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Abstract: Background and Objectives: This study aimed to develop an embolic agent with short-
term embolic effects using cilastatin as the basic material. Materials and Methods: The particle size
distribution of 25 mg cilastatin-based short-term embolic agents was evaluated microscopically under
three different mixing conditions. A total of thirty-six healthy male Sprague Dawley rats were divided
into four groups. Each group of six rats was injected once into the tail artery with 0.4 mL each of (A)
Cilastatin + D-Mannitol Mixture, (B) Iohexol, (C) Prepenem, and (D) embolization promoter (EGgel).
Results: A visual inspection of the tail appearance of rats in each group was performed at 0, 3, 7, 15, and
21 days. At weeks 1 and 3, three rats per group were euthanized, and histopathological analyses were
performed on the specimens obtained from each group. No significant differences were observed on
day 7, but mild inflammation was observed in Group (D) on day 15. Histopathological inflammation
scoring of tail central artery embolization was performed using a six-point scale (from 0 = absent to
5 = marked inflammation). Three groups were formed consisting of six male New Zealand white
rabbits each: control, positive control, and test groups. The control group received an Iohexol injection
(rabbits: 0.8 mL). The positive control and experimental groups were injected with prepenem and
cilastatin/D-mannitol compound, respectively (0.8 mL), and vascular angiography was performed.
The order of occlusion progression after embolization was as follows: test group, positive control
group, and control group. Conclusions: We developed a cilastatin/D-mannitol compound that exhibits
characteristics of short-term embolization by utilizing the pharmacokinetic properties of cilastatin
and the crystalline material D-mannitol. We evaluated its particle size distribution microscopically,
conducted histopathological evaluation including inflammation via animal experiments, and assessed
the embolization effect.

Keywords: cilastatin; embolic agent; D-mannitol; short-term embolic efficacy

1. Introduction

In osteoarthritis (OA), there is an increase in angiogenesis within various joint compo-
nents, leading to structural advancement, tissue heterogeneity, and pain initiation [1–4].
Modulating angiogenesis and nerve growth presents a promising avenue for OA symptom
management [5–7]. Future approaches might entail the use of angiogenesis inhibitors to
slow down the progression of joint damage, potentially offering pain relief [8]. Recent
research suggests support for further investigation into anti-angiogenic therapies for OA, as
treatment including angiogenesis inhibitors has shown potential in alleviating pain-related
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responses [9]. However, further research is required to understand the precise association
between ossification and OA symptoms [10]. Strategies like suppressing inflammation,
decreasing nerve density, and preserving osteochondral junctions can directly alleviate
patient symptoms, with the anticipation that angiogenesis inhibition could modulate these
mechanisms to alleviate pain [3,11].

Inhibiting angiogenesis can target vascular cells directly or indirectly suppress inflam-
mation. Strategies encompass disrupting the breakdown of the extracellular matrix and
the formation of osteochondral channels crucial for vascular growth [12,13]. Direct-acting
angiogenesis inhibitors like VEGF blockers and receptor tyrosine kinase inhibitors are em-
ployed to curb tumor growth by focusing on angiogenesis [14,15]. Given the similarities in
vascular formation mechanisms between osteoarthritis (OA) and tumors, these medications
might also be efficacious in OA management [2,11,16].

Consequently, tackling moderate OA remains a formidable challenge [17]. Ongo-
ing research aims to inhibit angiogenesis for OA treatment, with transcatheter arterial
embolization (TAE) in the knee joint potentially aiding in pain relief and functional restora-
tion [18–20].

Therapeutic embolization entails intentionally administering occlusive agents into blood
vessels to impede blood flow [21,22]. The selection of embolic agents hinges on desired clinical
outcomes and the characteristics of the embolic agent [23]. A comprehensive understanding
of the properties of various agents is paramount for clinical efficacy [24]. While autologous
blood clots were historically prevalent, contemporary embolic agents are available in diverse
forms such as liquids, particles, coils, detachable plugs, and balloons [23,25].

D-Mannitol, a sugar alcohol, finds extensive use in both pharmaceutical formulations
and food products [26,27]. Within the pharmaceutical realm, it serves as a vital excipient,
being employed in various dosage forms for its role as a diluent and flavor enhancer [27].
Due to its nature as atypical small molecule polyhydroxy compound, D-mannitol has long
been recognized for its polymorphism, existing in three distinct forms: α, β, and δ [27–29].
The α and β forms exhibit needle-like morphology, while the δ form appears smooth and
rod-like [27,30]. Furthermore, variations in crystal forms induce changes in D-mannitol’s
particle size [31,32]. Therefore, harnessing the polymorphic crystallization of D-mannitol
can underscore its efficacy as a particle-forming embolic agent.

Cilastatin (CS) inhibits the enzymatic conversion of Leukotriene(LT)D4 to LTE4 and dis-
rupts the metabolism of thienamycin β-lactam antibiotics by renal dehydropeptidase [33,34]. It
is eliminated via renal excretion without undergoing metabolic transformations within the
body [35]. Imipenem, a substrate of renal dehydropeptidase, is predominantly prescribed
for renal infections [36]. To preserve its therapeutic efficacy, it is co-administered with CS
to impede its metabolism [36,37]. This combined medication, marketed as Primaxin by
Merck, serves as the impetus for the present investigation [38]. This initiative is grounded
in the minimal metabolic activity and low pharmacological toxicity associated with CS [39].
Hence, the objective of this investigation is to formulate a locally acting embolic substance
utilizing Cilastatin and evaluate its efficacy as a temporary embolic agent via both in vitro
and in vivo experiments.

2. Materials and Methods
2.1. Materials

Cilastatin sodium salt (CS) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Prepenem (imipenem-cilastatin) was obtained from JW Pharm. Co., Ltd. (Gwacheon,
Republic of Korea). D-Mannitol was procured from Daejung Chemicals & Metals Co.,
Ltd. (Seoul, Republic of Korea). EGgel S Plus was purchased from ENGAIN Co., LTD.
(Hwaseong, Republic of Korea). Omnipaque (Iohexol) was purchased from GE Healthcare
(Marlborough, MA, USA). All other reagents were of analytical grade.
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2.2. Preparation and Application of Embolic Material

Cilastatin/D-Mannitol Compound consisted of Cilastatin 25 mg and D-Mannitol
230 mg. The embolic solution of Cilastatin/D-Mannitol was prepared in 1 mL of distilled
water (DW). Prepenem 500 mg (Cilastatin Sodium 500 mg, Imipenem Monohydrate 500 mg)
was prepared in 20 mL of DW. This embolic solution was injected once into the tail mid-
ventral artery for toxicity testing.

For angiographic analysis, a formulation consisting of 25 mg Cilastatin, 230 mg D-
Mannitol, and 1 mL contrast agent was prepared as an embolic solution. The contrast agent
was mixed with 2 mL of Iohexol in a vial containing 510 mg of Cilastatin/D-Mannitol
mixture. Subsequently, the compounded solution was drawn into a 5 mL syringe and gently
administered using a 2.5 mL syringe connected via a three-way stopcock. This solution
was injected through a microcatheter inserted into the ear artery until the observation of
blood flow cessation. All solutions were prepared immediately prior to injection, and the
lids tightly closed.

2.3. Animals Study

For the toxicity tests, male Sprague Dawley (SD) rats aged 12 weeks (350 g ± 30 g)
were purchased from JA BIO (Suwon, Republic of Korea). The experimental rats were ac-
commodated in the Laboratory Animal Research Facility situated at Hanyang University’s
Medical Research Support Center. The experimental protocol followed ethical standards
sanctioned by the Institutional Animal Care and Use Committee (IACUC) at the Medical
Research Support Center, Hanyang University (HY-2022-0249 A). All rats underwent an
acclimatization period for a minimum of seven days prior to the start of the experiment,
during which they were maintained at a temperature of 23 ± 1 ◦C with a 12 h light/dark
cycle. During both the acclimatization and experimental phases, the rats were provided
with unlimited access to standard rat chow and water. The rats were divided into four
groups of six rats each for acute and chronic toxicity studies, with reference to previous
research protocol [23,40–42]: (A) Cilastatin + D-Mannitol Mixture (25 mg + 230 mg/1 mL
(DW)), (B) Iohexol, (C) Prepenem (Cilastatin Sodium 25 mg + Imipenem Monohydrate
25 mg/1 mL (DW)), and (D) embolization promoter (EGgel) treatment group. Each embolic
solution (0.4 mL) was administered once into the rat caudal artery and three rats each were
sacrificed for histological examination on days 7 and 21 after administration.

To evaluate the embolotherapy induced by tail mid-ventral artery embolization, three
groups of six healthy male New Zealand white rabbits were formed to test the intra-arterial
distribution of cilastatin formulations in the left ear of the rabbits [43]. The control group
was administered iohexol (contrast agent), the positive control group was administered
prepenem (Cilastatin Sodium 25 mg + Imipenem Monohydrate 25 mg/2 mL (iohexol)), and
the test group was administered cilastatin/D-Mannitol (25 mg + 230 mg/1 mL (iohexol));
0.8 mL of each drug formulation was injected into the left ear of two rabbits.

2.4. Morphological Analysis

The compound’s morphology analysis was performed using the method of Hirakawa
et al. [40]. The compound of Cilastatin/D-Mannitol combination was filtered through
0.45 um membrane (HA type, Millipore, Burlington, MA, USA) immediately after dissolu-
tion, and the membrane was gently rinsed with tertiary distilled water and dried using a
desiccator at room temperature.

The compound’s image were examined using an optical microscope and scanning
electron microscopy (SEM) with an accelerating voltage of 15 kV (APREO FEI, Houston,
TX, USA). Prior to SEM observation, the samples were mounted on a carbon-taped stub
and coated with platinum for 80 s under vacuum conditions.

2.5. Histopathologic Analysis

Samples from rat tails were immersed in 4% paraformaldehyde for fixation before
being embedded in paraffin to ensure long-term preservation. Tissue sections with a
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thickness of 4 µm were prepared and subsequently stained using either hematoxylin and
eosin (H&E) [44] or Masson’s trichrome (MT) [45]. Light microscopy examination was
conducted for all groups, and images representing the typical histological profile were
reviewed. Histological inflammation of the tail mid-ventral artery was assessed using
a simple scoring system (0, absent; 1, minimal; 2, mild; 3, moderate; 4, severe; and 5,
marked inflammation). Collagen deposition in the rat tail mid-ventral artery is confirmed
by Masson’s trichrome staining.

2.6. Angiographic Analysis

The prepared compound was administered into the left ear artery of New Zealand
white rabbits. The embolization process of the test substance was visualized using C-Arm
imaging and assessed based on distribution time. All solutions were prepared immediately
prior to injection, and the lids were tightly closed. Each rabbit was imaged in a recumbent
position on a single plane C-arm machine (ARCADIS Varic, Simens Healthcare GmBH,
Erlangen, Germany).

3. Results
3.1. Preparation and Comparison of Cilastatin-Based Short-Term Embolization Material

The development of Cilastatin/D-Mannitol combination involved using 25 mg of
Cilastatin and 230 mg of D-Mannitol in 1 mL of tertiary distilled water (Table 1). Optical
and scanning electron microscopes were used for particle size measurement (Figure 1).
The shape and size of particles are crystalline with an average diameter of approximately
96.0 ± 30.0 µm. All microscopy images were captured immediately after manufacturing.

Table 1. Composition of the formulated Cilastatin/D-Mannitol Compound preparations; the
Cilastatin/D-Mannitol combination is manufactured using 25 mg of Cilastatin and 230 mg of D-
Mannitol in 1 mL of tertiary distilled water.

Component Concentration (% w/v)

Cilastatin sodium salt 2.5
D-Mannitol 23

Figure 1. Particle size and distribution in compound; the image is an optical microscope photograph
(a) of the Cilastatin/D-Mannitol combination, while the image on the right is taken with a scanning
electron microscope (SEM) (b) The particle length is approximately 96.0 ± 30.0 µm.

3.2. Local and Systemic Toxicity Evaluation Following Tail Vein Injection of Test Substance

The rats were divided into four groups (six rats in each group) and injected once
with three types of embolic agents and one contrast agent. The rats were observed at
designated time intervals (0, 3, 7, 15, and 21 days) for a total of 5 days, and three animals
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were sacrificed on the day 7 and three animals on day 21 after the administration for
histological examination. After the sacrifice, the rat tail was divided into three parts, and
the middle segment of the tail was prepared as a tissue blocks, which was fixed in 4%
(w/v) paraformaldehyde for 48 h and then embedded in paraffin. Tissue sections were
made in transverse sections of the proximal and distal portions of the tail block, including
the mid-ventral artery, and stained with H&E and Masson’s trichrome. Representative
pathological findings of the lesion sites in the tissues of each group were observed under
a microscope, and the chronic thrombotic effect (toxicity) was evaluated based on the
observations. Figure 2 showed the histopathological evaluation performed each group
on days 7 and 21. Histological inflammation of the tail mid-ventral artery was assessed
using a simple scoring system and with reference to a previously described method [44].
Histological analysis revealed that no inflammation or stenosis due to embolic agents in
the mid-ventral artery at the proximal and distal portions of the tail was observed on
day 7. On day 21, mild inflammation in the distal part and stenosis in the proximal part
of the mid-ventral artery was observed in the control group, intravascular thrombolytic
agent EGgel (D). In contrast, no vascular inflammation or stenosis was observed in the
other groups.

Figure 2. Cont.
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Figure 2. Histopathological observations of proximal and distal sections of the middle part of the rat
tail stained with (a) Hematoxylin and eosin and (b) Masson’s trichrome, 7 days (upper panel) and
21 days (lower panel) after injection of the embolic substances. Group A: Cilastatin + D-Mannitol
Mixture, Group B: Iohexol, Group C: Prepenem, Group D: EGgel. Magnifications: 20× (scale bar is
500 µm), 100× (scale bar is 100 µm).

Table 2 showed that local and systemic toxicity was assessed by capturing necrotic
changes occurring in the rat tail and including histological inflammation scores of the rat
tail mid-ventral artery.

Table 2. Acute and chronic toxic effects of test substances in each group (appearance and histopatho-
logical findings).

Test Group (n = Number
of Subjects)

Day 0
(n = 6)

Day 3
(n = 6)

Day 7
(n = 3)

Day 15
(n = 3)

Day 21
(n = 3)

A. Cilastatin + D-Mannitol
Mixture 0 0 0 (0,0,0) 1 0 0 (0,0,0) 1

B. Iohexol 0 0 0 (0,0,0) 1 0 0 (0,0,0) 1

C. Prepenem 0 0 0 (0,0,0) 1 0 0 (0,0,0) 1

D. EGgel 0 0 0 (0,0,0) 1 1 3 (1,3,3) 1

Appearance Findings: 0 = absent; 1 = presence of 1 rat tail lesion; 3 = presence of 3 rat tail lesions. 1 Inflammation
score: 0 = absent; 1 = minimal; 2 = mild; 3 = moderate; 4 = severe; and 5 = marked inflammation.

D group showed a tendency of inflammatory signs from the 15 days onwards, and
clear toxic pathological findings were observed in the histopathological examination
on the 21 days. No toxicity was observed in the experimental agents, iohexol, and
prepenem groups.

Acute (7 days) and chronic (21 days) toxicity was not observed in the test agent, iohexol,
and prepenem drugs based on appearance and histopathological findings. However, only
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the control drug, EGgel, showed chronic toxicity as evidenced by the appearance of the tail
lesion after 15 days and moderate inflammation in histological analysis on day 21.

3.3. Angiographic Results

The embolotherapy effect of the embolic agent was evaluated using rabbits because the
rabbit’s ear artery is wide and highly visible. The distribution pattern of the embolic agents
(contrast solution mixture) in the ear artery of New Zealand white rabbits is evaluated
based on the distribution time through micro-CT (C-Arm) imaging. The rabbits were
anesthetized with an appropriate intravenous injection of an anesthetic and placed on
the operating table. The rabbit’s left ear hair was shaved using an electric shaver and
then disinfected. After making an incision in the skin near the base of the ear, the central
artery of the ear is identified. A 22G IV catheter is inserted into the ear artery of the
rabbit, and the test drug suspension (0.8 mL) is gradually infused from the base of the ear
through the central artery. The left and right panels of Figure 3 show results approximately
10~55 s and 120 s after test drug administration, respectively. Figure 3a,b are images after
the administration of the contrast solution (iohexol); the iohexol image disappeared at 10 s
and, the image was checked up to 120 s. Figure 3c,d are images after the administration
of the positive control drug (prepenem), and the drug was clearly contrasted at 55 s; it
was hardly visible at about 60 s. Figure 3e,f are images after the administration of the test
drug (Cilastatin/D-Mannitol). The test drug began to contrast around 40 s, and by 120 s,
there was no contrast at all. Thus, the test drug can be considered suitable as a temporary
contrast agent that demonstrates the intended short-term contrast effect.

Figure 3. Cont.
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Figure 3. Angiographic analysis. The distribution pattern of Cilastatin/D-Mannitol (contrast solu-
tion) is evaluated by administering it into the ear artery of New Zealand white rabbits and imag-
ing it with micro-CT (C-Arm) to assess the distribution time. The figures show (a) 10 s after io-
hexol administration, (b) 120 s after iohexol administration, (c) 55 s after prepenem administration,
(d) 120 s after prepenem administration, (e) 40 s after Cilastatin/D-Mannitol administration, and
(f) 120 s after Cilastatin/D-Mannitol administration.

4. Discussion

This study assessed the development and efficacy of a locally acting short-acting antico-
agulant based on cilastatin. Given that the pharmacokinetic properties of cilastatin suggest
minimal pharmacological toxicity without undergoing metabolic processes in the body, the
physical properties of cilastatin were utilized to examine the characteristics of a Cilastatin and
D-Mannitol mixture as a local anticoagulant and to evaluate its potential application as an
anticoagulant agent. The evaluation encompassed the analyses of particle size distribution,
local toxicity assessment, and efficacy evaluation for anticoagulation procedures.

Cilastatin/D-Mannitol comprises sodium cilastatin and D-Mannitol, with sodium cilas-
tatin being a white to pale yellow powder that readily dissolves in water and methanol. When
25 mg of Cilastatin and 230 mg of D-Mannitol were dissolved in 1 mL of contrast medium,
the particle size consistently ranged within 30–100 µm despite noticeable irregularities.

For acute and chronic local toxicity assessments, observations were made on the exter-
nal appearance and histopathological findings of the tail arteries of white rats. The efficacy
and toxicity of arterial embolization agents are usually performed in relatively large organ
arteries (such as renal arteries), but since this developed product is administered to the
articular artery, it must be performed in a very small artery. Therefore, the central tail artery
of a white rat was selected, and since short-term and long-term observations can be made
with the naked eye, it has the advantage of ease of experimentation. In addition, since rep-
resentative examples of the toxicity of embolization agents include inflammation/necrosis
in the peripheral area due to physical arterial embolization, histopathological analysis
was also conducted for the purpose of observing inflammation and necrosis [23,40–42].
EGgel, a contrast-promoting agent, exhibited inflammation from the 7th day and clear toxic
pathological findings from the 21st day. Conversely, no toxicity was observed in the groups
treated with Cilastatin/D-Mannitol, Iohexol, and Prepenem.

In the anticoagulation efficacy experiment, drugs were administered in the ear arteries
of New Zealand white rabbits, followed by micro-CT (C-Arm) imaging to evaluate the
contrast agent distribution time. The mean contrast agent residence times were approxi-
mately 10 s for iohexol, 55 s for Prepenem, and 40 s for Cilastatin/D-Mannitol. Although
differences existed in residence times, they were not markedly significant. The disappear-
ance of crystals in Prepenem and test substance solutions during mixing with contrast
agents suggested reduced anticoagulation effects due to microcrystals. Future experiments
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are planned to separately analyze the anticoagulation effects of the anticoagulant and
contrast agents.

5. Conclusions

The study synthesized a crystalline compound formulation with transient embolic
properties using 25 mg of Cilastatin sodium salt and 230 mg of D-Mannitol. The mor-
phology and particle size of the Cilastatin/D-Mannitol blend were analyzed via optical
and electron microscopy. Histological analysis confirmed the safety of the Cilastatin/D-
Mannitol compound on the central tail artery of rats. Vascular angiography tracking
revealed temporary embolic effects on the rabbit’s ear artery. However, the limitation
of this study is that the efficacy and toxicity were observed to a limited extent, so it is
necessary to conduct the study in larger organ arteries (such as renal arteries) to confirm
the embolic effect, and although this development product is an embolic agent that utilizes
a physical effect, it will be necessary to evaluate the systemic toxicity. In conclusion, the
developed Cilastatin/D-Mannitol mixture demonstrated reduced inflammation and short-
term embolic effects, suggesting its potential as a biocompatible vascular embolic material
in future applications.

Author Contributions: Conceptualization, J.S.K., H.J.K. and A.J.; Investigation: A.J., H.J.K., E.K.K.,
W.A. and S.J.L.; supervision: J.S.K. writing—original draft, A.J. and H.J.K.; writing—review and
editing, J.S.K., H.J.K., K.C.S., D.H.S. and I.H.; All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was performed in accordance
with the Institutional Animal Care and Use Committee (IACUC) of Hanyang University Medical
Research Support Center (HY-2022-0249A, approval date: 4 November 2022) and following the
related guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data and materials for this article are available from the corre-
sponding author upon reasonable request.

Conflicts of Interest: Author Dong-Hun Shin from S&J Core Inc. company, the authors declare no
conflicts of interest.

References
1. Mapp, P.I.; Walsh, D.A. Mechanisms and targets of angiogenesis and nerve growth in osteoarthritis. Nat. Rev. Rheumatol. 2012, 8,

390–398. [CrossRef] [PubMed]
2. Hamilton, J.L.; Nagao, M.; Levine, B.R.; Chen, D.; Olsen, B.R.; Im, H.J. Targeting VEGF and Its Receptors for the Treatment of

Osteoarthritis and Associated Pain. J. Bone Miner. Res. 2016, 31, 911–924. [CrossRef] [PubMed]
3. Yuan, X.L.; Meng, H.Y.; Wang, Y.C.; Peng, J.; Guo, Q.Y.; Wang, A.Y.; Lu, S.B. Bone–cartilage interface crosstalk in osteoarthritis:

Potential pathways and future therapeutic strategies. Osteoarthr. Cartil. 2014, 22, 1077–1089. [CrossRef] [PubMed]
4. Le, T.H.V.; Kwon, S.M. Vascular Endothelial Growth Factor Biology and Its Potential as a Therapeutic Target in Rheumatic

Diseases. Int. J. Mol. Sci. 2021, 22, 5387. [CrossRef] [PubMed]
5. Bonnet, C.S.; Walsh, D.A. Osteoarthritis, angiogenesis and inflammation. Rheumatology 2004, 44, 7–16. [CrossRef]
6. MacDonald, I.J.; Liu, S.C.; Su, C.M.; Wang, Y.H.; Tsai, C.H.; Tang, C.H. Implications of Angiogenesis Involvement in Arthritis. Int.

J. Mol. Sci. 2018, 19, 2012. [CrossRef]
7. Henrotin, Y.; Pesesse, L.; Lambert, C. Targeting the synovial angiogenesis as a novel treatment approach to osteoarthritis. Ther.

Adv. Musculoskelet. Dis. 2014, 6, 20–34. [CrossRef]
8. Zhao, T.; Li, X.; Li, H.; Deng, H.; Li, J.; Yang, Z.; He, S.; Jiang, S.; Sui, X.; Guo, Q.; et al. Advancing drug delivery to articular

cartilage: From single to multiple strategies. Acta Pharm. Sin. B 2023, 13, 4127–4148. [CrossRef]
9. Nagai, T.; Sato, M.; Kobayashi, M.; Yokoyama, M.; Tani, Y.; Mochida, J. Bevacizumab, an anti-vascular endothelial growth factor

antibody, inhibits osteoarthritis. Arthritis Res. Ther. 2014, 16, 427. [CrossRef]
10. Li, G.; Yin, J.; Gao, J.; Cheng, T.S.; Pavlos, N.J.; Zhang, C.; Zheng, M.H. Subchondral bone in osteoarthritis: Insight into risk factors

and microstructural changes. Arthritis Res. Ther. 2013, 15, 223. [CrossRef]

https://doi.org/10.1038/nrrheum.2012.80
https://www.ncbi.nlm.nih.gov/pubmed/22641138
https://doi.org/10.1002/jbmr.2828
https://www.ncbi.nlm.nih.gov/pubmed/27163679
https://doi.org/10.1016/j.joca.2014.05.023
https://www.ncbi.nlm.nih.gov/pubmed/24928319
https://doi.org/10.3390/ijms22105387
https://www.ncbi.nlm.nih.gov/pubmed/34065409
https://doi.org/10.1093/rheumatology/keh344
https://doi.org/10.3390/ijms19072012
https://doi.org/10.1177/1759720X13514669
https://doi.org/10.1016/j.apsb.2022.11.021
https://doi.org/10.1186/s13075-014-0427-y
https://doi.org/10.1186/ar4405


Medicina 2024, 60, 1538 10 of 11

11. Ma, K.; Singh, G.; Wang, J.; InSug, O.; Votta-Velis, G.; Bruce, B.; Anbazhagan, A.N.; van Wijnen, A.J.; Im, H.-J. Targeting Vascular
Endothelial Growth Factor Receptors as a Therapeutic Strategy for Osteoarthritis and Associated Pain. Int. J. Biol. Sci. 2023, 19,
675–690. [CrossRef] [PubMed]

12. Pei, Y.A.; Chen, S.; Pei, M. The essential anti-angiogenic strategies in cartilage engineering and osteoarthritic cartilage repair. Cell
Mol. Life Sci. 2022, 79, 71. [CrossRef] [PubMed]

13. Vadalà, G.; Russo, F.; Musumeci, M.; Giacalone, A.; Papalia, R.; Denaro, V. Targeting VEGF-A in cartilage repair and regeneration:
State of the art and perspectives. J. Biol. Regul. Homeost. Agents 2018, 32 (Suppl. S1), 217–224. [PubMed]

14. Wang, L.; Liu, W.Q.; Broussy, S.; Han, B.; Fang, H. Recent advances of anti-angiogenic inhibitors targeting VEGF/VEGFR axis.
Front. Pharmacol. 2023, 14, 1307860. [CrossRef]

15. Ghalehbandi, S.; Yuzugulen, J.; Pranjol, M.Z.I.; Pourgholami, M.H. The role of VEGF in cancer-induced angiogenesis and research
progress of drugs targeting VEGF. Eur. J. Pharmacol. 2023, 949, 175586. [CrossRef]

16. Sotozawa, M.; Kumagai, K.; Ishikawa, K.; Yamada, S.; Inoue, Y.; Inaba, Y. Bevacizumab suppressed degenerative changes in
articular cartilage explants from patients with osteoarthritis of the knee. J. Orthop. Surg. Res. 2023, 18, 25. [CrossRef]

17. Yamada, K.; Jahangiri, Y.; Li, J.; Gabr, A.; Anoushiravani, A.; Kumagai, K.; Uchida, B.; Farsad, K.; Horikawa, M. Embolic
Characteristics of Imipenem-Cilastatin Particles in Vitro and in Vivo: Implications for Transarterial Embolization in Joint
Arthropathies. J. Vasc. Interv. Radiol. 2021, 32, 1031–1039. [CrossRef]

18. Wang, B.; Liang, K.W.; Chen, C.H.; Wang, C.K. Transcatheter Arterial Embolization for Alleviating Chronic Musculoskeletal Pain
and Improving Physical Function: A Narrative Review. Diagnostics 2022, 13, 134. [CrossRef]

19. Kim, K.Y.; Kim, G.W. The efficacy of transcatheter arterial embolization for knee pain on patients with knee osteoarthritis: A case
series. J. Back. Musculoskelet. Rehabil. 2022, 35, 743–748. [CrossRef]

20. Okuno, Y.; Korchi, A.M.; Shinjo, T.; Kato, S. Transcatheter arterial embolization as a treatment for medial knee pain in patients
with mild to moderate osteoarthritis. Cardiovasc. Interv. Radiol. 2015, 38, 336–343. [CrossRef]

21. Ierardi, A.M.; Piacentino, F.; Pesapane, F.; Carnevale, A.; Curti, M.; Fontana, F.; Venturini, M.; Pinto, A.; Gentili, F.;
Guerrini, S.; et al. Basic embolization techniques: Tips and tricks. Acta Biomed. 2020, 91, 71–80. [PubMed]

22. Goode, J.A.; Matson, M.B. Embolisation of cancer: What is the evidence? Cancer Imaging 2004, 4, 133–141. [CrossRef] [PubMed]
23. Vaidya, S.; Tozer, K.R.; Chen, J. An overview of embolic agents. Semin. Interv. Radiol. 2008, 25, 204–215. [CrossRef] [PubMed]
24. Medsinge, A.; Zajko, A.; Orons, P.; Amesur, N.; Santos, E. A case-based approach to common embolization agents used in vascular

interventional radiology. AJR Am. J. Roentgenol. 2014, 203, 699–708. [CrossRef]
25. Hu, J.; Albadawi, H.; Chong, B.W.; Deipolyi, A.R.; Sheth, R.A.; Khademhosseini, A.; Oklu, R. Advances in Biomaterials and

Technologies for Vascular Embolization. Adv. Mater. 2019, 31, 1901071. [CrossRef]
26. Thakral, S.; Sonje, J.; Munjal, B.; Bhatnagar, B.; Suryanarayanan, R. Mannitol as an Excipient for Lyophilized Injectable Formula-

tions. J. Pharm. Sci. 2023, 112, 19–35. [CrossRef]
27. Yang, Y.; Liu, J.; Hu, A.; Nie, T.; Cheng, Z.; Liu, W. A Critical Review on Engineering of d-Mannitol Crystals: Properties,

Applications, and Polymorphic Control. Crystals 2022, 12, 1080. [CrossRef]
28. Altay Benetti, A.; Bianchera, A.; Buttini, F.; Bertocchi, L.; Bettini, R. Mannitol Polymorphs as Carrier in DPIs Formulations:

Isolation Characterization and Performance. Pharmaceutics 2021, 13, 113. [CrossRef]
29. Su, W.; Jia, N.; Li, H.; Hao, H.; Li, C. Polymorphism of D-mannitol: Crystal structure and the crystal growth mechanism. Chin. J.

Chem. Eng. 2017, 25, 358–362. [CrossRef]
30. Zhang, S.; Wang, L.; Lin, X.; Yang, H.; Li, M.; Lei, L.; Huang, W. Precipitation behavior of δ phase and its effect on stress rupture

properties of selective laser-melted Inconel 718 superalloy. Compos. B Eng. 2021, 224, 109202. [CrossRef]
31. Penha, F.M.; Gopalan, A.; Meijlink, J.C.; Ibis, F.; Eral, H.B. Selective Crystallization of d-Mannitol Polymorphs Using Surfactant

Self-Assembly. Cryst. Growth Des. 2021, 21, 3928–3935. [CrossRef] [PubMed]
32. Cares-Pacheco, M.G.; Vaca-Medina, G.; Calvet, R.; Espitalier, F.; Letourneau, J.J.; Rouilly, A.; Rodier, E. Physicochemical

characterization of D-mannitol polymorphs: The challenging surface energy determination by inverse gas chromatography in the
infinite dilution region. Int. J. Pharm. 2014, 475, 69–81. [CrossRef] [PubMed]

33. Köller, M.; Brom, J.; Raulf, M.; König, W. Cilastatin (MK 0791) is a potent and specific inhibitor of the renal leukotriene
D4-dipeptidase. Biochem. Biophys. Res. Commun. 1985, 131, 974–979. [CrossRef] [PubMed]

34. Farrell, C.A.; Allegretto, N.J.; Hitchcock, M.J. Cilastatin-sensitive dehydropeptidase I enzymes from three sources all catalyze
carbapenem hydrolysis and conversion of leukotriene D4 to leukotriene E4. Arch. Biochem. Biophys. 1987, 256, 253–259. [CrossRef]

35. Rogers, J.D.; Meisinger, M.A.; Ferber, F.; Calandra, G.B.; Demetriades, J.L.; Bland, J.A. Pharmacokinetics of imipenem and
cilastatin in volunteers. Rev. Infect. Dis. 1985, 7, S435–S446. [CrossRef] [PubMed]

36. Huo, X.; Meng, Q.; Wang, C.; Zhu, Y.; Liu, Z.; Ma, X.; Peng, J.; Sun, H.; Liu, K. Cilastatin protects against imipenem-induced
nephrotoxicity via inhibition of renal organic anion transporters (OATs). Acta Pharm. Sin. B 2019, 9, 986–996. [CrossRef]

37. Buckley, M.M.; Brogden, R.N.; Barradell, L.B.; Goa, K.L. Imipenem/cilastatin. A reappraisal of its antibacterial activity, pharma-
cokinetic properties and therapeutic efficacy. Drugs 1992, 44, 408–444. [CrossRef]

38. Terreni, M.; Taccani, M.; Pregnolato, M. New Antibiotics for Multidrug-Resistant Bacterial Strains: Latest Research Developments
and Future Perspectives. Molecules 2021, 26, 2671. [CrossRef]

39. Sahra, S.; Jahangir, A.; Hamadi, R.; Jahangir, A.; Glaser, A. Clinical and Microbiologic Efficacy and Safety of Imipenem/Cilastatin/
Relebactam in Complicated Infections: A Meta-analysis. Infect. Chemother. 2021, 53, 271–283. [CrossRef]

https://doi.org/10.7150/ijbs.79125
https://www.ncbi.nlm.nih.gov/pubmed/36632459
https://doi.org/10.1007/s00018-021-04105-0
https://www.ncbi.nlm.nih.gov/pubmed/35029764
https://www.ncbi.nlm.nih.gov/pubmed/30644305
https://doi.org/10.3389/fphar.2023.1307860
https://doi.org/10.1016/j.ejphar.2023.175586
https://doi.org/10.1186/s13018-023-03512-2
https://doi.org/10.1016/j.jvir.2021.02.006
https://doi.org/10.3390/diagnostics13010134
https://doi.org/10.3233/BMR-210043
https://doi.org/10.1007/s00270-014-0944-8
https://www.ncbi.nlm.nih.gov/pubmed/32945281
https://doi.org/10.1102/1470-7330.2004.0021
https://www.ncbi.nlm.nih.gov/pubmed/18250022
https://doi.org/10.1055/s-0028-1085930
https://www.ncbi.nlm.nih.gov/pubmed/21326511
https://doi.org/10.2214/AJR.14.12480
https://doi.org/10.1002/adma.201901071
https://doi.org/10.1016/j.xphs.2022.08.029
https://doi.org/10.3390/cryst12081080
https://doi.org/10.3390/pharmaceutics13081113
https://doi.org/10.1016/j.cjche.2016.09.002
https://doi.org/10.1016/j.compositesb.2021.109202
https://doi.org/10.1021/acs.cgd.1c00243
https://www.ncbi.nlm.nih.gov/pubmed/34276257
https://doi.org/10.1016/j.ijpharm.2014.08.029
https://www.ncbi.nlm.nih.gov/pubmed/25151549
https://doi.org/10.1016/0006-291X(85)91335-X
https://www.ncbi.nlm.nih.gov/pubmed/3863619
https://doi.org/10.1016/0003-9861(87)90443-7
https://doi.org/10.1093/clinids/7.Supplement_3.S435
https://www.ncbi.nlm.nih.gov/pubmed/3863219
https://doi.org/10.1016/j.apsb.2019.02.005
https://doi.org/10.2165/00003495-199244030-00008
https://doi.org/10.3390/molecules26092671
https://doi.org/10.3947/ic.2021.0051


Medicina 2024, 60, 1538 11 of 11

40. Shin, C.I.; Kim, H.C.; Song, Y.S.; Cho, H.R.; Lee, K.B.; Lee, W.; Jae, H.J.; Chung, J.W. Rat model of hindlimb ischemia induced via
embolization with polyvinyl alcohol and N-butyl cyanoacrylate. Korean J. Radiol. 2013, 14, 923–930. [CrossRef]

41. Wang, C.Y.; Hu, J.; Sheth, R.A.; Oklu, R. Emerging embolic agents in endovascular embolization: An overview. Prog. Biomed. Eng.
2020, 2, 012003. [CrossRef] [PubMed]

42. Nie, F.; Xie, H.; Wang, G.; An, Y. Risk comparison of filler embolism between polymethyl methacrylate (PMMA) and hyaluronic
acid (HA). Aesthetic Plast. Surg. 2019, 43, 853–860. [CrossRef] [PubMed]

43. Hirakawa, M.; Sendo, T.; Kataoka, Y.; Imafuku, S.; Futagami, K.; Oishi, R. Particulate matter analyses after dissolution of powder
antibiotic injections used in the pediatric ward. Jpn. J. Hosp. Pharm. 1998, 24, 389–392. [CrossRef]

44. Lee, K.S.; Jeong, E.S.; Heo, S.H.; Seo, J.H.; Lee, M.S.; Eom, K.D.; Choi, Y.K. Re-Examination of Blood Vessels of Rat Tail Using
Angiographic and Histological Methods. J. Vet. Clin. 2010, 27, 159–162.

45. Ghaly, E.N.; Gergis, S.W.; Aziz, J.N.; Yassa, H.D.; Hassan, H.A.R. Role of mesenchymal stem cell therapy in cisplatin induced
nephrotoxicity in adult albino rats: Ultrastructural & biochemical study. Acta Med. Int. 2014, 1, 57–66.

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/10.3348/kjr.2013.14.6.923
https://doi.org/10.1088/2516-1091/ab6c7d
https://www.ncbi.nlm.nih.gov/pubmed/34553126
https://doi.org/10.1007/s00266-019-01320-w
https://www.ncbi.nlm.nih.gov/pubmed/30824948
https://doi.org/10.5649/jjphcs1975.24.389

	Introduction 
	Materials and Methods 
	Materials 
	Preparation and Application of Embolic Material 
	Animals Study 
	Morphological Analysis 
	Histopathologic Analysis 
	Angiographic Analysis 

	Results 
	Preparation and Comparison of Cilastatin-Based Short-Term Embolization Material 
	Local and Systemic Toxicity Evaluation Following Tail Vein Injection of Test Substance 
	Angiographic Results 

	Discussion 
	Conclusions 
	References

