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ABSTRACT: Rutin is a natural compound that is widely
distributed in various plants. Increasing lines of evidence have
proved that rutin has a beneficial effect on cardiovascular health,
oxidative stress, and blood glucose control. However, the
application of rutin is limited due to its poor solubility and low
oral bioavailability. To improve the bioavailability of rutin, two
cocrystals of rutin with L-proline and D-proline were prepared
successfully, and multiple characterization methods were utilized to
study the physicochemical properties of rutin and its cocrystals.
The powder dissolution in vitro and the pharmacokinetic behavior
in vivo were also evaluated. The results indicated that Rut-L-Pro exhibited a significantly improved solubility, and the oral
bioavailability also had great improvement; the AUC,_,, of Rut-L-Pro was 5.6-fold that of rutin, and C_,, was 3.8 times. As a result
of the improvement of rutin bioavailability, Rut-L-Pro performed better blood glucose control and cardioprotective activities.
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B INTRODUCTION

Rutin (vitamin P, Scheme 1) is a natural bioflavonoid that
exists in a wide variety of plants such as buckwheat, grapes,

and improving the antioxidant status.'” Xianchu et al. proved
that pretreatment with rutin alleviated the myocardial injury
induced by lipopolysaccharide and decreased the levels of
creatine kinase (CK) and lactic dehydrogenase (LDH) in
serum. The research also proposed that treatment with rutin
attenuated the expression of matrix metalloproterinase-2 and
matrix metalloproterinase-9.'® Another research study reported
the protective effect of rutin for diabetic cardiomyopathy
(DCM). It was found that administration with rutin can
significantly improve myocardial hypertrophy caused by
diabetes, decrease the levels of cardiomyopathy biomarkers,
and improve the antioxidant status.'” Moreover, a great
number of research studies proposed that rutin has a beneficial
effect on blood glucose control, and the mechanisms of the
antihyperglycemic effect of rutin include inhibiting a-
glucosidases and a-amylase, stimulating insulin secretion, and
promoting tissue glucose uptake.””~>* Jadhav et al. evaluated

Scheme 1. Chemical Structure of Rutin

onions, Sophora japonica, etc. Buckwheat is one of the most

important sources of rutin.' Due to the chemical structure with
polyphenolic hydroxyl, rutin has a variety of physiological
activities such as antioxidant,”™* anti-inflammatory,”™” anti-
virus,7 anticancer,8’9 neuroprotective,m_12 cardioprotective,13
and antidiabetic.'*"®

The antioxidant activity of rutin was evaluated by different
assays, and the results indicated that rutin exhibited significant
1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging
activity with 90.4% inhibition.'® Cardiovascular disease has
been a great challenge for human health care, which results in
irreversible myocardial injury, and rutin has been proven to
exhibit great cardioprotective effects by regulating cardiomyo-
cyte autophagy and apoptosis, decreasing the degree of
mitochondrial damage, reducing the hypertrophic signaling,
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the antidiabetic activity of boswellic acid, ellagic acid,
quercetin, and rutin. It could be found that rutin performed
the most significant effect on decreasing the glucose tolerance
at the same dose, where boswellic acid, ellagic acid, quercetin,
and rutin declined 545, 6.13, 3.41, and 9.53%, respectively,
compared with the control group at a dosage of 100 mg/kg.”
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Niture et al. studied the antidiabetic activity of rutin at
different doses, and the results indicated that oral admin-
istration of rutin reduced the level of fast blood glucose (FBG)
and decreased the formation of advanced glycation end-
product precursors, TNF-ar and IL-6. The study also proposed
that rutin performed a dose-related blood glucose control
effect. Moreover, rutin increased the expression of endogenous
antioxidant enzymes (glutathione, superoxide dismutase, and
catalase) and improved oxidative stress subsequently.”* In
conclusion, rutin is a natural compound with low toxicity, has
been proven to process multiple bioactivities including
antidiabetic, neuroprotection, heart protection, and liver
protection, and can be used as a beneficial human supplement
for improving cardiovascular health, oxidative stress, and blood
glucose control.

However, the low solubility in water (about 125 pug/mL)
and low oral bioavailability (4.9% in Sprague—Dawley rats) of
rutin limited its application.”>*® Various systems including
nanocrystals,27 solid dispersion,28 self—double-emulsifyin§
delivery system (SDEDS),”® and solid lipid nanoparticles”
have been used for improving rutin solubility. Mauludin et al.
prepared rutin nanocrystals by lyophilization. Nanocrystal-
loaded tablets dissolved completely within 30 min, while
market tablets dissolved about 60% of rutin.’”*" The solid
dispersions of rutin were obtained by solvent evaporation at a
weight ratio of 1:1. Rutin-PVP K30 SD exhibited a higher
equilibrium solubility compared with pure rutin.”* Paczkowska
et al. obtained a rutin-$-cyclodextrin complex by cogrinding,
and the solubility of rutin and the rutin-$-cyclodextrin complex
was studied. The rutin-f-cyclodextrin complex showed higher
solubility in different buffers.”> Wang et al. developed a
nonaqueous self-double-emulsifying delivery system (SDEDS)
containing rutin, which significantly improved the dissolution
rate. The oral bioavailability increased from 4.9 to 8.62%, 1.76
times that of the raw material.”* However, there are few reports
about utilizing cocrystallization techniques to improve the
solubility of rutin. Only a few studies reported the solvates of
rutin, and the crystal structure of rutin peneamethanol was
solved successfully. The crystals were orthorhombic, and the
space group was C222,.** Generally, two or more different
molecules combined in the same lattice at a certain
stoichiometric ratio by noncovalent interactions are regarded
as cocrystals.”> The reasons are as follows: (1) There is no
change in the structure so that there is no influence on drug
activity, (2) both non-ionized and weakly ionized molecules
can form cocrystals theoretically, and (3) quantity coformers
with high safety can be utilized for cocrystallization,36 and
cocrystallization has been a common skill to improve the
physicochemical properties of various compounds.

Therefore, we aimed to obtain a new solid form of rutin with
higher water solubility and better physicochemical properties
by cocrystallization. We prepared the cocrystals of rutin with -
proline and p-proline successfully. Rut-L-Pro exhibited the best
physicochemical properties and significantly improved sol-
ubility compared with parent rutin. The bioavailability of Rut-
L-Pro increased sharply, which was consistent with the
improvement of solubility. The improvement of bioavailability
also resulted in better bioactivities.

B MATERIALS AND METHODS

Materials. Rutin trihydrate (purity >96%) was purchased from
Beijing Innochem Technology Co., Ltd. Coformers were obtained
from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,

China. All of the solvents used in the study were analytic grade and
were obtained from Sinopham Chemical Reagent Co., Ltd., Shanghai,
China. Moreover, f-glucuronidase and sulfatase were obtained from
Sigma-Aldrich (Shanghai) Co., Ltd. The superoxide dismutase (SOD)
diagnostic biochemical assay kit was purchased from Nanjing
Jiancheng Biotechnology Institute, Nanjing, China. The creatine
kinase (CK), creatine kinase-MB (CK-MB), and lactate dehydrogen-
ase (LDH) diagnostic biochemical assay kits were purchased from
Beijing Huayu Yikang Biotechnology Co., Ltd. pH 2.0, 4.5, and 6.8
buffers can be prepared as follows.

The pH 2.0 buffer used 0.2 mol/L hydrochloric acid and 0.2 mol/L
phosphate to adjust the pH value. The pH 4.5 buffer was composed of
citric acid monohydrate and phosphate, while the pH 6.8 buffer
utilized sodium dihydrogen phosphate and dibasic sodium phosphate.
Streptozotocin was dissolved in the buffer consisting of citric acid and
sodium citrate. All reagents were used without further purification in
this research.

Preparation of Rutin Cocrystals. The preparation method of
cocrystals mainly included the solid-state method and solution-based
method. The solid-state method referred to neat grinding and liquid-
assisted grinding, while the solution-based method contained slurry
conversion, solution crystallization, and solvent evaporation.’” More
than 40 coformers were screened, and 2 cocrystals were obtained
finally, ie., Rut-L-Pro and Rut-pD-Pro. Both cocrystals of rutin were
prepared by slurring.

About 3 g (S mmol) of rutin and a stoichiometric amount of -
proline were added to 100 mL of ethanol and then stirred at 800 rpm
overnight. All operations were performed at room temperature. The
cocrystal (rutin/L-proline/3H,0, 1:1:3) was synthesized after drying
at room temperature, and powder X-ray diffraction (PXRD)
confirmed whether there was a new solid form generated.

Rut-p-Pro (rutin/p-proline, 1:2) was prepared by utilizing the same
method and was further characterized by PXRD, differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), and infrared
(IR). The ratio of rutin and p-proline in Rut-D-Pro was determined to
be 1:2 using 'H NMR (600 MHz, CD,0D), which is illustrated in
Figure S1. The signals at 2.09 (dq, 2H) ppm and 2.32—2.23 (m, 2H)
ppm belonged to the two hydrogen atoms in the tetrahydropyrrole
ring of p-proline. The signal at 1.09 (d, 3H) ppm corresponded to the
hydrogen atoms of the methyl group in rutin, and the ratio of rutin
and D-proline was confirmed to be 1:2.

Preparation of Single Crystals. We obtained single crystals of
Rut-L-Pro by slow evaporation. About 60 mg of Rut-L-Pro was added
to 1 mL of the solvent consisting of 50% methanol and 50% ethyl
acetate. The sample was filtered, and the supernatant was collected.
The solution was placed at room temperature for slow evaporation,
and the single crystals were gradually generated after 3—4 days.

Powder X-ray Diffraction (PXRD). A Bruker D8 Advance X-ray
diffractometer was used to obtain all of the PXRD patterns. The
voltage was set to 40 kV, while the current was set to 40 mA. It
scanned 26 values from 3 to 40° at a speed of 0.1 s/step; all
operations were performed at the ambient temperature. The RINT
Rapid imaged and integrated the resulting data, and the final peaks
were analyzed by Jade 6.0 from Rigaku.

Differential Scanning Calorimetry (DSC). All of the DSC
experiments were conducted on a DSC TA Q2000 instrument, and
the nitrogen gas flow rate was 50 mL/min. A sealed aluminum pan
with 1—5 mg of the sample was heated at a rate of 10 °C/min.

Thermogravimetric Analysis (TGA). A TGA S5 instrument (TA
Instruments, New Castle, DE) was utilized to perform all of the
thermogravimetric analysis; the nitrogen gas flow rate was 60 mL/
min. A non-hermetic aluminum pan with 5—10 mg of the sample was
heated at a rate of 10 °C/min from 25 to 410 °C.

Fourier Transformation Infrared (FT-IR) Spectroscopy. The
FT-IR experiments were carried out on a ThermoFisher Nicolet iS50
FT-IR spectrometer, and the samples were scanned in the range of
4000—400 cm™. The resolution was 4 cm™.

Dynamic Vapor Absorption (DVS). The water sorption and
desorption process of the cocrystals was detected by an Intrinsic DVS
(Surface Measurement Systems, Ltd.). The powder sample was
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loaded onto the balance. Hygroscopicity behaviors were measured by
the relative humidity ranging from 0 to 95% and then decreasing to
0% at 25 °C. The humidity step would not proceed unless the mass
change was less than 0.02% within 60 min.

Single-Crystal X-ray Diffraction (SCXRD). An APEXII CCD
diffractometer (Bruker) with Mo Ka (1 = 0.71073 A) was utilized to
conduct the X-ray diffraction collection of Rut-L-Pro under 170 K.
The crystal was selected carefully and loaded on the loops, and the
program SAINT was used to integrate and scale the intensity data. To
remove the influence of the absorption effect, the refinement was
performed by SADABS. The crystal structure was analyzed directly by
the direct methods on SHELXTL and refined by full-matrix least-
squares on SHELXT-2017 software. The CCDC number of Rut-L-Pro
was 2323197.

Powder Dissolution Tests. In order to remove the influence of
particle size on solubility and powder dissolution, we sifted all of the
samples through 100-mesh sieves. The powder dissolution experi-
ments were conducted in the pH 2.0, 4.5, and 6.8 buffers with 1%
Tween 80. The research studies were carried out on a mini-bath
dissolution instrument with a Julabo-5 heater/circulator. About 50 mg
of samples (rutin and Rut-L-Pro) were put into 15 mL of buffer (at
nonsink condition), the suspension was stirred at SO rpm, and the
temperature was set as 37 °C. After 2, 5, 10, 15, 30, 45, 60, 90, and
120 min, about 0.5 mL of the suspension was collected and then
centrifuged for 3 min. The supernatant was diluted with 0.4 mL of
methanol to 0.8 mL, and the concentration was analyzed by high-
performance liquid chromatography (HPLC). The remaining powder
was collected and used for PXRD analysis.

An Agilent 1260 series HPLC (Agilent Technologies Co., Ltd.,
Santa Clara, CA) with a quaternary pump (G1311C) and a diode-
array detector (G1315D) was used to analyze the concentration of
rutin. A 4.6 X 150 mm? 5 pum Agilent ZORBAX Eclipse Plus C18
column was chosen for analysis. The injection volume was set as 10
uL. The wavelength at 256 nm and the column temperature at 30 °C
were needed. A gradient elution method was applied, while the mobile
phase included water with 0.1% trifluoroacetic acid (A) and methanol
(B). The specific method is shown in Table S1.

In Vivo Pharmacokinetic Experiments in Rats. Fourteen
Sprague—Dawley rats (200—250 g) were adaptively fed for 1 week
and were divided into two groups randomly. The rats were fasted for
12 h and were free for water before administration. Rutin and its
cocrystal were passed through 150-mesh sieves to remove the
influence of the particle size. The samples were suspended in water
with 0.5% CMC-Na. Rutin and its cocrystal were administered orally
at a dosage of 105 mg/kg (based on the amount of rutin). The blood
sample was taken from the orbital sinus at 0.33, 0.67, 1, 1.5, 2, 4, 6, 8,
and 10 h after administration. All of the blood samples were put into
tubes with a heparin sodium solution. The blood samples were
centrifuged, and the supernatant was collected to obtain the plasma
sample. It is stored at —80 °C. After blood collection, the rats used in
the experiment were euthanized with carbon dioxide.

The accurate concentration of rutin was analyzed by liquid
chromatography—mass spectrometry (LC—MS). First, 20 uL of the
mixture of f-glucuronidase (500 units/mL in pH 6.8 buffer) and
sulfatase (100 units/mL in pH 6.8 buffer) was added to 100 uL of
thawing plasma sample and incubated at 37 °C for 1 h. Rutin in
plasma was extracted by methanol, 600 uL of methanal was added
into the plasma sample, and the mixture was mixed through a vortex
mixer for 30 min. The mixture was centrifuged at 14,000 rpm for S
min, and the supernatant was used for quantification.

A SCIEX Triple QuadTM 4500 LC—MS instrument was used to
analyze the concentration of rutin in plasma. We employed multiple
reaction monitoring modes (MRM), and the m/z was 609.2 — 300.
The column temperature was set to 30 °C. A gradient elution method
was applied, and the mobile phase consisted of water with 1 mmol/L
ammonium formate (A) and methanol with 1 mmol/L ammonium
formate (B). The specific method is shown in Table S2.

All of the pharmacokinetic experiments followed the Guide for
Care and Use of Laboratory Animals, and the Animal Care and Use

Committee of the Shanghai Institute of Material Medica provided
support.

Evaluation of the Blood Glucose Control Effect. Streptozo-
tocin-induced diabetic models: Before the experiment, 150 Sprague—
Dawley rats (200—250 g) were adaptively fed for 1 week. Eight rats
were chosen as normal control and were treated with equivalent
citrate buffer. The other intraperitoneal injected streptozotocin (STZ)
was freshly dissolved in citrate buffer at a dosage of 60 mg/kg. The
FBG was measured on days 2 and 7 after injection. Rats with blood
glucose concentrations of more than 11.1 mmol/L but less than 30
mmol/L were used for the study.

Experimental protocol: During this study, 64 rats were selected; 56
were STZ-induced diabetic rats, and 8 were normal. The rats were
allotted into eight groups, which were the normal control groups,
diabetic control group, rutin, and Rut-L-Pro with low, moderate, and
high doses. The low, moderate, and high doses were 50, 100, and 300
mg/kg, respectively (based on the amount of rutin). The diabetic
control group was treated with an equivalent vehicle, and the normal
control group received 100 mg/kg Rut-L-Pro (in terms of rutin). All of
the rats were administered orally by intragastric administration, with
the sample suspended in soybean oil for 40 days.

FBG and glucose tolerance test: After 40 days of administration,
rats were fasted for 4 h and were free for water. Then, the FBG levels
were measured 3—S5 times. After detection of FBG, the rats were
treated with rutin and Rut-L-Pro as mentioned above, and then the
rats were orally administered with 2 g/kg glucose solution. The blood
glucose levels were detected after 0.5 and 2 h. The area under the
blood glucose response curve was calculated.

All of the experiments followed the Guide for Care and Use of
Laboratory Animals, and the Animal Care and Use Committee of the
Shanghai Institute of Material Medica provided support.

Evaluation of Cardioprotective Property. Experimental
protocol: 32 Sprague—Dawley rats (200—250 g) were adaptively fed
for 1 week and were divided into 4 groups randomly. The rats except
the normal control group were injected subcutaneously with 3 mg/kg
isoprenaline freshly dissolved in saline at day 0, followed by 1 mg/kg
for 14 days. The normal control group received an equivalent vehicle.
The Rut group was treated with 100 mg/kg rutin at the beginning of
the injection, and the Rut-L-Pro group received Rut-L-Pro at a dosage
of 127.70 mg/kg (equivalent to 100 mg/kg rutin) at the same time.

Measurement of the cardiac weight index (CWI): After blood
collection, the hearts were excised rapidly and flushed with saline. The
hearts were weighed subsequently. The CWI was calculated as the
heart mass divided by body weight.

Measurement of the myocardial enzyme and antioxidant enzyme
levels in serum: The blood was collected from the abdominal aorta.
The serum samples were collected and stored at —80 °C. The levels of
SOD, CK, CK-MB, and LDH were determined according to the
instructions for the biochemical assay kit.

Cardiac histology examination: After 14 days of administration, the
hearts were excised and fixed in a 4% polyformaldehyde solution,
embedded in paraffin, and sectioned for Masson staining.

All of the experiments followed the Guide for Care and Use of
Laboratory Animals, and the Animal Care and Use Committee of the
Shanghai Institute of Material Medica provided support.

B RESULTS AND DISCUSSION

Cocrystal Screen and Characterization. The phenolic
hydroxyl groups of rutin can be regarded as hydrogen bond
donors and acceptors and seemly form hydrogen bonds with
the compounds with carboxyl groups, amide groups, and
pyridine. Accordingly, we chose more than 40 compounds
containing these groups as coformers, and two cocrystals of
rutin with L-proline and p-proline were finally obtained.

The disappearance of the diffraction peaks belonging to the
API and coformers and the appearance of new diffraction
peaks implied the generation of a new solid form. The PXRD
pattern of cocrystals compared with rutin is shown in Figure 1.
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Figure 2. DSC profiles of (a) Rut-L-Pro and (b) Rut-p-Pro. TGA profiles of (c) Rut-L-Pro and (d) Rut-p-Pro.

As shown in Figure 1, there were new diffraction peaks at 26 =
43, 5.8, 6.1, 82, 8.7, 11.1, 11.8, 12.7, 16.5, 17.5, 18.6, 19.9,

22.1, 24.4, 24.9, and 26.6°, while the characteristic peaks of
rutin disappeared when formed a cocrystal with L-proline. Rut-
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D-Pro has new diffraction peaks at 26 = 4.5, 10.7, 11.3, 13.1,
13.5, 14.9, 16.8, 17.9, 20.4,25.0, and 28.3°.

The thermal analysis such as DSC can help confirm if there
were new solid forms and whether the products had sufficient
phase purity. TGA can determine if there were solvents
remaining on the surface or in the lattice. The results are
displayed in Figure 2. Taking Rut-L-Pro as an example, an
obvious weight loss of about 6% in the range of 40—150 °C
can be seen, which indicated that there was residual water
(calculated at 6.9% for 3H,0). The analysis of the single-
crystal structure proved that there were three water molecules
in the lattice. Moreover, the DSC pattern of Rut-p-Pro had two
endothermic peaks, which corresponded to the melt and
decomposition of Rut-p-Pro, respectively. There was no
obvious weight change, and the moisture content of Rut-p-
Pro also proved that this form was not a hydrate. The DSC

pattern of Rut-p-Pro implied that the production was a new
solid form and had sufficient phase purity.

The formation of hydrogen bonds between API and
coformers leads to the FT-IR spectrum of API getting
changed. The stretching vibration band of O—H in rutin was
at 3416 and 3314 cm™'. When the API cocrystallized with the
coformers, the band had a significant shift. For instance, when
forming a cocrystal with L-proline, the O—H stretching
vibration bands at 3416 and 3314 cm™"' shifted to 3305 and
3196 cm™’, respectively, because the intermolecular hydrogen
bond became a broad brand. A sharp brand at 3557 cm™!
appeared, which may correspond to the free hydroxyl group.
Besides, the band of O—H stretching vibration changed
obviously in Rut-D-Pro compared with rutin. The band shifted
to 3354 cm™' and changed to a broad brand. The FT-IR
spectra can be seen in Figure 3.
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Figure S. Crystal structure of Rut-L-Pro: (a) asymmetric unit, (b) a 2D layer parallel to the ac plane, and (c) the interaction between the two planes

and the H,O molecules extend longitudinally along the b-axis.

The moisture sorption and desorption curves of rutin
cocrystals are shown in Figure 4. A slight mass change can be
observed in the sorption process of Rut-L-Pro, while a
significant mass change occurred for Rut-p-Pro, and the mass
changes were about 0.7 and 70%, respectively. The PXRD
pattern of the samples after DVS detection (Figure S2)
indicated that no phase transformation occurred during the
detection of Rut-L-Pro. The PXRD patterns of the samples at
RH 0% and RH 95% were also detected. As shown in Figure
S2a, Rut-L-Pro remains stable under the conditions with low
and high humidity. The cocrystal of rutin with D-proline
converted to the raw material, which proved that Rut-p-Pro
had poor stability and Rut-L-Pro was stable.

Single-Crystal Structure. The single crystal of Rut-L-Pro
was obtained by slow evaporation in a mixed solvent composed
of 50% methanol and 50% ethyl acetate. It belonged to the
monoclinic P21 space group. Each asymmetric contained one
rutin molecule, one L-proline molecule, and three H,O
molecules. The crystallographic data are displayed in Table
S$3, and hydrogen bond parameters are listed in Table S4. The
API and the coformer were connected with each other via
N1-H1B--01S (dp..s) = 2.851 A, 121.1°) and O16—H16--
017 (dp..a) = 2.715 A, 153.8°), resulting in an R2 2(10)
graph net, and the structure is shown in Figure 5a. The
asymmetric units were connected with each other through
020-H20B--014 (d(p..n) = 2.655 A, 166.7°), 020—H20A--
019 (dp.a) = 2.604 A, 175.6°), and O19—HI9A--O11
(dp..ay = 2652 A, 159.7°) and extended into a one-
dimensional (1D) chain along the a-axis. The intermolecular
interaction is shown in Figure Sb. The 1D chain extended into
a two-dimensional (2D) plane through the hydrogen bond
between the phenolic hydroxyl on the benzene and the

phenolic hydroxyl on the benzopyran of another API molecule
(O5—HS--04 (d(p..a) = 2.748 A, 171.8°)) and the hydrogen
bond between the hydroxyl on the glucose (O10—H10--O10
(d(p..a) = 2.945 A, 159.1°)), which is shown in Figure Sb. The
2D layer expanded into a three-dimensional (3D) structure via
the combination of the esoporous O15—H15---:016 (d(D...A) =
2.887 A, 127.5°) and the esoporous O14—H14---016 (d(p. )
= 2.785 A, 155.5°). The coformer hung on the outside and
extended along the b-axis through N1-H1B--017 (d(p..») =
3.062 A, 128.0°), as shown in Figure Sc. The H,0O molecules
were connected with the coformer through N1-HI1A--O21
(dp..a) = 2.814 A, 148.3°) and connected with other H,0
molecules via the interactions of 020—H20A---019 (d(p..») =
2.604 A, 175.6°) and 021-H21B--019 (d(p..5) = 2.805 A,
146.3°).

Solubility and Dissolution Research. Regarding the
poor stability of Rut-D-Pro, we tested the solubility and
dissolution behavior of rutin and Rut-L-Pro in pH 2.0, 4.5, and
6.8 buffers.

First, the powder dissolution experiments were carried out.
The results of powder dissolution experiments are illustrated in
Figure 6. The dissolution profiles suggested that the
dissolution rate of Rut-L-Pro was significantly superior to
that of rutin. In different buffers, with the collapse of the
cocrystal structure, the cocrystal dissolved rapidly and reached
a high supersaturation level (about 2 mg/mL), which was 20-
fold that of rutin (less than 100 ug/mL). With the
recrystallization of API, the supersaturation level cannot be
maintained. Within 1 h, the cocrystal exhibited 3-fold
dissolution advantages, while the solubility of the cocrystal
was approximately 300 pg/mL and that of rutin was
approximately 100 pg/mL. After 2 h, there was only 2-fold

https://doi.org/10.1021/acs.cgd.4c00430
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00430/suppl_file/cg4c00430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00430/suppl_file/cg4c00430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00430/suppl_file/cg4c00430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00430/suppl_file/cg4c00430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00430/suppl_file/cg4c00430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00430/suppl_file/cg4c00430_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00430?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00430?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00430?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00430?fig=fig5&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

4000 —=— Rut
—v— Rut-L-Pro

3000

2000 Y

Concentration (ug/mL)
/
{

1000

0/--' u L) L]

—_—
A — 4

T T T T T
0 20 40 60 80 100 120
Time (min)

(a)

3000
1T
2500 i\_}
2000 w

1000

Concentration (ng/mL)
2
(=]
1

500

3000 9
—=— Rut
v —v— Rut-L-Pro
2500 -‘F \v
\!

=200 -
£
&b
3
8 1500 1
g
&
=]
Q
21000
o
@]

500 \

'\'\v
nn-t -
0 T T T T T T
0 20 40 60 . 80 100 120
Time (min)
—m— Rut
—v— Rut-L-Pro

0 T T

0 20 40

T T T
60 80 100 120

Time (min)

(c)

Figure 6. Powder dissolution of rutin and Rut-L-Pro in (a) pH 2.0, (b) pH 4.5, and (c) pH 6.8.

supersaturation; the cocrystal was about 200 ug/mL and the
rutin was about 100 pg/mL. The precipitate was collected and
characterized by PXRD. The PXRD pattern indicated that the
cocrystal precipitated in the form of rutin, and the PXRD
pattern can be seen in Figure S3.

Accordingly, the cocrystal of rutin with L-proline enhanced
the solubility and dissolution rate of rutin sharply and can
maintain certain dissolution advantages for a period of time.
According to the correlation between the improved dissolution
rate in vitro and the pharmacokinetic behavior in vivo, the
pharmacokinetic properties of the cocrystal can be further
evaluated.

Pharmacokinetic Research. Rut-L-Pro was chosen to
conduct the pharmacokinetic research according to the results
of dissolution and stability studies. The rats were treated with
105 mg/kg rutin. The profile of rutin blood concentration
versus time is demonstrated in Figure 7, and the PK
parameters are illustrated in Table 1. As shown in Figure 7,
it was obvious that the oral bioavailability of rutin was notably
improved by cocrystallization. According to the profile, the
Cinax Of Rut-L-Pro was 3.8-fold that of rutin, and AUC,_,;, was
S.6-fold. As mentioned above, the cocrystal exhibited much
higher bioavailability, with better application prospects.
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Figure 7. Rutin concentration in plasma versus time curves of rutin
and Rut-L-Pro.

Pharmacodynamic Evaluation. Blood Glucose Control
Effect. Diabetes is a severe metabolic disorder disease with an
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Table 1. Pharmacokinetic Parameters of Rutin and Rut-L-
Pro”

Rut Rut-L-Pro
Cinax (ng/mL) 39.48 + 4.40 152.34 + 33.62*
T, (h) 0.33 0.81 + 0.54

AUC (ng'min/mL) 8116.58 + 1474.77 45573.58 + 3303.91*

“Values with “*” differ significantly from the group treated with rutin
(P < 0.05).

increased risk of pathological change in various organs.’®
Increasingly evidence proved that rutin has a beneficial effect
on blood glucose control and diabetic complications.”
Therefore, the fast blood glucose control effects of rutin and
its cocrystals were evaluated.

The FBG is a commonly used index for diabetes mellitus
and reflects the secretion of insulin by the pancreatic islets.
The antihyperglycemic effect of rutin and its cocrystal at
different doses is illustrated in Table SS and Figure 8. As
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Figure 8. Effect of Ru and its cocrystal on FBG.

shown in Table SS and Figure 8, a significant increase in FBG
(35.9%) was observed in the diabetic control group, and the
FBG of rats treated with rutin and its cocrystals remained
stable. The results showed that the cocrystal has a more
obvious effect on blood glucose control. Rats received 64 mg/
kg Rut-L-Pro (equivalent to SO mg/kg rutin) and showed a
great blood glucose control effect (only increased by 0.9%),
while rutin at the same dose rose 7.3%, indicating that the rutin
cocrystal had a better effect on reducing FBG. The result was
consistent with the increased bioavailability of Rut-L-Pro.
Besides, the samples exhibited a better blood glucose control
effect with the increase of dosage for both rutin and Rut-L-Pro.
The rats treated with 300 mg/kg rutin and Rut-L-Pro exhibited
the most significant blood glucose control effect, decreased by
4.9 and 6.0%, respectively.

As shown in Table S6 and Figure 9, administration with
rutin and its cocrystal before glucose loading can inhibit the
sharp rise of the blood glucose level and manifest as a
reduction of glucose tolerance. The results showed that rats
that received rutin and Rut-L-Pro could decrease the
GAUC,_,, obviously, and the effect of cocrystal was much
better than rutin at the same dose. Even Rut-L-Pro with a low
dose showed a much better inhibitory effect on postprandial
blood glucose elevation than rutin with a high dose, with
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Figure 9. Effect of rutin and its cocrystal on glucose tolerance (values
not sharing a common superscript (a, b, c) differ significantly from
each other (P < 0.05)).

GAUC,_,, values of 54.9 and 63.6 mmol-h/L, respectively.
There is a significant difference (p < 0.05) between the
cocrystal group and the equivalent dose of the rutin group.

Cardioprotective Property. Myocardial fibrosis is an
important pathological change caused by persistent hyper-
tension, ischemic injury, and myocardial diseases, is manifested
as dysregulated collagen conversion, and results in diffuse
collagen deposition in the interstitial and perivascular. The
disorder of cytokines, growth factors, and reactive oxygen
species are responsible for the change in the collagen matrix.*’
A great number of studies proved that treatment with rutin can
inhibit myocardial morphological changes for various rea-
sons.'” Therefore, the cardioprotective properties of rutin and
its cocrystals were evaluated.

To evaluate the protective effect of rutin and its cocrystal on
myocardial injury, Masson-stained sections were utilized to
evaluate the distribution of collagen fibers in rats’ myocardial
tissue, and the results are illustrated in Figure 10. According to
the histopathological observation, compared with normal rats,
the rats treated with ISO exhibited more fiber deposition in the
myocardial interstitial. The rats treated with rutin alleviated the
fiber deposition, and those administered with Rut-L-Pro
exhibited a more obvious effect on decreasing fiber deposition.

ISO induction can lead to myocardial hypertrophy. As
shown in Figure S4, CWI increased sharply for ISO-induced
rats (5.74 mg/g) compared to the normal rats (3.54 mg/g).
Treatment with rutin alleviated the symptoms (declined to
5.46 mg/g) but the effect was not significant, while the Rut-L-
Pro group decreased sharply compared with the ISO group
(declined to 5.09 mg/g). The myocardial enzymes were widely
used for the diagnosis of heart disease clinically. In this
experiment, ISO-induced myocardial injury results in a
significant increase of CK, CK-MB, and LDH levels (p <
0.05), as shown in Figure 11. Rats treated with rutin decreased
the levels of CK and CK-MB but had no effect on LDH, while
treatment with Rut-L-Pro significantly inhibited the elevation
of CK, CK-MB, and LDH. As mentioned above, Rut-L-Pro
exhibited a more obvious protective effect on myocardial injury
compared with the raw material of rutin.

A great number of studies have proved that rutin can play a
myocardial protective effect by improving the antioxidant
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Figure 10. Effect of rutin and its cocrystal on fiber deposition in rats’ myocardial tissue: (a) normal control, (b) ISO-induced myocardial fibrosis,
(c) treated with rutin, and (d) treated with Rut-L-Pro.

500
700 - a
a a
400- 1 600
5 500- b
a b S
E 300 - 8 100
) ¥ b
b Q
300 -
200 -
200 -
100 . 100 '
I1SO Rut Rut-L-Pro NC 1SO Rut Rut-L-Pro
(a) (b)
12001 a 100-
a
1000 a
ab 350 b
800+ -
S E
= =)
= i b =
600 i
3 g 300
177]
C
400 1 ¢
250 -
200 -
0- ; 200 - '
ISO Rut Rut-L-Pro NC ISO Rut-L-Pro

(c) (d)

Figure 11. Effect of rutin and its cocrystal on ISO-induced myocardial fibrosis: (a) CK, (b) CK-MB, (c) LDH, and (d) SOD in serum (values not
sharing a common superscript (a, b, c) differ significantly from each other (P < 0.05)).
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status. Therefore, we evaluated the antioxidant enzyme (SOD)
in the serum. As shown in Figure 11, the results indicated that
ISO induction led to a significant decline in the activity of
SOD compared with the normal rats, which were 242.23 and
360.90 U/mL, respectively, and treatment with rutin and Rut-
L-Pro can both prevent the alterations in antioxidant enzymes.
Rut-L-Pro exhibited a more obvious effect, which was 342.49
U/mL and was similar to the normal rats. The results of the
biochemical marker test are illustrated in Figure 11 and Table
S7.

B CONCLUSIONS

In this study, two cocrystals of rutin with L-proline and p-
proline were successfully prepared. The cocrystals were
characterized carefully by PXRD, DSC, TGA, IR, and DVS,
and the crystal structure of Rut-L-Pro was analyzed by SCXRD.
The results indicated that Rut-L-Pro presented improved
physicochemical properties. The solubility and dissolution rate
of rutin and Rut-L-Pro were further analyzed in different
buffers. It proved that Rut-L-Pro had a significantly improved
dissolution performance in vitro, which was about 20-fold that
of parent rutin in pH 2.0, 4.5, and 6.8 buffers. The result of the
pharmacokinetic experiment in vivo was consistent with the
improvement of solubility in water. AUC,_,,, was S5.6-fold,
while C_, was 3.8-fold that of rutin. The results of the
evaluation of pharmacodynamic efficacy proved that Rut-L-Pro
showed a more obvious blood glucose control effect and
cardioprotective activity, which may be attributed to the
improvement of absorption of rutin. In conclusion, Rut-L-Pro
can be a better solid form with potential application value.
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