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ABSTRACT: Depression is a recurrent and chronic mental disorder requiring
long-term treatment. Major depressive disorder is present in 15−20% of patients
with type 1 or type 2 diabetes. Large-scale evidence revealed that depression and
depressive symptoms are independent risk factors for the development of type 2
diabetes, and they may contribute to hyperglycemia and even accelerate the
premature onset of diabetes complications. Venlafaxine is a clinical first-line
antidepressant used for more than 30 years. Recently, clinical reports showed that
venlafaxine overdose might cause hypoglycemia. Venlafaxine is insoluble and salt
formation technology is the most appropriate method to improve the
physicochemical properties and the pharmacokinetic profile of the drug. In the
present work, the use of the solvent evaporation method, slurry, and the liquid-
assisted grinding method resulted in the crystalline salt venlafaxine−caffeic acid
(1:1). The compounds were characterized using a series of solid-state techniques,
viz., powder X-ray diffraction, differential scanning calorimetry, thermogravi-
metric analysis, Fourier transform infrared spectroscopy, and solid-state nuclear magnetic resonance, and the crystal structure was
determined by single-crystal X-ray diffraction. Besides, a comparative study of solubility, dissolution, and hypoglycemic activity of the
parent drug and the new salt has been carried out. The tested venlafaxine−caffeic acid salt showed about 16-fold higher solubility
than the pure drug. Moreover, the glucose consumption assay results showed that the novel salt possesses potent hypoglycemic
activity in vitro, suggesting that it is a promising candidate effective for major depressive disorder patients with type 2 diabetes.

1. INTRODUCTION
Venlafaxine {IUPAC Name:1-[2-(dimethylamino)-1-(4-me-
thoxyphenyl)-ethyl] cyclohexanol, Figure 1, Molecular for-

mula: C17H27NO2, VLF}, an important serotonin-norepinephr-
ine reuptake inhibitor,1 is being used as a first-line
antidepressant since 1993.2 Venlafaxine was proved effective
and safe in the treatment of major depressive disorder,3

fibromyalgia,4 postpartum major depression,5 obsessive-
compulsive disorder,6 generalized anxiety disorder,7 neuro-
pathic pain,8,9 attention-deficit/hyperactivity disorder,10 and
diabetic neuropathy.11 VLF is as effective as other available

antidepressants with fewer adverse drug reactions like
anticholinergic and cardiotoxicity.12

No less than six polymorphs of venlafaxine hydrochloride
have been reported,13−15 including single X-ray structures of
two polymorphs (forms 1 and 2), melt (form 3), hydrate (form
4), sublimation (form 5), and a more stable polymorph (form
6) obtained by the solid-to-solid phase transition of forms 1 or
2. Venlafaxine hydrochloride is marketed in forms 1 and 2 or
their mixture with form 6. Over the last three decades, crystal
engineering has received widespread attention in the
pharmaceutical industry, and various approaches including
salt formation and cocrystallization techniques have been
followed to modify the physicochemical properties and the
pharmacokinetic profiles of VLF. Two inorganic acid salts
(hydrochloride16 and hydrobromide17) and thirteen organic
acid salts (benzenesulfonic acid, saccharin, coumaric, ferulic,
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Figure 1. Molecular diagram of venlafaxine (VLF) and caffeic acid
(CA).
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oxalic, salicylic, fumaric, citric acid, maleic acid, phthalic acid,
4-chlorobenzene acid, 4-hydroxybenzoic acid, and sulfanilic
acid),18,19 and one cocrystal (celecoxib−venlafaxine)20 were
obtained.
It is estimated that in 2020, chronic diseases will be

responsible for the majority of deaths and disabilities
worldwide.21 Both depression and diabetes are debilitating
chronic diseases that are associated with the deterioration of
health, high healthcare costs, significant morbidity, risk factors
for cardiovascular diseases, and even mortality.22 Considerable
evidence indicates that patients with major depressive
disorders, a relatively common and costly central nervous
system syndrome, are more likely to have poorer health
outcomes including uncontrolled blood sugar, complications
from diabetes, and higher rates of all-cause mortality.23−25

During the past few decades, large-scale studies examining the
relationship between depression and diabetes revealed that not
only are antecedent depression and depressive symptoms
independent risk factors for the development of type 2 diabetes
but they have also been shown to contribute to hyperglycemia,
functional disability among diabetic patients, and may
accelerate the premature onset of diabetes complications.26−31

A meta-analysis conducted by Mezuk et al.32 explored the
hypothesis of bidirectionality between depression and diabetes
and documented an increased prevalence of depression among
diabetic populations, and conversely, depression serves as a risk
factor for the development of diabetes.33,34 On the other hand,
there are clinical reports that show venlafaxine intoxication was

frequently followed by severe hypoglycemia.35,36 Though
further studies are necessary to establish a causal relationship
between comorbid diabetes distress and depression disorders,
the literature illuminated the idea of developing novel
candidates that are effective for patients with major depression
disorder and diabetes, from which, our research efforts of
finding a new venlafaxine salt were encouraged.
In the present work, we present the development of a new

salt of venlafaxine with caffeic acid (VLF−CA) which shows a
moderate improvement in the physicochemical properties as
compared to the pure drug. The crystal arrangements and
molecular interactions of the obtained salt were analyzed by
single-crystal X-ray diffraction (SXRD) technology. Moreover,
the salt was characterized by the application of multi-analytical
techniques, powder X-ray diffraction (PXRD), differential
scanning calorimetry (DSC), thermogravimetric analysis
(TGA), Fourier transform-infrared (FT-IR) spectroscopy,
and solid-state nuclear magnetic resonance (ssNMR) measure-
ments. The comparative solubility, stability, and hypoglycemic
effect experiments were also performed, with the salt showing a
moderate improvement in the physicochemical properties.
Pleasantly, the glucose consumption assay results showed that
VLF−CA possessed potent hypoglycemic activity in vitro,
suggesting that it is a prospective candidate that is effective for
treating depression with type 2 diabetes.

Figure 2. Crystal structure and the 1D and 2D salt bonds and H-bond contacts of VLF−CA.

Figure 3. Residual density map for VLF−CA.
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2. RESULTS AND DISCUSSION

2.1. Crystal Structure of VLF−CA Salt. The crystal
packing diagram is shown in Figure 2, and the whole molecular
network is infinitely extended along the [101] direction. The
VLF−CA salt crystallized in the P21/n space group with one
VLF molecule and one CA molecule in the asymmetric unit.
The SXRD data suggested that the N−H proton transferred
from CA to VLF, as is shown in the residual density map
(Figure 3). An ORTEP-type view of the asymmetric unit with
a 50% probability ellipsoid is shown in Figure S3. The
distances of CO and C−OH within the carboxyl group in
the CA differ by less than 0.03 Å (0.002 Å), which also proves
that the VLF−CA should be considered as a salt.37 The N−H+

and COO− ions are bonded through the ionic bond N1−H1···
O4 (d: 2.795 Å, θ: 162.70°). The ionic bond and
intermolecular hydrogen bonds O2−H2A···O3 (d: 2.847 Å, θ:
160.45°) form a ring. Two neighboring CA motifs form a ring
via O5−H5A···O4 (d: 2.726 Å, θ: 146.86°) hydrogen bond with
a head to tail contact, and the next neighboring CA motifs
form a clockwise helix along the [010] direction via O6−H6A···
O3 (d: 2.656 Å, θ: 165.77°) hydrogen bond.
The salt bond and hydrogen bond geometrical parameters

are given in Table 1. The final data collection parameters and
refinement statistics for the structures are summarized in Table
2. The CIF for each refinement and the check CIF files for
VLF−CA are available in the Supporting Information or can be
retrieved from the Cambridge Structural Database (CSD)
(CCDC number 1983494).

2.2. Powder X-ray Diffraction. The PXRD is a fast and
reliable technique to evaluate the homogeneity and phase
purity of the simulated PXRD patterns and the experimental
powder patterns.39 Besides, it is a reliable method to
distinguish the multicomponent solid products from their
starting materials. Figure 4 shows the PXRD patterns of VLF,
CA, and VLF−CA. The VLF showed reflections at 2θ values of
8.18, 11.18, 16.98, 23.85, and 26.22°. The CA showed
diffraction peaks at 2θ values of 14.18, 15.88, 17.50, 24.48,
27.10, 30.12, and 33.56°. These diffraction peaks are attributed
to the crystalline nature of the starting materials. The physical
mixture exhibited a superimposition of the reflections of the
individual raw materials of VLF and CA. The experimental
powders of VLF−CA salt showed characteristic peaks at 2θ
values of 9.47, 13.42, 15.26, 17.88, 18.10, 19.00, 19.56, 19.92,
21.26, 22.02, 22.50, and 22.92°, that are not present in either
VLF or CA and which could be attributed to the interactions
between the two components, and at the same time, signifies
that VLF reacted completely with CA. The purity and
homogeneity of each crystalline phase has also been confirmed
by comparing the experimental powder patterns with the
simulated PXRD patterns calculated from the SXRD data using
MERCURY software (Version 2.4; Cambridge Crystallo-
graphic Data Center, Cambridge, UK; CCDC refcode
OCALAG02 for VLF, FESNOG for CA, and CCDC number
1983494 for VLF−CA).38,40

2.3. Thermal Analysis. DSC has unique advantages in
terms of its simplicity, rapidity, and ease of measurement
providing direct information pertaining to the thermodynamic
and kinetic properties associated with solid materials.41 DSC is
a prime technique to validate the purity of the material and
understand phase transformations. Figure 5a shows the DSC
thermograms of VLF−CA salt, VLF, CA, and their physical
mixture. The sharp endothermic peak of VLF−CA at 149.02
°C was different from the peaks of VLF (79.18 °C) and CA
(221.72 °C), besides, the physical mixture of VLF and CA
showed endothermic peaks at 76.17 and 135.88 °C, which
collaboratively confirmed the creation of the new solid phase.
The higher endothermic peak of the VLF−CA salt also hints at
a higher thermodynamic stability.
The TGA pattern is shown in Figure 5b. There is no

evidence of weight loss of either the solvent or water,
indicating that the sample was anhydrous and solvent-free,
and in accordance with the observed SXRD data.

2.4. 13C Solid-State Nuclear Magnetic Resonance
Measurement. The ssNMR is an another often employed
technique for the analysis of solid forms of pharmaceuticals.42

The 13C CP/MAS TOSS NMR spectra of venlafaxine salt and
their starting materials are shown in Figure 6. Upon the salt
formation, the chemical shift of the carboxylic signal was
altered from 175.7 to 174.7 ppm, and the signal of the N
bonded C site altered from 62.7 to 59.1 ppm, whose shielding
effect was enhanced by the proton transfer. These shifts can be
used as supporting evidence of the salt formation.

Table 1. Salt Bond and Hydrogen Bond Geometries for VLF−CA

sample D-H···A d(D···A) (Å) ∠(DHA) (deg) symmetry code

VLF-CA N1−H1···O4 2.795 162.70 [x, y, z − 1]
O2−H2A···O3 2.847 160.45 [x, y, z − 1]
O5−H5A···O4 2.726 146.86 [−x + 2, −y + 1, −z + 2]
O6−H6A···O3 2.656 165.77 [−x + 3/2, y − 1/2, −z + 3/2]

Table 2. Crystal Data and Structure Refinement Parameters
for VLF and VLF−CA

VLF VLF−CA

empirical formula C17H28NO2 (C17H29NO2)
+·

(C9H7O4)
−

molecular weight 277.39 457.55
wavelength (Å), CuKα 1.54187 1.54187
description block Plate
crystal system monoclinic Monoclinic
space group P21/n P21/n
a (Å) 8.414(1) 13.3663(2)
b (Å) 8.867(1) 13.3663(2)
c (Å) 21.790(3) 17.0804(3)
β (deg) 92.31(1) 102.72(1)
volume (Å3), Z 1624.2(4), 4 2405.33(7), 4
density (g cm−3) 1.134 1.263
F (000) 608 984
θrange/deg 4.06 ≤ θ ≤ 67.49 3.817 ≤ θ ≤ 66.857
uniq. data, obser data, Rint 2884, 2585, 0.0234 4264, 3609, 0.0278
data/restraints/parameters 2884/182/0 4264/304/0
R indices, goodness-of-fit 0.0415, 0.1118,

1.045
0.0451, 0.1161, 1.039

CCDC number a 1983494

aConsistent with CCDC refcode OCALAG02.38
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2.5. FT-IR Spectroscopy. FT-IR spectroscopy study was
performed to identify the noncovalent interactions within the
crystal.43 A shift in the carbonyl group of the acid or amide
derivatives is common when the group is involved in
intermolecular interactions. Figure 7 shows the IR spectra of

VLF, CA, and VLF−CA. In the present study, the stretching
vibration of −COOH group of CA observed at 3401 cm−1

disappeared in VLF−CA, indicating that deprotonation has
occurred on the −OH group of CA. The CO group of CA
was observed at 1640 cm−1 (S), while there is a weaker
absorption peak at 1637 cm−1 in VLF−CA salt, which could be

Figure 4. PXRD patterns of VLF−CA and the raw materials.

Figure 5. DSC thermograms of VLF−CA, the raw materials, and physical mixture (a), and the TGA pattern of VLF−CA (b).

Figure 6. 13C NMR spectra of VLF−CA and the raw materials.
Figure 7. FT-IR spectra of VLF−CA and the raw materials.
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attributed to the restriction from −NH of VLF. The −OH
group of CA observed at 3221 cm−1 disappeared in VLF−CA,
resulting from the intermolecular hydrogen bonds of O5−
H5A···O4 and O6−H6A···O3. Besides, there is an absorption
peak at 3380 cm−1 in VLF−CA, which belongs to the −NR3H

+

of VLF−CA. Unambiguously, IR spectra comparisons of the
synthesized salt and the individual starting materials help to
construe the salt formation.
2.6. Stability Study. The chemical stability of pharma-

ceutical products is of great importance due to its intrinsic
effects on the safety and efficacy of drug molecules. The FDA
and ICH guidelines clearly state the requirements of stability
testing data to understand the quality of the drug substance
changing with time under the influence of various environ-
mental factors. In the present study, to investigate the potential
physical stability concerns, a long-term stability study was
monitored at a temperature of 25 ± 2 °C and the relative
humidity maintained at 60 ± 5% for 12 months. Consequently,
the phase purity of the material was determined by the PXRD
technique by comparing the diffraction patterns of the initial
and final samples (Supporting Information Figure S4). The
results of PXRD measurements demonstrated that the PXRD
patterns of VLF−CA salt did not change, indicating a stable
solid phase for 12 months at 25 °C/60% RH.
2.7. Solubility and Dissolution. One of the main

purposes of this work is to improve the solubility of the
poorly water-soluble VLF by employing salt formation. In the
case of pure VLF, the maximum concentration is 0.39 mg
mL−1, while for VLF−CA, the maximum concentration
reached 6.28 mg mL−1 in distilled water. It can be clearly
seen, by virtue of interactions with the acidic coformer CA,
that the solubility of VLF in the salt form is enhanced
significantly with a 16-fold solubility increase obtained in
VLF−CA as compared to that of the parent drug. Moreover,
the VLF−CA salt possesses a faster dissolution rate than VLF
in distilled water (pH = 7.0) and acetate buffer (pH = 4.5) in
powder dissolution measurements (Figure 8), suggesting a

potential for increasing the absorption and hence, the
bioavailability of VLF.44−46

The dissolution profiles of VLF and VLF−CA in HCl
solution (pH = 1.2) and phosphate buffer (pH = 6.8) were also
evaluated, and there appears to be no distinction between VLF
and VLF−CA with the release of VLF being completed within
20 min (Figure S5).

2.8. Glucose Consumption Assay. To determine the
effects of VLF−CA on the cellular glucose consumption,
human liver cells of HL-7702 were treated with VLF−CA for
12 h, and Metformin (Met) was used as the positive control.
As shown in Table 3, VLF−CA stimulated glucose
consumption at 125, 250, and 500 μM dose-dependently in
HL-7702. Especially, VLF−CA at 250 μM caused a significant
increase in the glucose consumption (p < 0.01 vs DMSO),
with the glucose consumption level and index reaching 3.30 ±
0.67 mM and 1.54, respectively, and its efficacy was
comparable to that of 5 mM metformin, whose glucose
consumption index was 1.59. Moreover, when the concen-
tration of VLF−CA reached 500 μM, the glucose consumption
activity was more potent than that of metformin at 5 mM, and
the glucose consumption level and index reached 3.68 ± 0.52
mM and 1.73, respectively. The results showed that VLF−CA
possesses potent hypoglycemic activity in vitro.

3. CONCLUSIONS

A new ionic salt composed of venlafaxine and caffeic acid in a
1:1 molecular ratio was successfully synthesized for the first
time. The crystal structure confirmed the proton transfer from
the carboxyl group of the coformer CA to the amino group in
VLF. The three-dimensional hydrogen-bonded networks
constructed contact with salt-bond and hydrogen-bond
interactions. Besides, the characterizations by the combined
techniques of PXRD, DSC, TGA, FT-IR, and ssNMR
consistently provide strong identifications of the creation of
the new solid form.

Figure 8. Dissolution studies of VLF and VLF−CA in distilled water and acetate buffer.

Table 3. VLF−CA Hypoglycemic Activity in Vitroa

DMSO VLF−CA 125 μM VLF−CA 250 μM VLF−CA 500 μM Met 5 mM

glucose consumption level (mM) 2.13 ± 0.08 2.28 ± 0.22 3.30 ± 0.67** 3.68 ± 0.52*** 3.38 ± 0.25***
glucose consumption index 1.00 1.07 1.54 1.73 1.59

a*p < 0.05, **p < 0.01, ***p < 0.001 versus DMSO.
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A 16-fold higher solubility, improved dissolution behavior
than the corresponding starting compound VLF, and excellent
long-term stability imply that the VLF−CA salt can be selected
for further development. It is worth noting that the solubility of
the active component can be substantially increased when the
salt formation technology is employed, as demonstrated in the
present study.
The literature shows that there is a high prevalence of

depression and diabetes distress, giving us the inspiration for
developing novel candidates effective for patients with major
depression disorder and diabetes. At the same time, the
glucose consumption assay, inspired by hypoglycemic
symptoms following venlafaxine intoxication, showed that
VLF−CA possesses potent hypoglycemic activity in vitro.
Although further experimental studies regarding the inves-
tigation of the hypoglycemic mechanism of VLF−CA with in
vivo pharmacokinetic data are required, it can be suggested that
the new salt may be developed as a promising candidate for the
next stage of treatment for major depressive disorder patients
with type 2 diabetes.
This work indicated that the introduction of a coformer

could certainly alter some physicochemical and biomedical
properties of an active pharmaceutical ingredient (API), which
could be either the melting point, stability, solubility,
dissolution rate, or pharmacological activity. Notably, a new
indication of controlling the sugar level by VLF−CA salt was
discovered in the study, which deserves an in-depth research.

4. MATERIALS AND METHODS
4.1. Materials and Reagents. Venlafaxine hydrochloride

raw material was purchased from Wuhan Yinhe Chemical Co.,
Ltd. (Hubei, China). Caffeic acid (CA) was purchased from
Chengdu Must Biotechnology Co., Ltd. (Sichuan, China). All
chemicals (reagent quality) were obtained from commercial
sources and used without further purification. Human liver
cells of HL-7702 were purchased from the Institute of
Biochemistry and Cell Biology Sciences, Chinese Academy of
Sciences (Shanghai, China). RPMI 1640 medium, fetal bovine
serum, and trypsin were purchased from Gibco-Invitrogen
(Grand Island, NY, USA). Glucose Assay Kit (based on
glucose oxidase method) was purchased from Beijing Strong
Biotechnologies, Inc. (Beijing, China).
4.2. Preparation of Compounds. VLF was prepared as

per the procedure described in the literature.47 VLF−CA was
obtained by three different methods including crystallization,
liquid-assisted grinding, and slurry methods. The suitable
crystal was collected and used for the single-crystal diffraction
analysis. The details of VLF and VLF−CA preparations are
described in the Supporting Information.
4.3. X-ray Diffraction Analysis. A Rigaku Micromax 002+

diffractometer (USA), with a CCD detector and a graphite
monochromator (CuKa radiation, λ = 1.54187 Å), was used to
record the SXRD data of VLF salt with CA as a coformer. Data
collections were performed at 295 K using a CrysAlisPro
system attached to the diffractometer. The collection,
reduction, and absorption corrections were carried out using
CrystalClear (Rigaku Inc., 2008). All structures were solved by
SHELXS-2016 (Sheldrick, 2016) using a direct method and
refined by SHELXL-2016 (Sheldrick, 2016) using a full-matrix
least-squares technique. Anisotropic displacement parameters
were applied for refinements of non-hydrogen atoms, and
hydrogen atoms were either placed in their calculated positions
or located from the difference in the electron density map,

refined as riding atoms using isotropic displacement parame-
ters. Analyses of SXRD data were carried out using the OLEX2
program, and MERCURY software (Version 2.4) was
employed to prepare molecular diagrams.
A Rigaku D/max-2550 (Japan) instrument was used for the

PXRD data collection of the salt and the raw materials.
Monochromatic CuKa radiation was used as a source with
wavelength λ = 1.54178 Å. The tube voltage and current were
set at 45 kV and 150 mA, respectively. The samples were
scanned over a 2θ range from 3 to 40° with a step size of 0.02°
and a scan speed of 8 °C/min. The instrument was calibrated
using an Al2O3 standard material before the experiments. The
analyses of the patterns were performed using Jade 6.0 software
and the images were generated by the Adobe Illustrator CS5
program.

4.4. Thermal Analysis. DSC analyses were conducted on a
Mettler−Toledo DSC1 instrument. The accurately weighed (4
mg) samples in hermetically sealed aluminum crucibles (40
μL) with a pinhole were heated from 30 to 300 °C at a
constant rate of 10 °C min−1.
The TGA measurement was performed on a Mettler−

Toledo TGA/DSC apparatus. The accurately weighed (10
mg) samples in aluminum oxide crucibles were heated from 30
to 550 °C at a constant ramp of 10 °C min−1 under a stream of
dry nitrogen gas flow at 50 mL min−1. The STARe software
was employed to record and analyze the TGA/DSC data.

4.5. FT-IR Spectroscopy. FT-IR spectra were recorded
using a PerkinElmer Spectrum 400 FT-IR instrument,
equipped with attenuated total reflectance with a diamond
crystal. For all the analyses, background data collection was
performed before sample measurements. All spectra were
acquired in the range of 650−4000 cm−1 with 16 scans at a
resolution of 4 cm−1.

4.6. Solid-State NMR Measurements. A Bruker
AVANCE III-500 spectrometer equipped with a 4 mm double
resonance MAS probe was used to perform the solid-state
NMR measurements. A total sideband suppression frame was
embedded in the standard CP pulse program to remove the
spinning sidebands. An 8 kHz MAS spinning frequency with a
2 ms contact time was used in the 13C ssNMR experiments.
The recycle delay parameters were set at 30 s for CA and 8 s
for VLF and VLF−CA.

4.7. Solubility Determination and Dissolution Anal-
ysis. The comparative solubility study of the VLF and VLF−
CA was conducted using the saturation shake-flask method.
The samples of VLF and VLF−CA were milled in an agate
mortar to homogenize the particle size and thereby avoid
particle size effects. About 100 mg of the samples were added
into a conical flask containing distilled water (10 mL), and
then, the resulting solutions were placed in a ZHWY-103D
thermostatic shaker-incubator (Shanghai Zhicheng Analytical
Instrument Manufacturing Co., Ltd.). The solutions were kept
at 37 ± 0.5 °C and agitated continuously at a rate of 150
strokes min−1 for 48 h, and subsequently, 1 mL of the sample
solutions were withdrawn through 0.22 μm nylon filters.
Subsequently, after appropriate dilution, 5 μL of the solutions
were injected into an Agilent 1260 high-performance liquid
chromatography (HPLC) system to quantify the concentration
of VLF. The chromatography conditions were as follows: a
Linksil-ODS 5 μm (150 mm × 4.6 mm) column; the mobile
phase, acetonitrile, and 0.1 mol L−1 potassium dihydrogen
phosphate water solution (32/68, v/v); flow rate, 1.0 mL
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min−1; column temperature, 35 °C; injection volume, 5 μL;
and detection wavelength, 225 nm.
The dissolution analyses of VLF−CA and VLF were carried

out at a constant temperature of 37 °C using a ZHWY-103D
constant temperature shaking-incubator (Shanghai Zhicheng
Analytical Instrument Manufacturing Co., Ltd.), and the
concentration of VLF was measured by Agilent 1260 HPLC
instrument. Powder equivalents of 5.00 mg of VLF were added
to 75 mL of the dissolution medium of distilled water (pH 7.0)
and acetate buffer solution (pH 4.5). The solution was kept
homogeneous by continuous shaking at 160 strokes min−1. At
regular time-intervals of 3, 6, 10, 15, 30, 45, 60, 90, 120, and
180 min, 5 mL of the dissolution medium was withdrawn and
replaced by an equal volume of fresh medium to maintain a
constant volume. The samples were filtered through 0.22 μm
nylon filters for drug content assay. The filtrates, after
appropriate dilution, were determined using the HPLC
method.
The HPLC method development and validation parameters

are provided in the Supporting Information.
4.8. HL-7702 Culture and Characterization. The HL-

7702 cells were cultured in 96-well plates and treated with
either DMSO or VLF−CA (125, 250, and 500 μM) or 5 mM
of metformin at 37 °C and 5% CO2 for 12 h. After the
treatment for the indicated duration, the supernatant was taken
for glucose detection. The glucose consumption index was
used to evaluate drug hypoglycemic activity in vitro.
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