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Abstract: Acemetacin (ACM) is a new non-steroidal anti-inflammatory drug with anti-inflammatory, analgesic,
and antipyretic effects. However, the poor water solubility and gastrointestinal side effects limit its use.
Recently, the co-amorphous (CAM) strategy has attracted great interest to improve solubility for poorly water-
soluble drugs, and basic amino acids have the potential to protect the gastrointestinal tract. In order to develop
highly efficient and low toxic ACM formulation, we propose to prepare ACM CAM, with basic amino acids
(lysine, arginine and histidine) as co-formers, using a cryo-milling method. The solid-state behaviors of the
ACM CAMs were characterized by polarizing light microscopy, differential scanning calorimetry and powder
X-ray diffraction. Fourier transform infrared spectroscopy and molecular docking were carried out to
understand the formation mechanism. Moreover, the gastro-protective effects of ACM CAMs were evaluated
in a rat gastric ulcer model. The results demonstrated CAMs improved the dissolution rates of ACM compared
with the neat amorphous counterpart. Furthermore, ACM CAMs are significantly effective in mitigating the
ACM-induced gastric ulcer in rats, and the ulcer inhibition rates were almost 90%. More importantly, this study
provided a useful method for mitigating drug-induced gastrointestinal damage and broadened the
applications of drug-amino acid CAMs.
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1. Introduction

Acemetacin (ACM) is a new non-steroidal anti-inflammatory drug (NSAID) with anti-
inflammatory, analgesic, and antipyretic effects. It is a biopharmaceutics classification system class II
drug, and its poor water solubility hinders oral bioavailability [1]. However, ACM may cause
gastrointestinal damage [2] despite of the increased gastrointestinal tolerance [3], because it is a
prodrug of indomethacin [4]. Therefore, how to improve the solubility and eliminate the negative
effects of ACM has become a key issue for clinical application.

Co-amorphous (CAM) is a promising approach to improve the solubility and bioavailability of
poorly water-soluble drugs. CAM is a homogeneous amorphous single-phase system composed of
two or more low molecular weight components [5]. Co-formers (citric acid, lactose, mannitol, amino
acids, alginate, etc.) were usually used to stabilize the CAM by the formation of hydrogen bonds or
charges with the drug. Among these co-formers, amino acids are the most widely used [6]. Especially,
basic amino acids such as lysine (Lys) [7], arginine (Arg) [8, 9], and histidine (His) [10] have been
successfully used as co-formers for acidic drugs. Recently, relevant reports showed that these basic
amino acids have protective effects on the gastrointestinal tract [11-16]. For example, Lys forms
aldehyde lysine catalyzed by lysyl oxidase and participates in the formation of connective tissues,
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and also contributes to the protection of the gastric mucosa barriers [12, 13]. Arg can generate nitric
oxide under the synthase for vasodilatory, thus the integrity of the gastric mucosal barrier was
maintained and mucosal damage caused by gastric ulcers were reduced [14, 15]. His can inhibit peptic
ulcers induced by phytanergic nervousness, and it has a preventive and mitigating effect on the
damage of intestinal mucosa, because it is an effective scavenger of free radicals [11, 16]. Therefore,
these basic amino acids are promising co-formers for CAMs to mitigate the gastrointestinal side
effects of ACM.

In this study, to improve the solubility and mitigate the gastrointestinal side effects of ACM,
ACM-basic amino acids co-amorphous formulations (ACM CAMs) were formulated by a cryo-
milling method. The physicochemical properties of ACM CAMs as well as their in vitro dissolution
were evaluated. Moreover, the gastro-protective effects and histology studies of ACM CAMs were
also performed in rat gastric ulcer models to test the mitigating of gastrointestinal side effects. This
study improved the compliance of ACM in clinical use and provided a proising method for
mitigating drug-induced gastrointestinal damage.

A B

O:S NH; NH,
HO
-
HN

H, Arg HN NH,  His

&

Figure 1. Molecular structures of (A) ACM and (B) Lys, Arg, and His.

2. Materials and Methods

Materials and methods are available in the Supplementary Materials.
3. Results and Discussion

3.1. Polarizing Microscope

As shown in Figure 2, the three PMs displayed a birefringence phenomenon, indicating that the
substances existed in crystalline state. In contrast, ACM-AM and three CAMs did not show
birefringence, suggesting the formation of amorphous form.

..

Figure 2. The PLM images of (A) ACM, (B) PM-Lys, (C) PM-Arg, (D) PM-His, (E) AM, (F) CAM-Lys,
(G) CAM-Arg, and (H) CAM-His. The scale bar represents 100 pm.
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3.2. PXRD

To confirm the formation of CAMs, PXRD was performed. The patterns of ACM-AM, ACM,
ACM-CAMs and PMs are shown in Figure 3. ACM exhibited Bragg'’s diffraction peaks at 20 of 8.34°,
10.20°,11.90°, 14.60°, 16.68°, 19.02°, 20.04°, 21.34°, 23.62°, 25.08°, which was consistent with a previous
report [18]. ACM-AM showed a broad halo. As it was shown, PMs displayed characteristic peaks of
both ACM and amino acids [19] , however, no characteristic peaks could be observed in the patterns
of ACM-CAMs, suggesting the successful preparation.
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Figure 3. PXRD Patterns of (a) ACM-AM, (b) ACM, (c) ACM-Lys, (d) PM-Lys, (e) ACM-Arg, (f) PM-
Arg, (g) ACM-His, and (h) PM-His.

3.3. Temperature Differential Scanning Calorimetry

As shown in Figure 4A, ACM had a significant melting peak at 153°C. The melting peak of ACM
in PMs was moved to 150°C, due to the interaction with amino acids. While no peaks were observed
in ACM-Lys, ACM-Arg or ACM-His, indicating the successful preparation of CAM systems.

T; is one of the characteristic parameters of amorphous systems. As shown in Figure 4B, all the
systems only have one T, indicating the formation of a single homogeneous amorphous phase.
Concretely, ACM-AM has a T at 37°C, and the Tg of ACM-Arg, ACM-His and ACM-Lys increased
to 105°C, 70°C, and 55°C, respectively. The increased Ty indicated the intermolecular interaction. In
addition, the theoretical Tgmivy of ACM-Lys, ACM-Arg and ACM-His were then calculated using
Gordon-Taylor equation, and the Tgmix were 40.69°C, 42.79°C, and 37.00°C, respectively. Because of
the intermolecular interactions between ACM and amino acids, they were much lower than the actual
T, values of the ACM CAMs systems. According to previous reports, high difference between Tgmix)
and actual T; tends to imply intermolecular interactions [20]. Therefore, we can conclude that ACM-
Arg has the strongest intermolecular forces among the ACM-CAMs, followed by ACM-His and
ACM-Lys.
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Figure 4. DSC thermograms (A) and the second heating DSC curves (B) of the ACM-His, ACM-Lys,
ACM-Arg, PM-His, PM-Lys, PM-Arg and ACM.

3.4. Investigation of Molecular Interaction

3.4.1. FTIR

FTIR was performed to test whether molecular interactions exist between ACM and basic amino
acids. As shown in Figure 5, the FTIR spectrum for ACM showed its characteristic peaks at 2942 cm™,
1748cm™ and 1297 cm™!, which correspond to the stretching vibration of O-H, C=O and C-O in
carboxylic, respectively. In the spectrum for ACM-AM, the characteristic peaks were shifted to 2942
cm™, 1748 cm™ and 1278 cm, which may be due to the disruption of crystal structure and
reconfiguration of ACM molecular [21]. Compared with PMs, the stretching vibration peaks of O-H
and C-O in ACM CAMs showed slight red shift, indicating hydrogen bonding interactions exist
between ACM and amino acids.
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Figure 5. FTIR spectra of (a) ACM-AM, (b) ACM, (c) ACM-Lys, (d) PM-Lys, (e) ACM-Arg, (f) PM-
Arg, (g) ACM-His, and (h) PM-His.
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3.4.2. Molecular Docking

Molecular docking was carried out to further investigate the molecular interactions between
ACM and basic amino acids. The results are shown in Figure 6. The carboxyl group of ACM forms
hydrogen bonds with the amino groups in Lys and Arg, as well as with the amino and hydroxyl
groups in His. The intermolecular forces was consistent with FTIR. The magnitude of the binding
energy reflects the strength of the intermolecular forces, and the binding energies for ACM-Lys,
ACM-Arg and ACM-His are -2.08 kcal/mol, -2.46 kcal/mol and -2.13 kcal/mol, respectively. The

prediction of the strength of the intermolecular forces was consistent with the T results described in
section 3.3.

Figure 6. Molecular docking of the interaction between ACM and (A) Lys, (B) Arg, and (C) His. Red
represents oxygen atoms, blue for nitrogen atoms, grey for hydrogen atoms, and the green dotted
lines indicate hydrogen bonds formed between atoms.

3.5. Dissolution Testing

The dissolution curves of ACM, ACM-AM, PMs and ACM CAMs are shown in Figure 7. The
cumulative release of ACM was 7.53% at 60 min, and the dissolution did not increase after the
formulation of ACM-AM (6.57% at 60 min), indicating that neat amorphous could not improve the
dissolution of ACM. In addition, the dissolution of PMs was slightly improved compared with that
of ACM, which released 18% of the total drug. However, the ACM CAMs showed complete
dissolution within 5 min. The results showed that ACM CAMSs could improve the dissolution of
ACM, probably due to the strong interaction between ACM and amino acids [20].
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Figure 7. Dissolution profiles of ACM, ACM-AM, PMs and ACM CAMs.

3.6. IDR

IDR can predict oral bioavailability to a certain extent [22]. Thus, for poorly water-soluble drugs,
it is significant to conduct the IDR tests. The IDR curves and the normalized dissolution rates are

d0i:10.20944/preprints202405.0123.v1
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shown in Figure 8. The IDRs of ACM and ACM-AM were 0.1712 mg-min-cm? and 0.0373 mg-min-
.cm?, respectively. For the PMs (PM-Lys, PM-Arg, and ACM-His), the IDRs were increased to 0.3087
mg-min’-cm?, 0.3565 mg':min'-cm?, and 0.3200 mg-min'-cm?, respectively. In addition, the IDRs of
ACM CAMs (ACM-Lys, ACM-Arg, and ACM-His) were further increased, which were 3.43, 7.39,
and 6.46 times higher than those of ACM, respectively. The results indicated that basic amino acids
as co-formers could improve the IDR of ACM.

From the results, it can be seen that ACM-Arg shows the highest IDR, followed by ACM-His
and ACM-Lys. This may be attributed to the different strength of intermolecular interaction between
amino acids and ACM. According to a previous study [23], strong intermolecular interactions can
prevent recrystallization of components during dissolution. Therefore, Arg has the highest IDR
because it has the strongest intermolecular forces.
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Figure 8. IDR curves (A) and the normalized dissolution rates (B) of ACM, ACM-AM, PMs and ACM
CAMs (n =3, **p <0.01, ***p <0.001, ***p <0.0001 vs ACM and #### p <0.0001 vs PMs groups).

3.7. Gastro-Protective Effects

3.7.1. UIR

To test the potential of ACM CAM:s in protection of the stomach from gastric ulcers, UIR was
evaluated. The representative images of the stomachs and the UIR of each group are shown in Figure
9. The gastric mucosa of the blank control group was thick with more folds, light pink in color, and
no ulcers or bleeding spots were observed. In contrast, the model group showed looser and thinner
gastric mucosa with fewer folds, and a large number of bleeding spots were spread over the whole
gastric tissues. Moreover, the total area of ulcerative lesions in the model group is 10.171 mm?,
indicating that the gastric ulcer model was successfully established. PM treated groups showed
reduced gastric ulcers and visible bleeding spots. The areas of ulcerative lesions for PM-Lys, PM-Arg
and PM-His treated groups have reduced to 3.166 mm, 2.361 mm- and 2.841 mm?, and the ulcer
inhibition rate of those three groups was 72.7%, 79.3%, and 74.7%, respectively. As for ACM CAMs
treated groups, ulcers and bleeding spots cannot be observed. These groups (ACM-Lys, ACM-Arg
and ACM-His) had the smallest gastric ulcer areas of 1.108 mm, 0.983 mm?, and 1.141 mm?, with
ulcer inhibition rates of 89.7%, 91.7%, and 89.9%, respectively. The ulcer inhibition effects may
attribute to the gastric protecting efficacy of basic amino acids. Lys could convert to aldehyde lysine
under the catalyzed of lysine oxidase, which helps to protect the gastric mucosal barrier [12, 13]. Arg
generates nitric oxide under the action of vasodilatory synthase, thus maintaining the integrity of the
gastric mucosal barrier and reducing mucosal damage [14, 15]. His is an effective free radical
scavenger and has preventive and mitigating effects on mucosal damage [11, 16]. Above all, basic
amino acids have the ability to maintain the integrity of the gastric mucosal barrier.
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The results above demonstrated that the gastro-protective effects of the ACM CAMs treated
groups are significantly better than that of the PMs treated groups (p<0.05). This may be due to the
synchronized release of ACM and basic amino acids. According to the investigation of molecular
interaction, ACM forms hydrogen bonds with amino acids. Thus, it could be speculated that ACM
and basic amino acids were released and absorbed simultaneously, resulting in superior gastric
mucosal protection and higher UIRs.
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Figure 9. Stomach anatomy images (A) and inhibition rate (B) of the (a) ACM, (b) PM-Lys, (c) PM-
Arg, (d) PM-His, (e) PBS, (f) CAM-Lys, (g) CAM-Arg, and (h) CAM-His. The scale bar represents 1
cm (n =4, ***p <0.0001 vs ACM and ##p < 0.001 vs PMs groups).

3.7.2. Histopathological Observation of the Stomach

Gastric mucosal damage is a typical symptom of gastric ulcer. The histopathological observation
of the gastric tissues is shown in Figure 10. Normal gastric tissue has intact gastric mucosa but did
not show edema in the submucosa, or epithelial cell detachment, congestion, or inflammatory cell
infiltration. In ACM treated group, the gastric mucosa was damaged, with edema in the submucosa,
mesenchymal congestion, and inflammatory cells infiltrated. In PMs treated groups, the intact gastric
mucosa structure showed less congestion and inflammatory infiltration compared to ACM treated
group. As for ACM CAM treated groups, the gastric tissue was intact, no damage was observed, and
less congestion or inflammatory infiltration were shown, which is similar to that of the blank control
group. The results showed that the ACM CAM treated group could almost eliminate the damage of
ACM on the gastric tissue.

Figure 10. Histopathological examinations of the (A) ACM, (B) PM-Lys, (C) PM-Arg, (D) PM-His, (E)
PBS, (F) CAM-Lys, (G) CAM-Arg, and (H) CAM-His. The scale bar represents 50 pum.

4. Conclusion

In this study, the feasibility of three basic amino acids (Lys, Arg and His) as co-formers forming
CAMs with ACM was investigated. The results showed that ACM CAMs were formed through
hydrogen bonds between ACM and amino acids, which were confirmed by the analysis of Tg, FTIR
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and molecular docking. The ACM CAMs showed increased dissolution and IDR significantly.
Furthermore, ACM CAMs performed a great mitigation effect on the ACM-induced gastric ulcer with
an UIR of up to almost 90%, probably due to the protective effect of basic amino acids on the gastric
mucosa. Above all, this study improves adherence to the clinical use of ACM and provides a
promising strategy for mitigating drug-induced side effects.
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