the phosphocholine membrane phospholipid, may be indicative
of the fatty acid decreased levels in HepG2 cells. This fact, along with the
increase of acetate levels after p-coumaroyl glucose treatment suggest
enhanced fatty acid oxidation [74]. Elevated leucine and isoleucine
levels induced by the presence of p-coumaroyl glucose indicate lack of
any BCAAs deficiency, regulating thus HepG2 cells hepatic fatty acid
synthesis, transport, oxidation, and lipolysis. Increased hepatic fatty acid
oxidation could act as an alternative pathway for energy production upon
glycogenmetabolism inhibition. BCAAs are known as activators of mTOR
signaling pathway hence promoting insulin resistance through the serine
phosphorylation of insulin receptor proteins and increasing protein
synthesis [75,76]. Thus, leucine and isoleucine levels could be an addi-
tional indicator of p-coumaroyl glucose response mechanism in regula-
tion of insulin resistance. Additionally, the presence of p-coumaroyl
glucose also differentiates the levels of metabolites found in the cell
media regarding mainly saccharides, glycerol derivatives and amino
acids. Specifically, myoinositol, lactate, and alanine are found decreased
in the cell media of the control samples, while the levels of glycerol
conjugated metabolites as sn-glycerol-3-phosphate and
sn-glycerol-3-phosphocholine, proline, 5-oxoproline, glutamine and
glutathione are found increased in the p-coumaroyl glucose treated cells.
The increase of myoinositol in cell medium upon p-coumaroyl glucose
addition is indicative of the cells' active response to higher glucose cell
uptake from their environment (medium), in combination with the
possible ‘‘insulin-sensitizing’’ effect, that p-coumaroyl glucose induce
and may lead to impaired extracellular myoinositol uptake [77,78]. In
addition, elevated lactate, and alanine levels in cell media of p-coumaroyl
glucose supports further the enhanced gluconeogenesis towards lipid
metabolism and glycerol-derived components' accumulation in the
media. This is the first time where the effect of a GP inhibitor in the
hepatic cellular metabolome is examined and as such it will have sig-
nificant implications on future rational GP-inhibitor design studies.
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