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Abstract: Type 2 diabetes (T2D) is one of the most common diseases and the 8th leading cause of death
worldwide. Individuals with T2D are at risk for several health complications that reduce their life
expectancy and quality of life. Although several drugs for treating T2D are currently available, many
of them have reported side effects ranging from mild to severe. In this work, we present the synthesis
in a gram-scale as well as the in silico and in vitro activity of two semisynthetic glycyrrhetinic acid
(GA) derivatives (namely FC-114 and FC-122) against Protein Tyrosine Phosphatase 1B (PTP1B) and
α-glucosidase enzymes. Furthermore, the in vitro cytotoxicity assay on Human Foreskin fibroblast
and the in vivo acute oral toxicity was also conducted. The anti-diabetic activity was determined in
streptozotocin-induced diabetic rats after oral administration with FC-114 or FC-122. Results showed
that both GA derivatives have potent PTP1B inhibitory activity being FC-122, a dual PTP1B/α-
glucosidase inhibitor that could increase insulin sensitivity and reduce intestinal glucose absorption.
Molecular docking, molecular dynamics, and enzymatic kinetics studies revealed the inhibition
mechanism of FC-122 against α-glucosidase. Both GA derivatives were safe and showed better
anti-diabetic activity in vivo than the reference drug acarbose. Moreover, FC-114 improves insulin
levels while decreasing LDL and total cholesterol levels without decreasing HDL cholesterol.

Keywords: glycyrrhetinic acid; type 2 diabetes mellitus; semisynthesis; molecular docking; molecular
dynamics; protein tyrosine phosphatase 1B; α-glucosidase; acute oral toxicity

1. Introduction

Diabetes is a complex, chronic, and progressive metabolic disease derived from insulin
absence or low activity that ends in hyperglycemia (when the fasting plasma glucose level
is greater than or equal to 126 mg/dL) [1]. These abnormally high plasma glucose levels
usually lead to major complications, including coronary heart disease, chronic kidney
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disease, peripheral neuropathy, peripheral vascular disease, oral disorders, and retinopa-
thy [2–4]. In addition, other serious complications have been associated with diabetes, such
as an increased risk of developing cancer, liver disease, infection-related complications,
and cognitive and affective disorders [5]. Diabetes is a common and increasingly prevalent
disease of significant public health concern, with 536.6 million diagnosed cases worldwide
in 2021, expected to increase to 783.2 million by 2045 [6]. Diabetes has a higher prevalence
and mortality in low- and middle-income countries [6,7]. For instance, in Mexico, around
14.1 million people (11%) were diagnosed with diabetes in 2021 [1], and the disease was re-
sponsible for an average of 101,496 deaths during 2017–2019, rising dramatically to 148,437
(46%) in 2020 due to the onset of the COVID-19 pandemic [8].

Of the three main types of diabetes (type 1, 2, and gestational), type 2 diabetes (T2D),
or non-insulin dependent diabetes mellitus, is the most common, comprising 90–95% of all
the cases [9]. The T2D course is characterized by a decline of beta cell function as well as the
decreased activity of the phosphatidylinositol-3-kinase (PI3K) and protein kinase B (PKB)
pathways [10]. This is mainly due to an altered insulin signaling pathway, resulting in
the decreased activity of glucose transporters (GLUT), mainly GLUT1 and GLUT4 [11,12].
Consequently, glucose cannot cross the plasma membrane on muscle, liver, and adipose
tissue [13,14]. This phenomenon is also known as insulin resistance due to the body’s
inability to use insulin effectively [10].

Despite the complex pathogenesis of T2D, numerous molecular pathways and targets
have been elucidated to develop novel drugs for its treatment [15–17]. Among these, the
major types of drugs have been described as secretagogues (including sulfonylureas and
glinides such as glibenclamide and repaglinide, respectively), insulin mimickers (DPP-4
inhibitors or gliptins such as sitagliptin and linagliptin) and insulin sensitizers (PPAR-
Gagonists such as pioglitazone (PIO) and rosiglitazone), starch blockers (α-glucosidase
inhibitors such as acarbose and voglibose), and renal glucose reabsorption reducers (SGLT2
inhibitors such as canagliflozin and dapagliflozin). Although these drugs have proven
effective in controlling blood glucose levels and managing diabetes, there are many reports
in which they present several side effects that range from mild to severe, including digestive
disturbances (such as nausea and diarrhea), anemia, neuropathy, hypoglycemia, cardiovas-
cular risk, and bladder cancer [18–21]. Therefore, developing safe and effective drugs for
controlling T2D that reverse the course of its complications is remarkably necessary.

Natural products have become an essential source of bioactive agents for discover-
ing new drugs to treat T2D [22–25]. In this sense, glycyrrhizic acid (GL, a glycosylated
pentacyclic triterpene extracted abundantly from the licorice roots of the plant Glycyrrhiza
glabra) [26–28] and its triterpene aglycone glycyrrhetinic acid (GA) (Figure 1) have demon-
strated a remarkable in vivo anti-diabetic activity in rodents [29]. For instance, an oral
dose of 100 mg/kg of GA improved blood glucose and insulin levels compared with
glibenclamide (600 µg/kg/body weight) in streptozotocin-induced diabetic rats [30,31].
Additionally, treatment with GA at the same dose restored normal levels of triacylglycerols
(TAG), total cholesterol, and their fractions: high-density lipoprotein (HDL), very low-
density lipoprotein (VLDL), and low-density lipoprotein (LDL) in the plasma of diabetic
rats [32].

It has been described that GA has the ability to interact weakly with multiple tar-
get proteins, including Protein Tyrosine Phosphatase 1B (PTP1B) and α-glucosidase en-
zymes [33,34]. PTP1B is a central regulator of glucose homeostasis and energy expenditure
of its crucial role in the negative regulation of insulin and leptin signaling pathways [35–37].
High levels of PTP1B protein, particularly in the hypothalamus, are associated with insulin
and leptin resistance [37]. PTP1B knockout mice have shown improved glucose homeosta-
sis, reduced weight gain, and lower energy expenditure [38,39]. PTP1B inhibitors can serve
as insulin mimickers, as well as insulin and leptin sensitizing agents [40], therefore making
them an attractive option to combat T2D and obesity simultaneously, which represents an
advantage over existing therapies to date. However, developing PTP1B inhibitors remains
challenging because they often possess a highly negatively charged group to interact at
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the catalytic site, which impairs their pharmacokinetic properties. Similarly, the highly
conserved catalytic domain of the PTP’s family promotes these inhibitors to be less selective,
thus increasing their toxicity [41–44]. Hence, currently, there are no approved anti-diabetic
drugs that target PTP1B activity. On the other hand, α-glucosidase is an exoenzyme lo-
cated in the brush border of the small intestine [45]. This enzyme hydrolyzes complex
carbohydrates into simple ones by means of cleavage α (1→4) bonds linked to α-D-glucose.
The released glucose is then absorbed into the intestine and passes to the bloodstream.
α-glucosidase inhibitors (AGIs) are oral drugs widely used for T2D treatment alone or
combined with other anti-diabetic drugs. They inhibit the absorption of carbohydrates
from the small intestine [46]. The AGIs are beneficial in reducing postprandial glucose
levels and for patients at risk of hypoglycemia or lactic acidosis [47–49]. Some of the most
commonly used AGI medications on the market include voglibose (VOG), miglitol, and the
widely prescribed acarbose [50–52].
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Figure 1. Structures of GA derivatives FC-114 and FC-122, glycyrrhizic acid (GL), and glycyrrhetinic 
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Since both PTP1B and α-glucosidase are very attractive molecular targets for the devel-
opment of anti-diabetic drugs and GA can inhibit both enzymes, we consider that structural
modifications of the GA scaffold can obtain potent dual PTP1B/α-glucosidase inhibitors.
In this sense, we previously reported the synthesis and PTP1B inhibitory activity of indole-
and N-phenylpyrazole-GA derivatives namely FC-114 and FC-122 (Figure 1) [53]. These
semisynthetic compounds were found to be 20- to 30-fold more potent than GA. More-
over, they demonstrated more potency over positive controls: ursolic acid, claramine, and
suramin as PTP1B inhibitors. However, no reported in vitro experiments have determined
whether FC-114 and FC-122 are α-glucosidase inhibitors or have anti-diabetic potential. To
address this, we conducted in vitro tests on the compounds against α-glucosidase and used
molecular docking and molecular dynamic (MD) studies to investigate the hypothetical
binding mode of FC-122 in α-glucosidase. Furthermore, we examined the compound’s
ability to improve glucose, insulin, TAG, and cholesterol (HDL, calculated LDL, and to-
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tal) levels in a streptozotocin-induced diabetic rat model. We also assessed their in vitro
cytotoxicity on Human Foreskin fibroblasts and in vivo acute oral toxicity (AOT) studies.
Lastly, we compared the anti-hyperglycemic activity of streptozotocin-induced diabetic
rats treated with FC-114 and FC-122 to reference drugs glibenclamide, PIO, and acarbose
(Figure 1).

2. Results and Discussion
2.1. Chemistry

Unlike our previous work in which FC-114 and FC-122 were prepared on a milligram-
scale from GA [53], herein we synthesize both compounds on a gram-scale from GL, which
is readily available in natural root plant extracts of Glycyrrhiza glabra (Scheme 1). Briefly, GL
was hydrolyzed by aqueous HCl to obtain GA. Intermediates 3-oxo-GA (2) and 2-formyl-3-
oxo-GA (3) were prepared using Jhones oxidation and Claisen condensation, respectively.
We found that using tetrahydrofuran (THF) as a solvent for both reactions resulted in
better yields and shorter reaction times compared to those using acetone or dioxane, re-
spectively. Finally, FC-114 was prepared from compound two by Fischer indolization using
4-(trifluoromethyl)phenylhydrazine hydrochloride in refluxing acetic acid (AcOH), while
FC-122 was synthetized by treating compound three with 4-tolylhydrazine hydrochloride
in dry ethanol (EtOH). The overall yield of FC-114 and FC-122 starting from GL was 67%
and 15%, respectively.
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Scheme 1. Reagents and conditions to prepare FC-114 and FC-122: (a) HCl 2 M, reflux, 18 h;
(b) CrO3/H2SO4, THF, r.t., 1.5 h; (c) ethyl formate, NaH, THF, 0 ◦C, 1 h then r.t. overnight; (d) 4-
(trifluoromethyl)phenylhydrazine hydrochloride, AcOH, reflux, 2.5 h; (e) 4-tolylhydrazine hydrochlo-
ride, EtOH, 70 ◦C, 4 h.

2.2. Enzymatic Kinetics of α-Glucosidase and PTP1B Inhibition

Since both FC-114 and FC-122 share the GA skeleton and this structure has demon-
strated α-glucosidase inhibitory activity, we tested both analogs against α-glucosidase from
Rominococcus obeum at fixed inhibitor concentrations varying the substrate (p-nitrophenyl
glucopyranoside, pNPG) concentrations according to the procedure reported elsewhere [54].
Results showed that FC-114 was not active in the range of concentrations tested, while
FC-122 was found to be ~5-fold better potency than that shown by acarbose with Ki values
of 5.2 and 26.8 µM, respectively. Figure 2A,B discloses the Lineweaver-Burk plots showing
the effect of acarbose and FC-122 on the α-glucosidase catalytic activity. For acarbose,
the lines with the same y-intercept but different slopes confirm its competitive inhibitory
activity, as reported in numerous studies [55–58]. Conversely, it can be seen in Figure 2B
that the inhibition mode of FC-122 was of linear-mixed type.
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As pointed out in this paper’s introduction, we have reported the PTP1B inhibitory
activity of FC-114 and FC-122 [53]. This study elucidated the non-competitive inhi-
bition (Ki = 3.9 µM) of FC-114 against PTP1B. Nevertheless, the inhibition type of FC-
122 remained unknown to date. Therefore, we performed an enzyme kinetic assay for
PTP1B1–400 [59–61] using p-nitrophenyl phosphate (pNPP) as substrate at different concen-
trations as well as the inhibitor. Figure 2C depicts the double reciprocal plot of Lineweaver-
Burk, showing the effect of FC-122 on the PTP1B activity. The parallel lines mean FC-122
behaves, in this case, as an uncompetitive inhibitor with a Ki value of 0.44 µM. Since the
selective inhibition of PTP1B, among other PTPs with high homology (such as T-cell PTP) is
desirable, the uncompetitive inhibition of PTP1B by FC-122 represents a promising strategy
for developing a novel class of PTP1B inhibitors because, as is well known, uncompetitive
inhibitors do not interact at the catalytic site domain (which is highly conserved among the
PTP’s family), but instead bind to an allosteric site of enzymes only when the substrate is al-
ready bound to the catalytic site (E-S complex), thus forming an Enzyme-Substrate-Inhibitor
complex (E-S-I complex) [62,63].

Considering these results, the addition of an N-(4-methylphenyl)pyrazole moiety
to the GA skeleton resulted in a potent dual PTP1B/α-glucosidase inhibitor with an
uncompetitive and mixed-type inhibitory activity, respectively. This is an interesting
finding from the polypharmacological perspective, as the compound FC-122 can interact
with two targets related to T2D. Thus, in theory, this compound can increase insulin
sensitivity and reduce the intestinal absorption of glucose, making it a recommended
first-line approach to reduce the risk of developing T2D [64].

2.3. Molecular Docking

To investigate the potential binding modes of FC-122 into an α-glucosidase enzyme,
we carried out docking simulations employing CB-Dock2 server [65,66], Autodock (AD)
(The Scripps Research Institute, La Jolla, CA, USA) [67] and GOLD (The Cambridge
Crystallographic Data Centre, Cambridge, UK) version 2022.3.0 [68] programs as well as the
tridimensional structure of α-glucosidase from R. obeum (PDB ID: 6c9z). For comparison
purposes, the structure of acarbose was also docked. Since docking validation is an
important aspect of measuring the docking protocol’s quality, we re-docked the co-crystal
structure of the VOG found in the 6c9z complex. To identify the preferred binding sites of
FC-122, we performed blind docking using the CB-Dock2 server. Afterward, site-specific
docking was used at its preferred binding site using AD and GOLD. Conversely, because
acarbose and VOG are competitive α-glucosidase inhibitors, both compounds were docked
at the catalytic binding site using the programs above.

As shown in Table 1, the docking study provided low binding energy in AD as well
as high ChemPLP fitness score (CFS) and GOLD score (GS) values in GOLD for the best
docking conformation of VOG, indicating a favorable binding at the catalytic binding site.
Moreover, after superposing the binding pose of the re-docked structure onto the native
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pose of VOG, a root mean square deviation (RMSD) value less than 1.5 Å was obtained,
depicting the accuracy of both programs (Figure S1). Acarbose fitted at the catalytic bind-
ing site with better binding energy and CFS values than VOG, suggesting better binding.
This inhibitor formed nine hydrogen bonds within the catalytic binding site of subunit A,
including Asp73, Asp197 (two H-bonds), Arg404 (two H-bonds), Asp420, Lys422, and His478

(Figure 3). In addition, the positively charged amine group of acarbose performs funda-
mental salt bridge interactions with Asp73 and Asp420. It is particularly worth mentioning
that we found very similar interactions (H-bonds and salt bridge interactions) in the crystal
structure of Human Maltase-Glucoamylase (MGAM) in complex with acarbose (PDB ID:
2QMJ). MGAM [69] is also an enzyme responsible for catalyzing the last glucose-releasing
step in starch digestion and shares a high homology with α-glucosidase from R. obeum. The
blind docking simulation using the CB-Dock2 server revealed that FC-122 preferentially
binds into a hydrophobic pocket close to subunit A’s catalytic domain. The binding en-
ergy of FC-122 was similar to acarbose, while the GS value of this compound was more
favorable, indicating better binding. The triterpene skeleton of FC-122 formed hydropho-
bic interactions with Pro75, Ile76, Phe314, and Val351. Furthermore, the N-phenylpyrazole
moiety interacts through π-π stacked and π-π T-shaped interactions with Trp271 of subunit
A and Trp341 within subunit B. In contrast, the methyl group at the phenyl moiety formed
a hydrophobic contact with Trp271 of subunit A. Finally, the carboxylate group at the C-30
position of FC-122 interacted through a salt bridge contact with the side chain of Lys348

within subunit A.

Table 1. Docking validation of co-crystallized structure VOG at the catalytic-binding site of α-
glucosidase and docking results of FC-122 and acarbose.

Compound
Autodock GOLD

kcal/mol (RMSD) a CS (RMSD) b GS (RMSD) c

VOG −8.7 (0.85) 63.3 (0.65) 41.2 (0.65)
FC-122 −8.7 54.2 34.8

Acarbose −8.9 79.3 4.9
a Binding energy values retrieved from Autodock; b ChemPLP score values retrieved from GOLD; c GOLD score
values retrieved from GOLD.
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A, light green and subunit B, light blue) of α-glucosidase (PDB ID: 6c9z). A red circle indicates the
catalytic domains. Binding mode of FC-122 (A) docked at the catalytic site of α-glucosidase and
the binding mode of acarbose (B) docked into the catalytic site of subunit A. Interaction diagram of
FC-122 onto α-glucosidase (C) and acarbose docked onto α-glucosidase (D).



Int. J. Mol. Sci. 2023, 24, 12812 7 of 25

2.4. Molecular Dynamics Simulations

We performed 200 ns Molecular dynamics (MD) simulations for the α-glucosidase
protein system and α-glucosidase protein-ligand complexes obtained from the docking sim-
ulations. The MD studies employed the YASARA structure software (version 22.9.24) [70]
and AMBER14 forcefield [71]. To make the RMSD and root-mean-square-fluctuation
(RMSF) plots, we analyze the MD trajectories by running the md_analyze macro. Further-
more, Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) calculations
were performed to calculate the binding energy of each ligand onto the α-glucosidase
during the entire MD simulation.

Results of the RMSD analysis for the overall fluctuation of the α-glucosidase’s Cα

carbons (Figure 4A) showed that the α-glucosidase system tends to stabilize after 120 ns
with an average RMSD value of 1.74 Å. Interestingly, the predicted RMSD value for the
α-glucosidase-acarbose system was 1.96 Å, whereas the α-glucosidase-FC-122 system
gave a more stable complex with a lower average RMSD value of 1.74 Å. Moreover, the
RMSD values of this complex were lower from 105 ns until the end of the MD simulation
than that showed by the α-glucosidase system, indicating that FC-122 can stabilize the
overall conformation of α-glucosidase. In addition, the fluctuation of amino acid residues
due to ligand binding was measured by the RMSF values. Figure 4B depicts the RMSF
versus residue number. From the chart, the α-glucosidase-acarbose complex showed lower
fluctuations in the amino acid sequence located within the catalytic-binding site of subunit
A (residues Asp73, Asp307, Arg404, and Trp417) when compared to the α-glucosidase protein
system. However, higher values of RMSF in the same sequence were observed for the
α-glucosidase-FC-122 complex, particularly in residues Asp73 and Asp420, indicating a
significate conformational change in the catalytic region. These residues play a key role
in the hydrolytic cleavage of oligosaccharides, particularly the side chain of Asp420. Thus,
a conformational change within this region may affect the oligosaccharides’ substrate
recognition and turnover.

On the other hand, after MD simulations, the position of both inhibitors slightly
changed (Figure 4C). For instance, the average movement of acarbose and FC-122 (Figure 5)
after superposing on the protein structure was 4.2 and 5.9 Å, respectively, suggesting that
both compounds performed stable interactions at their binding sites during the simulation
time. Indeed, based on the analysis of the two ligand-contact graphs (Figure S2), acarbose
formed new hydrophobic interactions with residues Pro75, Tyr169, Ile198, Trp271, Met308,
Phe314, and Phe453, while maintaining for a short time the salt bridge interaction with
Asp420 as well as the H-Bond interactions with Tyr169, Asp197, Lys348, Arg404 and Lys422.
Acarbose formed stable H-bond interactions with residues Asp73 and Asp307 during the MD
simulation. Conversely, it was found that FC-122 moved slightly from its interaction site to
produce new hydrophobic interactions with residues from both subunit A (Ile198, Lys348,
and Phe453) and subunit B (Trp341, Gln344, and Ala345) while maintaining the hydrophobic
and pi-stacked interactions with residues of subunit A (Pro75, Ile76, and Phe314) and subunit
B (Trp341). Furthermore, FC-122 lost the salt bridge interaction with Lys348 of subunit A
(which became a hydrophobic contact), but it formed a new salt bridge interaction between
its carboxylate group and the positively charged amine group of Lys348 within subunit
B. To quantitatively address the affinity of the two inhibitors, we performed a binding
energy analysis as a function of the simulation time for 200 ns using the MM-PBSA method
(Figure 4D). The binding energy was obtained by calculating the energy of the ligand-
protein complex system (i.e., the bound state) and subtracting the energy at an infinite
distance between the ligand and the rest of the protein system (i.e., the unbound state) from
every 100 ps. More negative values indicate better binding in the context the of AMBER14
forcefield. FC-122 demonstrated the best binding energy profile (average =−44.6 kcal/mol)
compared to acarbose (average = 40.0 kcal/mol) during the MD simulation. The MD results
suggest that FC-122 forms a stable complex with the α-glucosidase enzyme and binds
strongly to the catalytic domain’s adjacent region (allosteric site). We believe that this
binding may distort the structure of the catalytic pocket so that the substrate molecule does
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not fit as snugly as before. As a result, less substrate is turned over. The data of molecular
docking and MD simulations are in accordance with our enzymatic kinetic studies where
FC-122 is a mixed-type α-glucosidase inhibitor.
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2.5. Cytotoxic Assay and Acute Oral Toxicity

GA and GL are commonly used as flavoring and cosmetic ingredients. However, at
high concentrations, they can be harmful to cells. For humans, doses less than 100 mg/day
are considered safe [72]. Since FC-114 and FC-122 have similar structures to GA and are
potential drugs, their toxicity needs to be evaluated alongside their inhibition potential.
Therefore, we conducted cytotoxicity assays on Human Foreskin fibroblasts (HFF-1) and
an AOT on female Wistar rats to assess their safety. The concentration that reduced the
proliferation of HFF-1 by 50% (CC50) was determined for compounds FC-122, FC-114,
and GA (Figure 6). Our findings revealed that the structural modifications made to the
GA skeleton by adding either an indole or N-phenylpyrazole ring resulted in similar low
cytotoxicity values compared to GA. The N-phenylpyrazole derivative was slightly better
than the indole one. Among the derivatives tested, FC-122 had the least cytotoxicity, with
a CC50 value of 68.4 ± 1 µM. GA and FC-114 had similar cytotoxic effects against HFF-1
cells, with CC50 values of 62.0 ± 2 µM and 59.5 ± 3 µM, respectively. These results suggest
that FC-114 and FC-122 have a comparable cytotoxic profile to GA and may be harmful at
high concentrations.
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Figure 6. 50% cytotoxic concentration (CC50) in HFF-1 cells treated with compounds FC-122, FC-114,
and GA.

We then conducted a study to determine the potential toxicity of newly developed com-
pounds in female Wistar rats. After administering FC-144 and FC-122 at three varying doses,
our findings showed that there were no toxic effects on the rats (Table 2, Figures 7 and 8).
The AOT of these compounds is higher than 2000 mg/kg. It is worth noting that both
FC-114 and FC-122 have a much lower AOT than the lethal dose of 50% (LD50) reported by
GA (LD50 = 610 mg/kg) [72]. Therefore, these results indicate that 52 mg/kg or less could
be administered safely in normal and streptozotocin-induced diabetic rats.

Table 2. Results of the acute oral toxicity study carried out on compounds FC-144 and FC-122 in
female Wistar rats, in accordance with guideline #425 of the OECD.

Dose (mg/kg) Weight Gain for 2 Weeks (g) Toxic Effects

Compound FC-114

2000 21.5
None550 23.4

175 22.8

Compound FC-122

2000 26.4
None550 25.2

175 23.5
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Figure 8. Images of acute oral toxicity after administering compounds FC-122 at 175, 550, and
2000 mg/kg. No toxic effects were observed at the macroscopic level. However, the rat that received
the lowest dose displayed a higher amount of intraperitoneal adipose tissue, which was not seen in
the other animals.

2.6. In Vivo Administration of FC-114 and FC-122 in a Wistar Rat Diabetes Model

It has been observed that STZ can produce a rat model with severe weight loss [32],
signs, and symptoms [13,73–77] similar to those of diabetic patients. The extent of weight
loss is proportional to the dosage [73–76]. Furthermore, insulin typically has an anabolic
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effect on protein metabolism by promoting protein synthesis and slowing protein degrada-
tion [78]. However, administering 45 mg/kg of STZ (in week 1) did not result in weight loss
in the rat model (as shown in Figure 9A). Subsequently, treatments with FC-114 (p > 0.01)
and PIO (p > 0.001) (administered for 14 days in weeks 5 to 7) resulted in a difference in
weight when compared to the untreated group (T2D). Overall, all groups displayed similar
behavior during the two weeks of treatment (weeks 5 to 7), suggesting that the treatments
did not lead to significant weight gain or maintenance. While chronic use of PIO has been
linked to weight gain in previous studies [52,79,80], this was not observed during the
initial days of treatment [81]. This may be due to the patient’s homeostasis being achieved,
leading to decreased hunger and reduced weekly feeding. The same trend was observed
for the other treatments (including FC-114 and FC-122), except for glibenclamide treatment.
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Figure 9. Animal weight (A) and the consumption of food (B) and water (C) per week in the
distinct groups: rats administered by the citrate buffer vehicle (continuous black line) and six
groups with the model of type 2 diabetes (T2D), either untreated (continuous red line), treated with
glibenclamide (0.6 mg/kg/day, green dashed line), FC-114 (51.3 mg/kg/day, blue continuous line),
FC-122 (49.1 mg/kg/day, blue dashed line), pioglitazone (PIO) (30 mg/kg/day, green continuous
line) or acarbose (54.3 mg/kg/day, green continuous line) in a vehicle suspension during 14 days
(weeks 5, 6 and 7). The consumption of water and food (B,C) was measured per cage of animals, so it
was not possible to obtain the error bars. STZ was administered at week 1 to induce diabetes, and the
treatments were administered in an equimolar dose of PIO. The feed intake values of the animals
with the treatments FC-114, FC-122, and PIO are very similar, so they overlap making them appear to
be absent. The data were expressed as the mean ± SEM; these were analyzed by one-way ANOVA
and compared with the Bonferroni test. Significant differences were considered as 0.05 > p > 0.01 (*,
significant), 0.01 > p > 0.001 (**, very significant), and p < 0.0001 (****, extremely significant).
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The consumption of food is related to weekly weight changes. The results of this
study indicate that all the treatments led to a decrease in food consumption compared to
untreated animals, as shown in Figure 9B. Interestingly, after 7 days of treatment (week 6),
FC-122 reduced food intake to near-normal levels. However, diabetic animals treated with
FC-114 maintained their increased food consumption during the first week of treatment
(weeks 5 to 6). After 14 days of treatment (weeks 6 to 7), their food intake tended to decrease
toward normal levels. These results of decreased food intake displayed by FC-114 and
FC-122 are promising because animals with T2D (like patients) tend to consume more food
and water, which is known as polyphagia and polydipsia, respectively [1,13]. Therefore,
compounds like FC-114 and FC-122 may help reduce appetite and daily caloric intake in
patients with T2D.

Untreated diabetic animals had a constant water consumption, while all treatments
caused a decreasing trend after 14 days of administration (Figure 9C). The compound FC-
122 showed a decreased water consumption compared to acarbose and FC-114. Treatments
that reduce hyperglycemia levels in diabetic patients/animals also decrease fasting glucose,
which in turn produces molecular variations such as less thirst (due to the osmotic capacity
of glucose) and less presence of the hunger stimulus (due to insulin sensitization and the
ability of glucose to enter tissues sensitive to this hormone) [10,15,82–84]. Therefore, there
is no feedback to generate the hunger stimulus, and the animals stop eating a lot.

The fasting glucose test is a commonly used method for diagnosing diabetes [1,82,83].
The results of this study indicate that there were differences observed between the effects
of acarbose and FC-114 (p > 0.01), FC-122 (p > 0.01), and PIO (p > 0.0001) (Figure 10A).
Diabetes is a disease characterized by blood glucose levels above 126 mg/dL [1], and these
levels tend to rise over time [1,84]. While the treatments administered did not produce a
significant difference in diabetic animals, it was observed that glibenclamide and acarbose
showed a downward trend, whereas FC-114 and FC-122 were able to halt the continuous
increase of glucose levels after 7 and 14 days of treatment (during weeks 6 and 7).

Before being given a single dosage of 45 mg/kg, the STZ-generated diabetes model
had inconsistent fasting glucose results and glucose tolerance curves at the 5-week mark.
However, by the end of week 5, the results become more uniform [13]. We decided to start
administering treatments at this point to compare their effectiveness. All treatments were
given at the same equimolar dose of PIO, as previous research showed that 30 mg/kg of
this drug could lower blood glucose and TAG l levels, as well as the area under the curve
(AUC) during the oral glucose tolerance test (OGTT) after 14 days of administration [13]. It
was important not to use a higher dose that could cause euglycemia (normal glucose levels)
so that we could accurately compare the efficacy of the different treatments.

Based on Figure 10, it can be observed that the OGTT results indicated a decrease in
glycemia values after 7 and 14 days of treatment with the anti-diabetic drugs, FC-114, and
FC-122 (weeks 6 and 7, Figure 10C,D) compared to day 1 of treatment (week 5, Figure 10B)
(except to FC-114 and glibenclamide). The most significant decrease in glycemia was
observed with PIO at 14 days of treatment (week 7). In terms of effectiveness (at week
7) in lowering blood glucose values during the glucose tolerance curve, and therefore
AUC (Table 3), PIO was the most effective, followed by glibenclamide, FC-122, FC-114,
and acarbose.
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weeks 5 (B) and 6 (C) and 7 (D). The distinct groups are rats administered by the citrate buffer
vehicle (continuous black line) and six groups with the model of type 2 diabetes (T2D), either
untreated (continuous red line), treated with glibenclamide (0.6 mg/kg/day, green dashed line), FC-
114 (51.3 mg/kg/day, continuous blue line), FC-122 (49.1 mg/kg/day, blue dashed line), pioglitazone
(PIO) (30 mg/kg/day, green continuous line), or acarbose (54.3 mg/kg/day, green continuous line)
in a vehicle suspension during 14 days (weeks 6 and 7). STZ was administered at week 1 to induce
diabetes, and the treatments were administered in an equimolar dose of PIO. Data are expressed
as the mean ± SEM. These were analyzed by one-way ANOVA and compared with the Bonferroni
test. Significant differences were considered as 0.05 > p > 0.01 (*, significant), 0.01 > p > 0.001
(**, very significant), 0.001 > p > 0.0001 (***, extremely significant), and p < 0.0001 (****, extremely
significant). The animals of the vehicle group presented differences from all other groups: α*** and
α****, extremely significant.

Table 3. Comparison of the area under the curve (AUC) for the oral glucose tolerance test (OGTT).
The graph was constructed using the GraphPad Prism program and is based on the glycemia levels
during weeks 5–7, which included 14 days of treatment administration.

Vehicle T2D T2D +
Glibenclamide

T2D +
FC-114

T2D +
FC-122 T2D + PIO T2D + Acarbose

Week 5 (day 1 of treatment)

21,681 75,891 62,022 53,895 58,941 49,677 81,327

Week 6 (day 7 of treatment)

21,228 72,447 67,311 62,944 57,003 43,584 81,507

Week 7 (day 14 of treatment)

21,831 66,504 50,874 57,131 53,076 40,044 71,240
Abbreviations: T2D, type 2 diabetes; PIO, pioglitazone.
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After conducting in vivo tests and statistics analysis using ANOVA and Bonferroni
multiple comparison test, it was found that 30 mg/kg of PIO significantly improved
glucose blood levels in OGTT after 14 days of administration (Figure 10D) compared to
untreated animals (p < 0.0001). Glibenclamide treatment (p < 0.01) ranked second, while
FC-122 (p < 0.05) ranked third. There were differences between treatments: PIO and
acarbose (p < 0.00001), FC-114 (p < 0.0001), FC-122 (p < 0.001), and glibenclamide (p < 0.01).
Acarbose, FC-122 (p < 0.0001), and FC-114 (p < 0.001) were also different, with FC-122 being
found to be the best anti-hyperglycemic agent among the three compounds tested. The
contribution of blood glucose from the diet is very important, so the inhibitory activity of
acarbose on glucosidases (including salivary and pancreatic) considerably improves blood
glucose levels [52]. FC-122 being a better α-glucosidase inhibitor and inhibiting PTP1B
could explain its better ability to lower high glucose levels than FC-114. This suggests
that a dual PTP1B/α-glucosidase inhibitor may result in better effectiveness. However,
it should be noted that the compounds were found in more significant amounts in the
gastrointestinal tract compared to the anti-diabetic drugs, indicating that they were poorly
absorbed and reached target tissues (where PTP1B is ubiquitously expressed) at small
concentrations. Therefore, the anti-hyperglycemic activity of FC-122 can be attributed to its
inhibition of α-glucosidase, an enzyme located on the surface of the intestinal epithelial
cells [45]. It is important to highlight that the doses of the commercial treatments and the
compounds tested are equimolar to 30 mg/kg of PIO, so observing these subtle differences
provides the guideline to continue exploring the most appropriate doses of the compounds,
avoiding falling into non-secure dose (toxic). For example, the effective doses to cause
decreases in blood glucose are 2.5–20 mg/kg for glibenclamide [80], 15–45 mg/kg for
PIO [80], 100 mg/kg for GA (which is structurally related to FC-122 and FC-114) [53], and
75–300 mg/kg for acarbose [80].

The biochemical parameters tested in serum showed no significant differences between
the treatments (Figure 11), although there was a slight tendency to reduce glucose levels
(Figure 11A), with PIO leading the trend, followed by FC-122, glibenclamide, FC-114, and
acarbose. A similar pattern was observed in TAG levels (Figure 11C). On the other hand, FC-
114 demonstrated a dramatically increasing trend for insulin levels (Figure 11B) suggesting
a secretagogue effect. In fact, the insulin levels produced by FC-114 were greater than
those of glibenclamide, which is a secretagogue drug. Interestingly, the FC-114 compound
decreased total cholesterol (Figure 11D) and LDL cholesterol (Figure 11F) without affecting
HDL levels (Figure 11E). This is an attractive strategy for preventing T2D complications
such as ischemic heart disease. When only the following three groups were analyzed
(Figure 11G,H), T2D animals without treatment, T2D animals treated with FC-114, and
T2D animals treated with FC-122, significant differences were observed (p > 0.01). Notably,
FC-114 exerts a marked increase in insulin levels and a decrease in total cholesterol levels
when compared to untreated T2D animals. Taken together, these results suggest that
adding an indole ring to the GA skeleton improves anti-hypercholesterolemic activity and
insulin secretion while adding an N-phenylpyrazole ring to the GA skeleton improves the
anti-hyperglycemic effect.

The blood glucose-lowering effect and improved insulin levels of FC-114 and FC-122
may be linked to their activity as PTP1B or α-glucosidase inhibitors, according to our
in silico and in vitro results. However, it has been reported that GA enhances glucose-
stimulated insulin secretion and increases mRNA levels of insulin receptor substrate-2,
pancreas duodenum homeobox-1, and glucokinase [85]. In fact, Kalaiarasi et al. reported an
increase in insulin levels in STZ-induced diabetic rats treated with 100 mg/kg of GA [31,32].
Additionally, due to the increased insulin secretion, these animals showed an increase in
HDL levels and a decrease in glucose, total cholesterol, and cLDL levels in the plasma.
Therefore, according to our findings and the shared GA skeleton, it is possible that FC-
114 and FC-122 may act also through this mechanism. Despite their significant potency
against the PTP1B enzyme, it was expected that both FC-114 and FC-122 would be better
anti-diabetic agents in vivo. However, their unexpected effectiveness may be attributed to
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their high lipophilicity (Log p = 7.8 and 6.9, respectively), which may contribute to their
high metabolic turnover, low solubility, and poor oral absorption.
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Figure 11. Serum levels of glucose (A), insulin (B), TAG (C), total cholesterol (D), HDL (E), calculated
LDL cholesterol (F), main results of insulin (G), and main results of total cholesterol (H) in the distinct
groups. The distinct groups are rats administered. There are two distinct groups: one consisting of
rats administered with a citrate buffer vehicle, and six other groups with the model of type 2 diabetes
(T2D). These six groups were either untreated or treated with glibenclamide (0.6 mg/kg/day), FC-
114 (51.3 mg/kg/day), FC-122 (49.1 mg/kg/day), pioglitazone (PIO) (30 mg/kg/day), or acarbose
(54.3 mg/kg/day) in a vehicle suspension for 14 days (weeks 5 to 7). The treatments were admin-
istered in an equimolar dose of PIO. The data is presented as the mean ± SEM. These data were
analyzed by one-way ANOVA and compared with the Bonferroni test. The animals of the vehicle
group presented differences with all other groups: α*, significant vs. PIO. Significant differences were
considered as 0.05 > p > 0.01 (*, significant).

The aim of this study was to investigate whether FC-114 and FC-122 have potential anti-
diabetic activity in vivo by blocking either PTP1B or α-glucosidase or both. However, the
study has certain limitations in establishing a relationship between the anti-diabetic effect
of both compounds and the inhibition of these enzymes. Further research is required, such
as determining PTP1B and α-glucosidase mRNA levels in the tissues of diabetic rodents
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treated with the compounds. Additionally, this study was unable to determine if the
compounds increase insulin sensitivity, which is a potential effect of PTP1B inhibitors [40].
To confirm this effect, insulin receptor phosphorylation and GLUT4 expression should be
measured [86]. It is important to note that the doses of FC-114 and FC-122 used in this study
did not significantly impact blood glucose levels, which is a limitation. To address this,
it may be necessary to increase the doses to observe significant differences. Furthermore,
measuring the expression of PTP1B and GLUT4, as well as insulin phosphorylation, should
be considered to confirm the mechanism of the compounds’ pharmacological activity.

3. Materials and Methods
3.1. General

All chemicals and starting materials were obtained from Sigma-Aldrich (Toluca MEX,
Mexico and St. Louis, MO, USA). Reactions were monitored by TLC on 0.2 mm percolated
silica gel 60 F254 plates (Sigma-Aldrich) and visualized using irradiation with a UV lamp.
Melting points were determined in a BUCHI (model M-565) melting point apparatus.
According to IUPAC rules, compounds were named using the automatic name generator
tool implemented in ChemDraw Professional 16.0.1.4 software (PerkinElmer, Waltham,
MA, USA).

3.2. Synthesis

The commercially available GL ammonium salt was used for the synthesis of GA
derivatives (Scheme 1). GA, FC-114, and FC-122 were synthesized using the procedure
described in Ref. [53] with slight modifications. Compounds FC-114 and FC-122 were
prepared in a multi-gram scale as described below.

3.2.1. Synthesis of GA

A solution of GL ammonium salt (10 g, 11.9 mmol) in 125 mL of water and 26 mL of
conc. HCl was refluxed for 24 h. The resulting precipitate was collected using vacuum
filtration and washed with 250 mL of water, yielding 4.8 g (85%) of GA as a brown light
solid. This compound was pure enough for the following steps.

3.2.2. Synthesis of 3-Oxo-Glycyrrhethinic Acid (2)

This compound was prepared from 4.8 g (10.2 mmol) of GA according to the procedure
described by Gao, et al. [87] to give 2 (4.3 g, 90%) of 2 as a white solid.

3.2.3. Synthesis of 3,11-Dioxo-Olean-12-En-30-Oic Acid (3)

This compound was prepared from 5.6 g of 2 according to the procedure described by
Gao, et al. [87] to give 2 (3.4 g, 61%) of 3 as a white solid.

3.2.4. Synthesis of FC-114

A mixture of ketone 2 (2.35 g, 5 mmol), 4-(trifluoromethyl)phenylhydrazine hydrochlo-
ride (1.3 g, 6.1 mmol), and glacial acetic acid (30 mL) was heated at reflux during 2 h. When
the mixture reached room temperature, the solid form was collected using filtration and
washed with cold glacial acetic acid and water to give 2.6 g (88%) of FC-114 as a light-yellow
solid. This compound was pure enough and no additional purification steps were needed.
M.p = 261.8 ◦C; the spectroscopic data agrees with previously reported data [53].

3.2.5. Synthesis of FC-122

To a solution of compound 3 (2.5 g, 5.1 mmol) in dry ethanol (25 mL), 4-tolyl phenyl-
hydrazine hydrochloride (1.6 g, 10.0 mmol) was added. This solution was stirred at 70 ◦C
for 4 h, cooled at room temperature, and the solvent was subsequently evaporated. The
crude product was purified using flash chromatography using hexanes/ethyl acetate (from
80:20 to 70:30). Afterwards, the resulting solid was recrystallized from methylene chloride,
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ethyl acetate, and methanol to give 1.6 g (53%) of FC-122 as an ivory solid. M.p = 235.7 ◦C;
the spectroscopic data agrees with previously reported data [53].

3.3. In Vitro Assays
3.3.1. Enzyme Kinetics

The kinetic studies for PTP1B and α-glucosidase were carried out under the same
conditions described in the references [53,60,61].

3.3.2. Cytotoxic Effect on Human Foreskin Fibroblasts

In a 96-well plate, 7000 cells per well of Human Foreskin fibroblasts (HFF-1) were
cultured. Compounds FC-114, FC-122, and GA were dissolved in dimethyl sulfoxide to
give a final concentration of 10 mM. The 50% cytotoxic concentration (CC50) was calculated
as follows: the cells were incubated with the compounds at concentrations of 0.78, 1.56,
3.11, 6.25, 12.5, 25, 50, and 100 µM for 48 h at 37 ◦C in a 5% of CO2. Untreated cells were
also included as a negative control. At the end of the incubation period, the cell contents
were precipitated with 50 µL of a 50% aqueous solution of trichloroacetic acid (TCA) at 4 ◦C
for 1 h. The supernatant was discarded and washed 5 times with distilled water. Afterward,
the plates were allowed to dry at room temperature. The cell contents were incubated with
100 µL of a 0.04% sulforhodamine B (SRB) solution for 1 h at room temperature. The excess
SRB was removed by washing with a 1% aqueous acetic acid solution. To improve the
dissolution of the colored complex, 100 µL of Tris buffer pH 10.5 was added to the plate and
then read at 490 nm in an Epoch (BioTek®) microplate reader. With the data obtained, the
viability of treated cells was calculated by comparing the control without treatment. CC50
value was determined by employing BioStat Pro 5.9.8 software (AnalystSoft Inc., Brandon,
FL, USA).

3.4. In Silico Studies

Ligands acarbose, VOG, and GA were retrieved from the Protein Data Bank (PDB)
(http://www.rcsb.org/) (accessed on 10 January 2023) (PDB ID: PRD_90010, VOG and
CBW, respectively). FC-114 and FC-122 ligands were constructed employing the YASARA
structure [70] (version 22.9.24) by systematically modifying the GA’s structure. First,
the protonation state of all compounds was fixed, assuming a pH = 7.4, and the 3D
geometry was optimized using the PM3 Hamiltonian method as implemented in the
YASARA structure package. The three-dimensional crystal structure of α-glucosidase from
R. Obeum was retrieved from the PDB (http://www.rcsb.org/) (accessed on 10 January 2023)
entry 6c9z. Using the YASARA structure, first, the water molecules were removed from the
macromolecule. Afterward, their geometry was minimized by employing the YASARA2
forcefield by running the em_clean macro. After removing the co-crystallized ligand, the
minimized structure (saved as *.pdb format) was used to dock each ligand employing
the CB-Dock2 server (https://cadd.labshare.cn/cb-dock2/php/index.php (accessed on
12 January 2023)) [65,66], Autodock 4.2 (The Scripps Research Institute, La Jolla, CA,
USA) [67], and GOLD (The Cambridge Crystallographic Data Centre, Cambridge, UK)
version 2023.1.0 [68].

MD simulations of ligand-protein complexes were performed using the YASARA
structure. The results from docking and MD simulations were visualized using PyMOL
(The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC) and the Protein-
Ligand Interaction Profiler server [88,89], whereas 2D-interaction diagrams were produced
with Discovery Studio visualizer 2021 (Dassault Systèmes, San Diego, CA, USA) [90]. The
protocol for docking and MD simulations studies was as follows.

3.4.1. Molecular Docking

The CB-Dock2 server (https://cadd.labshare.cn/cb-dock2) (accessed on 12 January
2023) was used for blind molecular docking, while site-specific molecular docking was per-
formed through Autodock 4.2 and GOLD. The graphical interface AutodockTools 1.7.1 [67]

http://www.rcsb.org/
http://www.rcsb.org/
https://cadd.labshare.cn/cb-dock2/php/index.php
https://cadd.labshare.cn/cb-dock2
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suite was used to prepare and analyze the docking simulations. Hydrogen atoms were
added to the macromolecules, and Gasteiger-Marsili charges were assigned to the atoms in
the protein and ligands. Both protein and ligands were exported as *.pdbqt files. Docking
simulations using Autodock 4.2 at the catalytic site of α-glucosidase (using the optimized
6c9z macromolecule) were performed with a grid box size of 60 Å × 60 Å × 90 Å with a
spacing of 0.345 Å and coordinate x = −9.814, y = −7.641, and z = 38.544. For blind docking
simulations, the minimized structure of α-glucosidase and FC-122 ligand was submitted
to the CB-Dock2 server. The best docking conformation with the best binding energy was
selected, and the protein-ligand complex was downloaded. Afterward, the ligand was
removed from the protein complex, and a site-specific docking simulation was performed
at the preferred binding site of FC-122 using a grid box size of 60 Å × 60 Å × 60 Å with
a spacing of 0.345 Å and coordinates x = −7.90, y = −8.40, and z = 39.40. The search for
VOG, acarbose, and FC-122 was carried out with the Lamarckian Genetic Algorithm. In
total, 100 GA runs with a maximum number of 25,000,000 evaluations, a mutation rate of
0.02, and an initial population of 150 conformers were covered. Finally, each ligand with
the best cluster size and the lowest binding energy was selected for further analysis.

The resulting ligand complexes obtained from Autodock were exported to GOLD.
Using the GOLD wizard, the proteins were prepared by adding hydrogens and extracting
the ligands, which were further docked at the catalytic site or allosteric site within a 6 Å
radius sphere and were carried out using the following parameters: 100 genetic algorithm
runs and 125,000 operations. CHEMPLP fitness was chosen as the main scoring function,
whereas GoldScore fitness was chosen as the re-scoring function. The docking simulations
were ranked according to the value of the CHEMPLP and GoldScore fitness function.

Using the LigRMSD web server (https://ligrmsd.appsbio.utalca.cl/) (accessed on
12 January 2023), the docking protocol for each software was validated by comparing the
RMSD value of the co-crystal structure of VOG and its docked structure [91].

3.4.2. MD Simulations

The ligand-protein complexes were submitted to MD simulations with YASARA
structure. The simulations started by running the md_run macro, which included an
optimization of the hydrogen bonding network to increase the solute stability, and a pKa
prediction to fine-tune the protonation states of protein residues at the chosen pH of
7.4. NaCl ions were added with a physiological concentration of 0.9%, with either Na
or Cl excess to neutralize the cell. After the steepest descent and simulated annealing
minimizations to remove clashes, the simulation was run for 200 nanoseconds using
the AMBER14 force field [71] for the solute, GAFF2 [92] and AM1BCC [93] for ligands,
and TIP3P for water. The cutoff was 8 Å for Van der Waals forces (the default used by
AMBER [94]. No cutoff was applied to electrostatic forces (using the Particle Mesh Ewald
algorithm, [95]). The equations of motion were integrated with a multiple-time step of
1.25 fs for bonded interactions and 2.5 fs for non-bonded interactions at a temperature of
310 K and a pressure of 1 atm (NPT ensemble). After the inspection of the solute RMSD as
a function of simulation time, the first 100 picoseconds were considered equilibration time
and excluded from further analysis. The binding energy study using the MM-PBSA method
was performed by running the md_analyzebindingenergy macro, which was previously
modified with PBS method at a temperature of 310 K.

3.5. In Vivo Studies
3.5.1. Animals

Six female (three for each compound: FC-114 and FC-122) (220 ± 10 g, for the acute
toxicity assay) and forty male (215 ± 20 g, for the pharmacologic study) albino Wistar
rats were acquired from the Isolation and Animal Facility Unit, Facultad de Estudios
Superiores Cuautitlán (FESC), Universidad Nacional Autónoma de México (UNAM). They
were kept in standard polypropylene boxes under controlled temperature (24 ± 4 ◦C) on
a 12 h light/dark cycle and provided conventional food (formula 5001, Rat Chow) and

https://ligrmsd.appsbio.utalca.cl/
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purified water ad libitum [13]. The groups for the diabetes model (n = 6) were as follows:
STZ vehicle (control, group 1), diabetic animals only administered with the vehicle of
the treatments (group 2), diabetic animals treated with glibenclamide (group 3), FC-114
(group 4), FC-122 (group 5), PIO (group 6), or acarbose (group 7). At the end of the
experiment, the animals were taken to the humanitarian endpoint by the intraperitoneal
(ip) administration of 75 mg/kg of sodium pentobarbital to perform a necropsy [96] in the
bioterium of FESC, UNAM. During the necropsy, blood serum was extracted to quantify
glucose, triacylglycerides, cholesterol, and insulin. The study was conducted based on the
guidelines of the Declaration of Helsinki and approved by the Institutional Review Board:
Internal Committee for the Care and Use of Experimentation Animals (CICUAE, according
to the initials in Spanish, C23_02 on March 2023) of the FESC UNAM (Mexico). It complies
with the Mexican norm for this matter (NOM-062-ZOO-1999, Technical Specifications for
the Production, Care, and Use of Laboratory Animals, SAGARPA), as well as the Guide for
the Care and Use of Laboratory Animals of the National Research Council and National
Institutes of Health (NIH Publications No. 8023, revised 1978).

3.5.2. Blood Sample Collection and Processing

To obtain serum from each rat under anesthesia, a 10 mL blood sample was taken via
cardiac puncture of the exposed heart. After being left at room temperature for 10 min, the
blood samples were centrifuged at 2500 rpm (1200× g) for 10 min to obtain the serum [83,97].
The resulting serum was then frozen at −70 ◦C until needed. Prior to usage, the serum
samples were thawed at room temperature.

3.5.3. Evaluation of Acute Oral Toxicity

The female Wistar rats (n = 3) were used to obtain the AOT based on the procedures
of Guide Number 425 of the Organization for Economic Cooperation and Development
(OECD) [98]. The rats were closely monitored for 48 h after receiving oral doses of FC-114 or
FC-122. Rat 1 received 175 mg/kg, rat 2 received 550 mg/kg, and rat 3 received 2000 mg/kg.
They were then observed for 14 days until a necropsy to check for any toxic effects [13,98].

3.5.4. Rat Model of Diabetes Induced by Streptozotocin

After a week of acclimation, 35 male Wistar rats were given a single intraperitoneal
dose of STZ (Sigma Chemical Co. Toluca, Estado de México, Mexico) at a dosage of
45 mg/kg of body weight, after fasting for 12 h overnight [75,77] with free access to water.
To prevent initial drug-induced hypoglycemia mortality [32], these animals were given
a 10% sucrose solution 24 h after administration. STZ was dissolved in 0.1 M of sodium
citrate buffer (pH 4.5) and administered in a final volume of 5 mL/kg [13,99]. A week
after STZ injection, diabetes in streptozotocin rats was confirmed by measuring fasting
blood glucose (by glucose oxidase method) [32]. Animals with a blood glucose (tail vein)
above 126 mg/dL were considered diabetic and used for the experiment to create groups
2, 3, 4, 5, 6, and 7 [1,13]. Blood glucose levels were measured using a glucometer (Accu-
Chek Active, Roche, Mannheim, Germany) and reactive strips (Accu-Chek Active Glucose
test strips, Roche). The presence of hyperglycemia and insulin level confirmed a model
very similar to T2D in humans [73]. For the pharmacological study, the final number of
animals was 35 male rats, with 3 rats being sacrificed during the treatment stage. One
was administered with FC-114 and two with acarbose. The first rat was damaged during
oral glucose administration in the OGTT at week 5, and the other rats had gastrointestinal
complications in week 7.

3.5.5. Administration of Treatments

The diabetic animals in group 2 (untreated) were given 4% v/v aqueous EtOH solution
(vehicle of treatments) in a volume of 6.5 mL/kg body weight. The other groups (3–7)
received different treatments for 14 days (weeks 5 to 7). Group 3 was given glibenclamide
at 0.6 mg/kg/day, group 4 received FC-114 at 51.3 mg/kg/day, group 5 received FC-122 at
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49.1 mg/kg/day, group 6 received PIO at 30 mg/kg/day, and group 7 received acarbose at
54.3 mg/kg/day in a vehicle suspension [85,97]. All of the treatments were at equimolar
doses of PIO and adjusted to the weekly weight of each rat. The glibenclamide tablet (5 mg)
was crushed in 70 mL of an EtOH solution (4% v/v) and the vehicle of treatments [73,77]
was given to each animal in 0.071 mg/mL of suspension. The commercial PIO tablet
(30 mg) was crushed in 7.5 mL of vehicle [73,77] and given to each animal in 4.0 mg/mL
of suspension. The FC-114 and FC-122 suspensions were created at 6.2 and 6.0 mg/mL,
respectively. The commercial acarbose tablet (50 mg) was crushed in 7.5 mL of the vehicle
and given to each animal in a suspension of 6.6 mg/mL. Each suspension was used within
2 days of its preparation, and the administration volume was near to 2.5 mL for each rat.

3.5.6. The Oral Glucose Tolerance Test

The OGTT was carried out in weeks 3, 4, 5, 6, and 7. Prior to the OGTT, all animal
groups fasted overnight for eight hours with free access to water. Each rat was weighed
and then received a 2 g/kg glucose overload orally and blood samples were taken from
the tail vein [13,97]. Glucose levels were measured using a glucometer (Accu-Chek Active,
Roche, Mannheim, Germany) at 0, 30, 60, 90, 120, and 180 min after glucose administra-
tion [73,100]. The AUC of the OGTT was calculated using the blood glucose concentration
over time [86,96] and the GraphPad Prism 8.0.1 software package (GraphPad Software;
Science Inc., San Diego, CA, USA) was used to compare the effectiveness of the treatments.

3.5.7. Blood Determinations

The blood determinations were carried out using different kits: glucose (1001191,
Spinreact, Girona, Spain, 1045), TAG (41032, Spinreact, LIQ557), insulin (RAB09A-1EA-
KC, Sigma, 11092020), total cholesterol (41020, Spinreact, LIQ384), and HDL cholesterol
(1001095, Spinreact, H166). Mathematically, the c-LDL cholesterol was determined by
subtracting the HDL fraction from the total cholesterol.

3.5.8. Statistical Analysis

The data were expressed as the mean ± standard error of the mean (M ± SEM) [75,97]
and analyzed by one-way analysis of variance (ANOVA), then compared with the Bonfer-
roni post hoc test. Significant differences were considered as 0.05 > p > 0.01 (*, significant),
0.01 > p > 0.001 (**, very significant), 0.001 > p > 0.0001 (***, extremely significant), and
p < 0.0001 (****, extremely significant). The animals of the vehicle group presented differ-
ences from all other groups: α**, very significant, α*** and α****, extremely significant.

4. Conclusions

We prepared two GA derivatives, FC-114 and FC-122, in a gram scale starting from GL,
a readily available and inexpensive raw material extracted from licorice roots of G. glabra.
In vitro studies showed that FC-122 is a dual PTP1B/α-glucosidase uncompetitive/mixed-
type inhibitor. Docking and MD simulations on α-glucosidase revealed that FC-122 binds
to the adjacent region of the catalytic site. Conversely, the in vivo studies on diabetic rats
showed that this compound reduces food intake and glucose levels during an oral glucose
tolerance test. Meanwhile, FC-114 produced lesser pharmacological results but improved
insulin levels and decreased total cholesterol without affecting HDL cholesterol. Further
research is needed to establish the mechanism of action and proper dosage to achieve an
adequate reduction in blood glucose levels. We plan to assess these compounds in a rat
model of T2D using a high-fat diet to investigate the anti-hyperglycemic and anti-lipidemic
activity of FC-114 and FC-122 more thoroughly. Finally, we look forward to preparing
water-soluble FC-114 or FC-122 derivatives to increase their oral absorption.
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5. Patents

The patent application MX/a/2022/004731 is owned by Francisco Cortés-Benítez,
Martín González-Andrade, Jaime Pérez-Villanueva, Francisco Palacios-Espinosa, and Félix
Matadamas-Martínez.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241612812/s1.

Author Contributions: Conceptualization, S.Á.-A. and F.C.-B.; Data curation, F.C.-B.; Formal analy-
sis, S.Á.-A. and F.C.-B.; Funding acquisition, M.E.A.-B., S.P.M.-C. and F.C.-B.; Investigation, F.C.-B.;
Methodology, S.Á.-A., L.C.S.-D., P.D.-L., T.F.-G., M.G-A., F.M.-M. and C.M.-M.; Project administra-
tion, F.C.-B.; Resources, M.G.-A., J.F.P.-E., J.P.-V., S.P.M.-C., C.M.-M. and F.C.-B.; Software, F.C.-B.;
Validation, M.E.A.-B. and S.P.M.-C.; Visualization, F.C.-B.; Writing—original draft, S.Á.-A., S.P.M.-C.
and F.C.-B.; Writing—review & editing, M.E.A.-B., S.P.M.-C. and F.C.-B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by “Consejo Nacional de Humanidades Ciencias y Tecnologías”
(CONAHCyT, grant number CF-2023-I-186) and “División de Ciencias Biológicas y de la Salud UAM-
Xochimilco” (proyect: “Estudios in silico, síntesis y actividad biológica de compuestos antidiabéticos”).

Institutional Review Board Statement: The study was conducted following the Declaration of
Helsinki and approved by the Institutional Review Board of Facultad de Estudios Superiores Cuau-
titlán (protocol code C23_02 on March 2023). Additionally, it was based on the ARRIVE Essential
10 guidelines for animal usage protocol.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data has been added in the Supplementary Materials section.

Acknowledgments: The authors would like to thank “Consejo Nacional de Humanidades Ciencias
y Tecnologías” (CONAHCyT, grant number: CF–2023–I–186) and “División de Ciencias Biológicas
y de la Salud UAM–Xochimilco” for supporting this research. S.A.-A. We would also like to thank
Feliciano Tamay–Cach for contributing some animals and conducting tests. F.C.-B. acknowledges the
computing time in the supercomputer “Yoltla” at the “Laboratorio de Supercómputo y Visualización
en Paralelo” (LSVP), UAM-I. The authors acknowledge the invaluable technical support of Luz
Xochiquetzalli Vásquez–Bochm.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Magliano, D.J.; Boyko, E.J.; Balkau, B.; Barengo, N.; Barr, E.; Basit, A.; Bhata, D.; Bommer, C.; Booth, G.; Cariou, B.; et al.

International Diabetes Federation IDF Diabetes Atlas, 10th ed.; Berkeley Communications: Reading, UK, 2021; Volume 102,
ISBN 9782930229980.

2. Cole, J.B.; Florez, J.C. Genetics of diabetes mellitus and diabetes complications. Nat. Rev. Nephrol. 2020, 16, 377–390. [CrossRef]
3. Harding, J.L.; Pavkov, M.E.; Magliano, D.J.; Shaw, J.E.; Gregg, E.W. Global trends in diabetes complications: A review of current

evidence. Diabetologia 2019, 62, 3–16. [CrossRef]
4. Deshpande, A.D.; Harris-Hayes, M.; Schootman, M. Epidemiology of Diabetes and Diabetes-Related Complications. Phys. Ther.

2008, 88, 1254–1264. [CrossRef] [PubMed]
5. Tomic, D.; Shaw, J.E.; Magliano, D.J. The burden and risks of emerging complications of diabetes mellitus. Nat. Rev. Endocrinol.

2022, 18, 525–539. [CrossRef]
6. Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, J.C.N.; Mbanya, J.C.; et al.

IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes
Res. Clin. Pract. 2022, 183, 109119. [CrossRef]

7. University of Oxford Our World in Data. Diabetes Prevalence. 2021. Available online: https://ourworldindata.org/search?q=
diabetes (accessed on 5 March 2023).

8. Bello-Chavolla, O.Y.; Antonio-Villa, N.E.; Fermín-Martínez, C.A.; Fernández-Chirino, L.; Vargas-Vázquez, A.; Ramírez-García, D.;
Basile-Alvarez, M.R.; Hoyos-Lázaro, A.E.; Carrillo-Larco, R.M.; Wexler, D.J.; et al. Diabetes-Related Excess Mortality in Mexico: A
Comparative Analysis of National Death Registries Between 2017–2019 and 2020. Diabetes Care 2022, 45, 2957–2966. [CrossRef]

9. U.S. Department of Health & Human Services What is diabetes? Available online: https://www.cdc.gov/diabetes/basics/
diabetes.html (accessed on 22 June 2023).

https://www.mdpi.com/article/10.3390/ijms241612812/s1
https://www.mdpi.com/article/10.3390/ijms241612812/s1
https://doi.org/10.1038/s41581-020-0278-5
https://doi.org/10.1007/s00125-018-4711-2
https://doi.org/10.2522/ptj.20080020
https://www.ncbi.nlm.nih.gov/pubmed/18801858
https://doi.org/10.1038/s41574-022-00690-7
https://doi.org/10.1016/j.diabres.2021.109119
https://ourworldindata.org/search?q=diabetes
https://ourworldindata.org/search?q=diabetes
https://doi.org/10.2337/dc22-0616
https://www.cdc.gov/diabetes/basics/diabetes.html
https://www.cdc.gov/diabetes/basics/diabetes.html


Int. J. Mol. Sci. 2023, 24, 12812 22 of 25

10. Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martín, C. Pathophysiology
of type 2 diabetes mellitus. Int. J. Mol. Sci. 2020, 21, 6275. [CrossRef] [PubMed]

11. Maria, Z.; Campolo, A.R.; Lacombe, V.A. Diabetes alters the expression and translocation of the insulin-sensitive glucose
transporters 4 and 8 in the atria. PLoS ONE 2015, 10, e0146033. [CrossRef]

12. Klip, A.; Marette, A.; Dlmitrakoudis, D.; Ramlal, T.; Giacca, A.; Shi, Z.Q.; Vranic, M. Effect of diabetes on glucoregulation. Diabetes
Care 1992, 15, 1747–1766. [CrossRef] [PubMed]

13. Álvarez-Almazán, S.; Navarrete-Vázquez, G.; Padilla-Martínez, I.I.; Correa-Basurto, J.; Alemán-González-duhart, D.; Tamay-Cach,
F.; Mendieta-Wejebe, J.E. A new symmetrical thiazolidinedione derivative: In silico design, synthesis, and in vivo evaluation on a
streptozotocin-induced rat model of diabetes. Processes 2021, 9, 1294. [CrossRef]

14. Sandoval-Muñiz, R.d.J.; Vargas-Guerrero, B.; Flores-Alvarado, L.J.; Gurrola-Díaz, C.M. Glucotransportadores (GLUT): Aspectos
clínicos, moleculares y genéticos. Gac. Med. Mex. 2016, 152, 547–557. [PubMed]

15. Kouznetsova, V.L.; Hauptschein, M.; Tsigelny, I.F. Glucose and Lipid Transporters Roles in Type 2 Diabetes. Integr. Obes. Diabetes
2017, 3, 4. [CrossRef]

16. Kanwal, A.; Kanwar, N.; Bharati, S.; Srivastava, P.; Singh, S.P.; Amar, S. Exploring New Drug Targets for Type 2 Diabetes: Success,
Challenges and Opportunities. Biomedicines 2022, 10, 331. [CrossRef]

17. Kerru, N.; Singh-Pillay, A.; Awolade, P.; Singh, P. Current anti-diabetic agents and their molecular targets: A review. Eur. J. Med.
Chem. 2018, 152, 436–488. [CrossRef]

18. Chaudhury, A.; Duvoor, C.; Reddy Dendi, V.S.; Kraleti, S.; Chada, A.; Ravilla, R.; Marco, A.; Shekhawat, N.S.; Montales, M.T.;
Kuriakose, K.; et al. Clinical Review of Anti-diabetic Drugs: Implications for Type 2 Diabetes Mellitus Management. Front.
Endocrinol. 2017, 8, 6. [CrossRef] [PubMed]

19. Elangwe, A.; Katte, J.C.; Tchapmi, D.; Figueras, A.; Mbanya, J.C. Adverse drug reactions to anti-diabetic drugs are commonest
in patients whose treatment do not adhere to diabetes management clinical guidelines: Cross-sectional study in a tertiary care
service in sub-Saharan Africa. Eur. J. Clin. Pharmacol. 2020, 76, 1601–1605. [CrossRef] [PubMed]

20. Lingvay, I.; Legendre, J.L.; Kaloyanova, P.F.; Zhang, S.; Adams-Huet, B.; Raskin, P. Insulin-based versus triple oral therapy for
newly diagnosed type 2 diabetes: Which is better? Diabetes Care 2009, 32, 1789–1796. [CrossRef]

21. Chaturvedi, R.; Desai, C.; Patel, P.; Shah, A.; Dikshit, R.K. An evaluation of the impact of anti-diabetic medication on treatment
satisfaction and quality of life in patients of diabetes mellitus. Perspect. Clin. Res. 2018, 9, 15–22. [CrossRef] [PubMed]

22. Xu, L.; Li, Y.; Dai, Y.; Peng, J. Natural products for the treatment of type 2 diabetes mellitus: Pharmacology and mechanisms.
Pharmacol. Res. 2018, 130, 451–465. [CrossRef]

23. Ríos, J.L.; Francini, F.; Schinella, G.R. Natural products for the treatment of type 2 diabetes mellitus. Planta Med. 2015, 81, 975–994.
[CrossRef]

24. Sun, L.; Warren, F.J.; Gidley, M.J. Natural products for glycaemic control: Polyphenols as inhibitors of alpha-amylase. Trends Food
Sci. Technol. 2019, 91, 262–273. [CrossRef]

25. He, J.H.; Chen, L.X.; Li, H. Progress in the discovery of naturally occurring anti-diabetic drugs and in the identification of their
molecular targets. Fitoterapia 2019, 134, 270–289. [CrossRef] [PubMed]

26. Lauren, D.R.; Jensen, D.J.; Douglas, J.A.; Follett, J.M. Efficient Method for Determining the Glycyrrhizin Content of Fresh and
Dried Roots, and Root Extracts, of Glycyrrhiza Species. Phytochem. Anal. 2001, 12, 332–335. [CrossRef] [PubMed]

27. Baltina, L.A. Chemical Modification of Glycyrrhizic Acid as A Route to New Bioactive Compounds for Medicine. Curr. Med.
Chem. 2003, 10, 155–171. [CrossRef]

28. Karaogul, E.; Parlar, P.; Parlar, H.; Alma, M.H. Enrichment of the Glycyrrhizic Acid from Licorice Roots (Glycyrrhiza glabra L.) by
Isoelectric Focused Adsorptive Bubble Chromatography. J. Anal. Methods Chem. 2016, 2016, 7201740. [CrossRef]

29. Tan, D.; Hui, H.; Tseng, L.; Zhong, Z.; Wang, S.; Vong, C.T.; Wang, Y. Glycyrrhizic Acid and Its Derivatives: Promising Candidates
for the Management of Type 2 Diabetes Mellitus and Its Complications. Int. J. Mol. Sci. 2022, 23, 10988. [CrossRef] [PubMed]

30. Hussain, H.; Green, I.R.; Shamraiz, U.; Saleem, M.; Abbas, G.; Rehman, N.U.; Irshad, M. Therapeutic potential of glycyrrhetinic
acids: A patent review (2010-2017). Expert Opin. Ther. Pat. 2018, 28, 383–398. [CrossRef] [PubMed]

31. Kalaiarasi, P.; Pugalendi, K.V. Antihyperglycemic effect of 18β-glycyrrhetinic acid, aglycone of glycyrrhizin, on streptozotocin-
diabetic rats. Eur. J. Pharmacol. 2009, 606, 269–273. [CrossRef]

32. Kalaiarasi, P.; Kaviarasan, K.; Pugalendi, K.V. Hypolipidemic activity of 18β-glycyrrhetinic acid on streptozotocin-induced
diabetic rats. Eur. J. Pharmacol. 2009, 612, 93–97. [CrossRef]

33. Na, M.; Cui, L.; Min, B.S.; Bae, K.; Yoo, J.K.; Kim, B.Y.; Oh, K.; Ahn, J.S. Protein tyrosine phosphatase 1B inhibitory activity of
triterpenes isolated from Astilbe koreana. Bioorganic Med. Chem. 2006, 16, 3273–3276. [CrossRef]

34. Seong, S.H.; Nguyen, D.H.; Wagle, A.; Woo, M.H.; Jung, H.A.; Choi, J.S. Experimental and Computational Study to Reveal
the Potential of Non-Polar Constituents from Hizikia fusiformis as Dual Protein Tyrosine Phosphatase 1B and a-Glucosidase
Inhivitors. Mar. Drugs 2019, 17, 302. [CrossRef]

35. Tonkss, N.K.; Diltz, C.D.; Fischer, E.H. Purification of the Major Protein-tyrosine-phosphatases of Human Placenta. J. Biol. Chem.
1988, 263, 6722–6730. [CrossRef]

36. Tonks, N.K. PTP1B: From the sidelines to the front lines! FEBS Lett. 2003, 546, 140–148. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms21176275
https://www.ncbi.nlm.nih.gov/pubmed/32872570
https://doi.org/10.1371/journal.pone.0146033
https://doi.org/10.2337/diacare.15.11.1747
https://www.ncbi.nlm.nih.gov/pubmed/1468312
https://doi.org/10.3390/pr9081294
https://www.ncbi.nlm.nih.gov/pubmed/27595260
https://doi.org/10.15761/IOD.1000192
https://doi.org/10.3390/biomedicines10020331
https://doi.org/10.1016/j.ejmech.2018.04.061
https://doi.org/10.3389/fendo.2017.00006
https://www.ncbi.nlm.nih.gov/pubmed/28167928
https://doi.org/10.1007/s00228-020-02949-2
https://www.ncbi.nlm.nih.gov/pubmed/32607780
https://doi.org/10.2337/dc09-0653
https://doi.org/10.4103/picr.PICR_140_16
https://www.ncbi.nlm.nih.gov/pubmed/29430413
https://doi.org/10.1016/j.phrs.2018.01.015
https://doi.org/10.1055/s-0035-1546131
https://doi.org/10.1016/j.tifs.2019.07.009
https://doi.org/10.1016/j.fitote.2019.02.033
https://www.ncbi.nlm.nih.gov/pubmed/30840917
https://doi.org/10.1002/pca.597
https://www.ncbi.nlm.nih.gov/pubmed/11705261
https://doi.org/10.2174/0929867033368538
https://doi.org/10.1155/2016/7201740
https://doi.org/10.3390/ijms231910988
https://www.ncbi.nlm.nih.gov/pubmed/36232291
https://doi.org/10.1080/13543776.2018.1455828
https://www.ncbi.nlm.nih.gov/pubmed/29558289
https://doi.org/10.1016/j.ejphar.2008.12.057
https://doi.org/10.1016/j.ejphar.2009.04.003
https://doi.org/10.1016/j.bmcl.2006.03.036
https://doi.org/10.3390/md17050302
https://doi.org/10.1016/S0021-9258(18)68702-2
https://doi.org/10.1016/S0014-5793(03)00603-3
https://www.ncbi.nlm.nih.gov/pubmed/12829250


Int. J. Mol. Sci. 2023, 24, 12812 23 of 25

37. Picardi, P.K.; Calegari, V.C.; Prada, P.D.O.; Moraes, J.C.; Cristina, M.; Gomes, C.; Ueno, M.; Carvalheira, B.C.; Velloso, L.A.; Abdalla
Saad, J.M. Reduction of Hypothalamic Protein Tyrosine Phosphatase Improves Insulin and Leptin Resistance in Diet-Induced
Obese Rats. Endocrinology 2014, 149, 3870–3880. [CrossRef]

38. Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.; Collins, S.; Loy, A.L.; Normandin, D.; Cheng, A.; Himms-Hagen, J.; Chan,
C.; et al. Increased Insulin Sensitivity and Obesity Resistance in Mice Lacking the Protein Tyrosine Phosphatase-1B Gene. Science
1999, 283, 1544–1548. [CrossRef] [PubMed]

39. Bence, K.K.; Delibegovic, M.; Xue, B.; Gorgun, C.Z.; Hotamisligil, G.S.; Neel, B.G.; Kahn, B.B. Neuronal PTP1B regulates body
weight, adiposity and leptin action. Nat. Med. 2010, 12, 917–924. [CrossRef] [PubMed]

40. Xie, L.; Lee, S.; Andersen, J.N.; Waters, S.; Shen, K.; Guo, X.; Moller, N.P.H.; Olefsky, J.M.; Lawrence, O.D.S.; Zhang, Z. Cellular
Effects of Small Molecule PTP1B Inhibitors on Insulin Signaling. Biochemistry 2003, 42, 12792–12804. [CrossRef] [PubMed]

41. Villamar-cruz, O.; Loza-mej, M.A.; Arias-romero, L.E.; Camacho-arroyo, I. Recent advances in PTP1B signaling in metabolism
and cancer. Biosci. Rep. 2021, 41, BSR20211994. [CrossRef]

42. Liu, R.; Mathieu, C.; Zhang, W.; Dupret, J.; Rodrigues Lima, F. Human Protein Tyrosine Phosphatase 1B (PTP1B): From Structure
to Clinical Inhibitor Perspectives. Int. J. Mol. Sci. 2022, 23, 7027. [CrossRef]

43. Liu, Z.; Gao, H.; Zhao, Z.; Huang, M.; Wang, S.; Zhan, J. Status of research on natural protein tyrosine phosphatase 1B inhibitors
as potential anti-diabetic agents: Update. Biomed. Pharmacother. 2023, 157, 113990. [CrossRef]

44. Campos-Almazán, M.I.; Hernández-Campos, A.; Castillo, R.; Sierra-Campos, E.; Valdez-Solana, M.; Avitia-Domínguez, C.; Téllez-
Valencia, A. Computational Methods in Cooperation with Experimental Approaches to Design Protein Tyrosine Phosphatase
1B Inhibitors in Type 2 Diabetes Drug Design: A Review of the Achievements of This Century. Pharmaceuticals 2022, 15, 866.
[CrossRef] [PubMed]

45. Tomasik, P.; Horton, D. Enzymatic Conversions of Starch. In Advances in Carbohydrate Chemistry and Biochemistry; Press, A., Ed.;
Elsevier Inc.: Amsterdam, The Netherlands, 2012; Volume 68, pp. 59–436. ISBN 9780123965233.

46. Lebovitz, H.E. Alpha-glucosidase inhibitors. Endocrinol. Metab. Clin. N. Am. 1997, 26, 539–551. [CrossRef] [PubMed]
47. Hedrington, M.S.; Davis, S.N. Expert Opinion on Pharmacotherapy Considerations when using alpha-glucosidase inhibitors in

the treatment of type 2 diabetes diabetes. Expert Opin. Pharmacother. 2019, 20, 2229–2235. [CrossRef] [PubMed]
48. Zhang, M.; Feng, R.; Yang, M.; Qian, C.; Wang, Z.; Liu, W.; Ma, J. Effects of metformin, acarbose, and sitagliptin monotherapy on

gut microbiota in Zucker diabetic fatty rats. BMJ Open Diabetes Res. Care 2019, 7, e000717. [CrossRef] [PubMed]
49. Min, S.H.; Yoon, J.-H.; Hahn, S.; Cho, Y.M. Efficacy and safety of combination therapy with an α-glucosidase inhibitor and a

dipeptidyl peptidase-4 inhibitor in patients with type 2 diabetes mellitus: A systematic review with meta-analysis. J. Diabetes
Investig. 2019, 9, 893–902. [CrossRef]

50. Assefa, S.T.; Yang, E.; Chae, S.; Song, M.; Lee, J.; Cho, M.; Jang, S. Alpha Glucosidase Inhibitory Activities of Plants with Focus on
Common Vegetables. Plants 2020, 9, 2. [CrossRef]

51. Kumar, S.; Narwal, S.; Kumar, V.; Prakash, O. α-glucosidase inhibitors from plants: A natural approach to treat diabetes.
Pharmacogn. Rev. 2011, 5, 19–30. [CrossRef]

52. Joshi, S.R.; Standl, E.; Tong, N.; Shah, P.; Kalra, S.; Rathod, R. Therapeutic potential of a-glucosidase inhibitors in type 2 diabetes
mellitus: An evidence-based review. Expert Opin. Pharmacother. 2015, 16, 1959–1981. [CrossRef]

53. De-La-Cruz-Martínez, L.; Duran-Becerra, C.; González-Andrade, M.; Páez-Franco, J.C.; Germán-Acacio, J.M.; Espinosa-Chávez, J.;
Torres-Valencia, J.M.; Pérez-Villanueva, J.; Palacios-Espinosa, J.F.; Soria-Arteche, O.; et al. Indole-and pyrazole-glycyrrhetinic acid
derivatives as PTP1B inhibitors: Synthesis, in vitro and in silico studies. Molecules 2021, 26, 4375. [CrossRef]

54. Flores-Bocanegra, L.; González-Andrade, M.; Bye, R.; Linares, E.; Mata, R. α-Glucosidase Inhibitors from Salvia circinata. J. Nat.
Prod. 2017, 80, 1584–1593. [CrossRef]

55. Son, H.-U.; Lee, S.-H. Comparison of α-glucosidase inhibition by Cudrania tricuspidata according to harvesting time. Biomed.
Rep. 2013, 1, 624–628. [CrossRef]

56. Calder, P.C.; Geddes, R. Acarbose is a competitive inhibitor of mammalian lysosomal acid alpha-D-glucosidases. Carbohydr. Res.
1989, 191, 71–78. [CrossRef] [PubMed]

57. Simamora, A.; Santoso, A.W.; Timotius, K.H. α-Glucosidase Inhibitory Effect of Fermented Fruit Juice of Morinda Citrifolia L and
Combination Effect with Acarbose. Curr. Res. Nutr. Food Sci. 2019, 7, 218–226. [CrossRef]

58. Peytam, F.; Adib, M.; Shourgeshty, R.; Mohammadi-Khanaposhtani, M.; Jahani, M.; Imanparast, S.; Faramarzi, M.A.; Mahdavi, M.;
Moghadamnia, A.A.; Rastegar, H.; et al. Design and synthesis of new imidazo [1,2-b]pyrazole derivatives, in vitro α-glucosidase
inhibition, kinetic and docking studies. Mol. Divers. 2019, 29, 69–80. [CrossRef] [PubMed]

59. Díaz-Rojas, M.; Raja, H.; González-Andrade, M.; Rivera-Chávez, J.; Rangel-Grimaldo, M.; Rivero-Cruz, I.; Mata, R. Phytochemistry
Protein tyrosine phosphatase 1B inhibitors from the fungus Malbranchea albolutea. Phytochemistry 2021, 184, 112664. [CrossRef]
[PubMed]

60. Rangel-Grimaldo, M.; Macías-Rubalcava, M.L.; González-Andrade, M.; Raja, H.; Figueroa, M.; Mata, R. α-Glucosidase and
Protein Tyrosine Phosphatase 1B Inhibitors from Malbranchea circinata. J. Nat. Prod. 2019, 83, 675–683. [CrossRef]

61. Coronell-Tovar, A.; Cortés-Benítez, F.; González-Andrade, M. The importance of including the C-terminal domain of PTP1B1-400
to identify potential anti-diabetic inhibitors. J. Enzyme Inhib. Med. Chem. 2023, 38, 2170369. [CrossRef]

62. Cornish-Bowden, A. Why is uncompetitive inhibition so rare? A possible explanation, with implications for the design of drugs
and pesticides. FEBS Lett. 1986, 203, 3–6. [CrossRef]

https://doi.org/10.1210/en.2007-1506
https://doi.org/10.1126/science.283.5407.1544
https://www.ncbi.nlm.nih.gov/pubmed/10066179
https://doi.org/10.1038/nm1435
https://www.ncbi.nlm.nih.gov/pubmed/16845389
https://doi.org/10.1021/bi035238p
https://www.ncbi.nlm.nih.gov/pubmed/14596593
https://doi.org/10.1042/BSR20211994
https://doi.org/10.3390/ijms23137027
https://doi.org/10.1016/j.biopha.2022.113990
https://doi.org/10.3390/ph15070866
https://www.ncbi.nlm.nih.gov/pubmed/35890163
https://doi.org/10.1016/S0889-8529(05)70266-8
https://www.ncbi.nlm.nih.gov/pubmed/9314014
https://doi.org/10.1080/14656566.2019.1672660
https://www.ncbi.nlm.nih.gov/pubmed/31593486
https://doi.org/10.1136/bmjdrc-2019-000717
https://www.ncbi.nlm.nih.gov/pubmed/31641523
https://doi.org/10.1111/jdi.12754
https://doi.org/10.3390/plants9010002
https://doi.org/10.4103/0973-7847.79096
https://doi.org/10.1517/14656566.2015.1070827
https://doi.org/10.3390/molecules26144375
https://doi.org/10.1021/acs.jnatprod.7b00155
https://doi.org/10.3892/br.2013.111
https://doi.org/10.1016/0008-6215(89)85047-5
https://www.ncbi.nlm.nih.gov/pubmed/2776140
https://doi.org/10.12944/CRNFSJ.7.1.21
https://doi.org/10.1007/s11030-019-09925-8
https://www.ncbi.nlm.nih.gov/pubmed/30825061
https://doi.org/10.1016/j.phytochem.2021.112664
https://www.ncbi.nlm.nih.gov/pubmed/33524855
https://doi.org/10.1021/acs.jnatprod.9b01108
https://doi.org/10.1080/14756366.2023.2170369
https://doi.org/10.1016/0014-5793(86)81424-7


Int. J. Mol. Sci. 2023, 24, 12812 24 of 25

63. Whiteley, C.G. Enzyme kinetics: Partial and complete uncompetitive inhibition. Biochem. Educ. 2000, 28, 144–147. [CrossRef]
64. Genovese, M.; Nesi, I.; Caselli, A.; Paoli, P. Natural α-glucosidase and protein tyrosine phosphatase 1B inhibitors: A source of

scaffold molecules for synthesis of new multitarget anti-diabetic drugs. Molecules 2021, 26, 4818. [CrossRef]
65. Liu, Y.; Yang, X.; Gan, J.; Chen, S.; Xiao, Z.X.; Cao, Y. CB-Dock2: Improved protein-ligand blind docking by integrating cavity

detection, docking and homologous template fitting. Nucleic Acids Res. 2022, 50, W159–W164. [CrossRef]
66. Yang, X.; Liu, Y.; Gan, J.; Xiao, Z.-X.; Cao, Y. FitDock: Protein–ligand docking by template fitting. Brief. Bioinform. 2022, 23, bbac087.

[CrossRef]
67. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. Software News and Updates

Gabedit—A Graphical User Interface for Computational Chemistry Softwares. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]
68. Jones, G.; Willett, P.; Glen, R.C.; Leach, A.R.; Taylor, R. Development and validation of a genetic algorithm for flexible docking.

J. Mol. Biol. 1997, 267, 727–748. [CrossRef] [PubMed]
69. Sim, L.; Quezada-Calvillo, R.; Sterchi, E.E.; Nichols, B.L.; Rose, D.R. Human Intestinal Maltase-Glucoamylase: Crystal Structure

of the N-Terminal Catalytic Subunit and Basis of Inhibition and Substrate Specificity. J. Mol. Biol. 2008, 375, 782–792. [CrossRef]
70. Krieger, E.; Vriend, G. New ways to boost molecular dynamics simulations. J. Comput. Chem. 2015, 36, 996–1007. [CrossRef]

[PubMed]
71. Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. ff14SB: Improving the accuracy of protein

side chain and backbone parameters from ff99SB. J. Chem. Theory Comput. 2015, 11, 3696–3713. [CrossRef]
72. Cosmetic Ingredient Review Expert Panel. Final report on the safety assessment of glycyrrhetinic acid, potassium glycyrrhetinate,

disodium succinoyl glycyrrhetinate, glyceryl glycyrrhetinate, glycyrrhetinyl stearate, stearyl glycyrrhetinate, glycyrrhizic acid,
ammonium glycyrrhizate, dipotassium glycyrrhizate, disodium glycyrrhizate, trisodium glycyrrhizate, methyl glycyrrhizate, and
potassium glycyrrhizinate. Int. J. Toxicol. 2007, 26, 79–112. [CrossRef]

73. Szkudelski, T.; Zywert, A.; Szkudelska, K. Metabolic disturbances and defects in insulin secretion in rats with streptozotocin-
nicotinamide-induced diabetes. Physiol. Res. 2013, 62, 663–670. [CrossRef]

74. Diab, R.A.H.; Fares, M.; Abedi-Valugerdi, M.; Kumagai-Braesch, M.; Holgersson, J.; Hassan, M. Immunotoxicological effects of
streptozotocin and alloxan: In vitro and in vivo studies. Immunol. Lett. 2015, 163, 193–198. [CrossRef]

75. Mahmoud, A.M.; Ashour, M.B.; Abdel-Moneim, A.; Ahmed, O.M. Hesperidin and naringin attenuate hyperglycemia-mediated
oxidative stress and proinflammatory cytokine production in high fat fed/streptozotocin-induced type 2 diabetic rats. J. Diabetes
Complications 2012, 26, 483–490. [CrossRef]

76. Goyal, S.N.; Reddy, N.M.; Patil, K.R.; Nakhate, K.T.; Ojha, S.; Patil, C.R.; Agrawal, Y.O. Challenges and issues with streptozotocin-
induced diabetes—A clinically relevant animal model to understand the diabetes pathogenesis and evaluate therapeutics. Chem.
Biol. Interact. 2016, 244, 49–63. [CrossRef] [PubMed]

77. Al-Faris, N.A.; Al-sawadi, A.D.; Alokail, M.S. Effect of samh seeds supplementation (Mesembryanthemum forsskalei Hochst) on
liver enzymes and lipid profiles of streptozotocin (STZ)-induced diabetic Wistar rats. Saudi J. Biol. Sci. 2010, 17, 23–28. [CrossRef]
[PubMed]

78. Chatterjea, M.; Shinde, R. Textbook of Medical Biochemistry, 8th ed.; Jaypee Brothers Medical Publishers: New Delhi, India, 2012;
ISBN 9789350254844.

79. Nesti, L.; Tricò, D.; Mengozzi, A.; Natali, A. Rethinking pioglitazone as a cardioprotective agent: A new perspective on an
overlooked drug. Cardiovasc. Diabetol. 2021, 20, 109. [CrossRef]

80. Bellary, S.; Kyrou, I.; Brown, J.E.; Bailey, C.J. Type 2 diabetes mellitus in older adults: Clinical considerations and management.
Nat. Rev. Endocrinol. 2021, 17, 534–548. [CrossRef] [PubMed]

81. Spence, J.D.; Viscoli, C.; Kernan, W.N.; Young, L.H.; Furie, K.; DeFronzo, R.; Abdul-Ghani, M.; Dandona, P.; Inzucchi, S.E. Efficacy
of lower doses of pioglitazone after stroke or transient ischaemic attack in patients with insulin resistance. Diabetes Obes. Metab.
2022, 24, 1150–1158. [CrossRef]

82. González-Ortiz, M.; Hernández-Salazar, E.; Kam-Ramos, A.M.; Martínez-Abundis, E. Effect of pioglitazone on insulin secretion in
patients with both impaired fasting glucose and impaired glucose tolerance. Diabetes Res. Clin. Pract. 2007, 75, 115–118. [CrossRef]

83. Derosa, G.; Cicero, A.F.G.; Gaddi, A.; Ragonesi, P.D.; Fogari, E.; Bertone, G.; Ciccarelli, L.; Piccinni, M.N. Metabolic effects of
pioglitazone and rosiglitazone in patients with diabetes and metabolic syndrome treated with glimepiride: A twelve-month,
multicenter, double-blind, randomized, controlled, parallel-group trial. Clin. Ther. 2004, 26, 744–754. [CrossRef]

84. Álvarez-Almazán, S.; Filisola-Villaseñor, J.G.; Alemán-González-Duhart, D.; Tamay-Cach, F.; Mendieta-Wejebe, J.E. Current
molecular aspects in the development and treatment of diabetes. J. Physiol. Biochem. 2020, 76, 13–35. [CrossRef]

85. Ko, B.-S.; Jang, J.S.; Hong, S.M.; Sung, S.R.; Lee, J.E.; Lee, M.Y.; Jeon, W.K.; Park, S. Changes in components, glycyrrhizin and
glycyrrhetinic acid, in raw Glycyrrhiza uralensis fisch, modify insulin sensitizing and insulinotropic actions. Biosci. Biotechnol.
Biochem. 2007, 71, 1452–1461. [CrossRef]

86. Gutierréz-Hernández, A.; Galván-Ciprés, Y.; Domínguez-Mendoza, E.A.; Aguirre-Vidal, Y.; Estrada-Soto, S.; Almanza-Pérez,
J.C.; Navarrete-Vázquez, G. Design, Synthesis, Antihyperglycemic Studies, and Docking Simulations of Benzimidazole-
Thiazolidinedione Hybrids. J. Chem. 2019, 2019, 1650145. [CrossRef]

87. Gao, C.; Dai, F.J.; Cui, H.W.; Peng, S.H.; He, Y.; Wang, X.; Yi, Z.F.; Qiu, W.W. Synthesis of novel heterocyclic ring-fused 18β-
glycyrrhetinic acid derivatives with antitumor and antimetastatic activity. Chem. Biol. Drug Des. 2014, 84, 223–233. [CrossRef]
[PubMed]

https://doi.org/10.1016/S0307-4412(00)00029-7
https://doi.org/10.3390/molecules26164818
https://doi.org/10.1093/nar/gkac394
https://doi.org/10.1093/bib/bbac087
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1006/jmbi.1996.0897
https://www.ncbi.nlm.nih.gov/pubmed/9126849
https://doi.org/10.1016/j.jmb.2007.10.069
https://doi.org/10.1002/jcc.23899
https://www.ncbi.nlm.nih.gov/pubmed/25824339
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1080/10915810701351228
https://doi.org/10.33549/physiolres.932509
https://doi.org/10.1016/j.imlet.2014.12.006
https://doi.org/10.1016/j.jdiacomp.2012.06.001
https://doi.org/10.1016/j.cbi.2015.11.032
https://www.ncbi.nlm.nih.gov/pubmed/26656244
https://doi.org/10.1016/j.sjbs.2009.12.004
https://www.ncbi.nlm.nih.gov/pubmed/23961054
https://doi.org/10.1186/s12933-021-01294-7
https://doi.org/10.1038/s41574-021-00512-2
https://www.ncbi.nlm.nih.gov/pubmed/34172940
https://doi.org/10.1111/dom.14687
https://doi.org/10.1016/j.diabres.2006.05.003
https://doi.org/10.1016/S0149-2918(04)90074-4
https://doi.org/10.1007/s13105-019-00717-0
https://doi.org/10.1271/bbb.60533
https://doi.org/10.1155/2019/1650145
https://doi.org/10.1111/cbdd.12308
https://www.ncbi.nlm.nih.gov/pubmed/24612785


Int. J. Mol. Sci. 2023, 24, 12812 25 of 25

88. Adasme, M.F.; Linnemann, K.L.; Bolz, S.N.; Kaiser, F.; Salentin, S.; Haupt, V.J.; Schroeder, M. PLIP 2021: Expanding the scope of
the protein–ligand interaction profiler to DNA and RNA. Nucleic Acids Res. 2021, 49, W530–W534. [CrossRef]

89. Salentin, S.; Schreiber, S.; Haupt, V.J.; Adasme, M.F.; Schroeder, M. PLIP: Fully automated protein–ligand interaction profiler.
Nucleic Acids Res. 2015, 43, W443–W447. [CrossRef]

90. BIOVIA, Dassault Systemes. Discovery Studio Visualizer v21.1.0.20298; Dassault Systemes: San Diego, CA, USA, 2021.
91. Velázquez-Libera, J.L.; Durán-Verdugo, F.; Valdés-Jiménez, A.; Núñez-Vivanco, G.; Caballero, J. LigRMSD: A web server for

automatic structure matching and RMSD calculations among identical and similar compounds in protein-ligand docking.
Bioinformatics 2020, 36, 2912–2914. [CrossRef]

92. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber force field. J. Comput.
Chem. 2004, 25, 1157–1174. [CrossRef] [PubMed]

93. Jakalian, A.; Jack, D.B.; Bayly, C.I. Fast, efficient generation of high-quality atomic charges. AM1-BCC model: II. Parameterization
and validation. J. Comput. Chem. 2002, 23, 1623–1641. [CrossRef] [PubMed]

94. Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.; Simmerling, C. Comparison of multiple Amber force fields and
development of improved protein backbone parameters. Proteins Struct. Funct. Bioinform. 2005, 65, 712–725. [CrossRef] [PubMed]

95. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald method. J. Chem.
Phys. 1995, 103, 8577–8593. [CrossRef]

96. Stümpel, E.; Hartmann, H. Acute actions of insulin-like growth factor II on glucose metabolism in adult rats. Diabetology 1992, 35,
932–938. [CrossRef]

97. Elmazar, M.M.; El-abhar, H.S.; Schaalan, M.F.; Farag, N.A. Phytol/Phytanic Acid and Insulin Resistance: Potential Role of
Phytanic Acid Proven by Docking Simulation and Modulation of Biochemical Alterations. PLoS ONE 2013, 8, e45638. [CrossRef]
[PubMed]

98. OECD Guidelines for the Testing of Chemicals Acute Oral Toxicity—Up-and-Down-Procedure (UDP). 2008, p. 27. Available
online: https://www.oecd.org/env/test-no-425-acute-oral-toxicity-up-and-down-procedure-9789264071049-en.htm (accessed
on 5 January 2023).

99. Zafar, M.; Naeem-ul-Hassan Naqvi, S.; Ahmed, M.; Kaimkhani, Z.A. Altered Kidney Morphology and Enzymes in Streptozotocin
Induced Diabetic Rats. Int. J. Morphol. 2009, 27, 719–725. [CrossRef]

100. Hidalgo-Figueroa, S.; Ramírez-Espinosa, J.J.; Estrada-Soto, S.; Almanza-Pérez, J.C.; Román-Ramos, R.; Alarcón-Aguilar,
F.J.; Hernández-Rosado, J.V.; Moreno-Díaz, H.; Díaz-Coutiño, D.; Navarrete-Vázquez, G. Discovery of Thiazolidine-2,4-
Dione/Biphenylcarbonitrile Hybrid as Dual PPAR α/γ Modulator with Antidiabetic Effect: In vitro, In Silico and In Vivo
Approaches. Chem. Biol. Drug Des. 2013, 81, 474–483. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gkab294
https://doi.org/10.1093/nar/gkv315
https://doi.org/10.1093/bioinformatics/btaa018
https://doi.org/10.1002/jcc.20035
https://www.ncbi.nlm.nih.gov/pubmed/15116359
https://doi.org/10.1002/jcc.10128
https://www.ncbi.nlm.nih.gov/pubmed/12395429
https://doi.org/10.1002/prot.21123
https://www.ncbi.nlm.nih.gov/pubmed/16981200
https://doi.org/10.1063/1.470117
https://doi.org/10.1007/BF00401421
https://doi.org/10.1371/journal.pone.0045638
https://www.ncbi.nlm.nih.gov/pubmed/23300941
https://www.oecd.org/env/test-no-425-acute-oral-toxicity-up-and-down-procedure-9789264071049-en.htm
https://doi.org/10.4067/S0717-95022009000300024
https://doi.org/10.1111/cbdd.12102
https://www.ncbi.nlm.nih.gov/pubmed/23289972

	Introduction 
	Results and Discussion 
	Chemistry 
	Enzymatic Kinetics of -Glucosidase and PTP1B Inhibition 
	Molecular Docking 
	Molecular Dynamics Simulations 
	Cytotoxic Assay and Acute Oral Toxicity 
	In Vivo Administration of FC-114 and FC-122 in a Wistar Rat Diabetes Model 

	Materials and Methods 
	General 
	Synthesis 
	Synthesis of GA 
	Synthesis of 3-Oxo-Glycyrrhethinic Acid (2) 
	Synthesis of 3,11-Dioxo-Olean-12-En-30-Oic Acid (3) 
	Synthesis of FC-114 
	Synthesis of FC-122 

	In Vitro Assays 
	Enzyme Kinetics 
	Cytotoxic Effect on Human Foreskin Fibroblasts 

	In Silico Studies 
	Molecular Docking 
	MD Simulations 

	In Vivo Studies 
	Animals 
	Blood Sample Collection and Processing 
	Evaluation of Acute Oral Toxicity 
	Rat Model of Diabetes Induced by Streptozotocin 
	Administration of Treatments 
	The Oral Glucose Tolerance Test 
	Blood Determinations 
	Statistical Analysis 


	Conclusions 
	Patents 
	References

