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Abstract
Aims:
This study used an animal xenograft model of gastric cancer induction to investigate the therapeutic effects of capecitabine polyamidoamine (PAMAM) dendrimer complex against cancer and its potential side effects.
Methods and Materials:
Human gastric cancer tissue was obtained from patients with gastric carcinoma and transplanted into mice. Anticancer drug capecitabine was loaded into PAMAM dendrimer nano-carrier and injected into the animals. All animals received cyclosporine before the surgery.
Results:
Capecitabine-dendrimer complex reduced the size of the axillary implanted tumor, the levels of AST and ALP, and the drug-induced adverse effects on other body organs. Furthermore, it increased apoptotic and necrotic responses in the grafted tumor, RBC, WBC, and platelet counts compared to free capecitabine.
Conclusions:
In the gastric cancer settings, the PAMAM dendrimer drug delivery method effectively improved therapeutic index and outcomes and reduced undesirable side-effects of the capecitabine.
Keywords: Gastric cancer, Xenograft, Capecitabine, Cyclosporine, Poly amidoamine dendrimer (PAMAM), Mice.
Introduction
Gastric carcinoma (GC) is the third leading cause of cancer-related death worldwide [1]. It is somewhat rare before the age of 40, but its occurrence steadily increases and reaches a peak around 70 [2]. Gastric cancer pathophysiology is complicated, so people with the same clinical stage may face a different prognosis. According to the new atlas of the cancer genome, gastric cancer can be classified into four major types based on multi-dimensional profiling, (1) tumor based on Epstein -Barr virus, (2) microsatellite unstable tumor, (3) genomically solid tumor, and chromosomal instable one [3].
Radical therapy, i.e., surgical resection of the cancerous area, is the primary treatment for gastric cancer, although recurrence is still high in this approach, even with total gastrectomy[4]. The high recurrence rate is related to abundant lymphatics within the gastric wall that provides channels for mucosal skip lesions and numerous potential lymphatic drainage pathways away from the stomach[4]. Combination therapy, radiotherapy, and chemotherapy are highly recommended [5]. Capecitabine (Xeloda) is a prodrug that is routinely prescribed for gastric, colorectal, and breast cancers [6, 7]. Upon administration, it is converted to 5-fluorouracil (5-Fu) in the tumor that can inhibit DNA synthesis and slow down tumor growth [8, 9]. In mice, capecitabine has a maximum tolerance dose (MTD) of 700mg/kg/day administered orally once a day for two weeks with one week rest [10, 11]. The treatment of 400mg/kg/day administered orally for 14 days with one week rest is also effective though MTD (700mg/kg/day) protocol is more efficacious.
Despite suppressive tumor effects of the chemotherapeutics, undesirable side effects owing to the cytotoxic nature of the agents are a matter of concern [12-14]. Furthermore, these are relatively nonspecific and can damage other cells, mainly proliferative. Myelosuppression, diarrhea, alopecia, and liver malfunction should also be added. Broad body drug distribution makes high doses and re-administration inevitable.
A safe and sound medical modality free from dose limits and sequels persuades researchers to adopt a targeted drug delivery approach as one of the main subjective cancer treatments nowadays [16-20]. Dendritic architecture has more advantages over the other carrier systems, particularly in drug delivery, because of its unique properties. Compared with traditional linear polymers, dendrimers exhibit significantly improved physical and chemical properties[21].
In that sense, the enhanced permeability and retention (EPR) effect would be a reliable index to assess polymeric drug delivery characteristics used mainly in cancer research. The index describes the propensity of macromolecules to accumulate in solid tumors [26]. Tumoral tissues have a stable nature and incontrollable angiogenesis with leaky walls that allow easy molecule permeation. Lack of lymphatic drainage causes the drug molecules to be retained and slowly released in the cancer cells and conceivably increases the curative power compared to the standard drug delivery systems [26, 27].
Poly (amidoamine) dendrimers (PAMAM) are polymeric macromolecules that can find their use as carriers of biologically and medically essential molecules such as fragments of genetic material, drugs, or vitamins. The most frequently tested polymers of this kind include dendrimers of the PAMAM class, especially those belonging to the fourth (G4) and fifth (G5) generations.
A single molecule of PAMAM G4 with ethylenediamine core contains about 250 potential binding sites comprising 64 surface primary amine groups, 62 internal tertiary amine, and 124 amide chains [28]. Oral administration of PAMAM dendrimers was first reported by Wiwattanapatapee et al. [29].
Accordingly, the PAMAM dendrimer drug delivery method seems to have a practical philosophy for drug transport and can increase prognosis outcomes with less unwanted aftermath.
In this study, we tested the PAMAM dendrimer-capecitabine complex for treating bilateral mouse axillary implanted tumors with human sources and compared it with the conventional free capecitabine chemotherapy in low and high doses on tumor size, damage; blood cells count, liver enzymes, and apoptosis pathway.
Material and method:
1.1. Materials
PAMAM-G4-NH2 (14,215 g/mol, 64 amine end groups) was purchased from Aldrich chemical company, Germany. Capecitabine (500mg tablet) and cyclosporine were taken from NOVARTIS, Switzerland. Cyclosporin was diluted with distilled water to the desired concentration and injected into the animals. Capecitabine tablets were grounded, dissolved in methanol, passing through a filter paper, and then a rotary evaporator evaporated methanol, and a pure powder of the drug was obtained. The drug was dissolved in 10 percent DMSO and used for animal injections or formulation with PAMAM dendrimer nano-carrier.
1.2. Animals
Forty male NMRI inbred albino mice aged 6-8 weeks (30-35 g) were provided from the Physiology Department at Tehran University of Medical Sciences (TUMS). The animals were divided into five equal-sized study groups. This weight range decreased inevitable surgical and chemotherapeutic effects, e.g., gross weight loss. Animals were kept in a temperature-controlled environment with a 12:12 light/dark cycle with free access to food and water. All procedures were according to the guidelines for the care and use of laboratory animals of Tehran University of medical sciences.
1.3 Collection of Tumor Tissues
Patients with pathologically proven Lauren’s intestinal-type gastric cancer received curative resection at the general surgery Department, Firoozgar Hospital, Iran University, Tehran, Iran, between July; 2015 till August 2016. Patients received no preoperative anticancer treatments such as neoadjuvant chemotherapy or radiotherapy. The ethics committee approved the study of the surgery Department in Firoozgar Hospital. Patients gave written consent before the research based on the inclusion criteria. We kept the resected tumors in a solution that contained normal saline, heparin, and streptomycin. Fine pieces (0.5× 1× 1mm) of tumor tissues were taken and implanted to the mice armpit during an hour post-resection. In this study, the tumor was bilaterally implanted in the animal's axillary region to increase the chances of grafting and its growth. Cyclosporine (10mg/kg; i.p.), an immune suppressor, was used from the working day until grafted tumor reached about 1500mm3 in size [30]. Tumor volume was measured every three days with a suitable caliper according to the following formula [30]:
Tumor volume= length × depth × height/2
1.4 Study design
According to the study protocol, forty male NMRI inbred albino mice were equally divided into five groups of 8 as follows:
- Control cancer group (Cancer) in which animals received cyclosporine first and underwent the surgical procedure as per study protocol
In the Capecitabine group, animals received cyclosporine first and then oral capecitabine (700mg/kg/day) for a week through a feeding tube followed by a week rest [11].
 - PAMAM dendrimer group in which animals received cyclosporine first and then PAMAM dendrimer (20µg/kg) [31] for a week through a feeding tube followed by a week rest.
- Capecitabine (700 mg/kg) -PAMAM dendrimer complex group (700 C+P) in which animals received cyclosporine first and then oral capecitabine (700mg/kg/day) + PAMAM dendrimer (5:1 v/v %) for a week through a feeding tube followed by a week rest [11].
- Capecitabine (400 mg/kg) -PAMAM dendrimer complex group (400 C+P) in which animals received cyclosporine first and then oral capecitabine (400mg/kg/day) + PAMAM dendrimer (5:1 v/v %) for a week through a feeding tube followed by a week rest.
Subcutaneous axillary tumor implant was carried out in sterile condition under general anesthesia with ether inhalation in a bell jar. The surgical site was sewn with a 7-0 nylon stitch. Animals were individually placed in their respective cages to recover post-anesthesia. On first post-op day, they received cyclosporine (10mg/kg/day; i.p.) as per above-mentioned protocol.
Capecitabine calibration curve, capecitabine dendrimer encapsulation; Drug Loading Concentration (DLC), and Encapsulation Efficiency (EE) were adopted from our previous studies [31].
1.5 Capecitabine preparation:
Capecitabine tablets (500 mg) were grounded and solved using a unique shaker in met. The solution was filtered with filter paper and then placed in the Rota evaporator at 37 οC for methanol evaporation [31]. Ethanol Prepared solution kept in the dark container at four οC degrees until use. The estimated purity degree was %87 as per the following formula [31]:
Purity degree= (purified yield mass / total mass) × 100
1.6 Laboratory tests
At the end of the study, animals were anesthetized with ketamine (50 mg/kg, i.p.) to perform a midline laparotomy. Midsternotomy was also done for cardiac blood sampling [27]. One ml of blood sample was centrifuged for 5 min at 7000 rpm for serum collections [32]. Serological parameters including alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) were then measured using appropriate Commercial ELISA kits (Provided from Biorbyt Canada) as previously described [27, 33]. Complete cell blood count was also done using an extra 1 ml blood sample.
1.7 Genetic testing
Upon completion of the study, grafted tumors were excised under general anesthesia with Ketamine (50 mg/kg i.p.), kept in a nitrogen tank, and finally put in -70 °C deep freeze till real-time PCR measurement for Bax and Bcl2 gene expression compared with GAPDH line as previously described [34].
Total RNA was extracted from the tissue with TRIzol (GIBCO, Grand Island, NY, USA).  With a Spectrophotometer, we determined the RNA quantity and purity. Also, agarose gel electrophoresis was performed to check RNA integrity (0.8% agarose; Gibco/BRL). cDNA synthesis was carried out with Prime Script First-Strand (cDNA Synthesis Kit, Takara, Japan).  One μg of total RNA was converted to the complementary DNA in the final volume of 20 μl (reversely transcript). All primers (Bax, Bcl-2, and GAPDH as an endogenous control gene) were purchased from a Qiagen primer bank. We used Step One Plus Real-Time PCR System (Applied Biosystems, USA) for the real-time PCR reaction. Two μl of cDNA, two μl of primer, and SYBR Green Master Mix (Takara, Japan) were mixed according to the manufacturer’s protocol in a total volume of 20 μl.
Real-time PCR designed primers
	BCL2- forward
	TGGTCTTCTTTGAGTTCGG

	BCL2- reverse
	GGCTGTACAGTTCCACAA

	BAX-forward
	CGCCCTTTTCTACTTTGACA

	BAX-reverse
	GTGACGAGGCTTGAGGAG

	GAPDH- forward
	GCA GGG ATG ATG TTC TGG

	GAPDH- reverse
	CTT TGG TAT CGT GGA AGG AC


1-8 Pathological assay:
Grafted tumors were collected together with other organs like the stomach, colon, small intestine, and liver to check for possible tissue metastasis with microscopic examination of the metastatic nodules. Tissues were fixed in 10% formaldehyde first and then packaged and embedded in paraffin. Paraffin blocks of nine serial sections (3-5 µm thickness) were taken for the hematoxylin and eosin staining technique.
1-9 Statistical analysis:
Results were expressed as means ± SEM. Analysis of variance (ANOVA) and post hoc Tukey test were used to compare groups. P-values below 0.05 were considered statistically significant. Pathological results were presented in graphic form. We used SPSS version 22 to analyze the DATA.
Results
2.1. Tumor growth
Tumor grafts were bilaterally embedded to have more available tissues. In 32 out of 40 mice (80%), tumoral tissues were remarkably grown in the left armpit than the right. In 8 remaining mice (20%), right side tissues became more prominent than the left (Fig 1).
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]
Fig1: tumor growth site. The left side was more developed than the right side
2.2. Effect of capecitabine and capecitabine-PAMAM dendrimer complex on tumor size
Tumor size in the control cancer group was significantly bigger than capecitabine received animals (P <0.001). In 700 C+P, tumor tissues were considerably smaller than capecitabine received animals (P <0.05). In the 400 C+P groups, tumoral size changes were negligible to the size in this group was significantly bigger than 700 C+P, and capecitabine received animals (P <0.001). In PAMAM dendrimer received animals, tumor size was nearly unchanged compared to the cancer group (Fig 2).
[image: tumor volume changes (PAMAM= Poly Amido Amin, 700C+P= Capecitabine (700mg/kg) – PAMAM dendrimer, 400C+P= Capecitabine (400mg/kg) – PAMAM dendrimer).]
Fig2: tumor volume changes (PAMAM= Poly Amido Amin, 700C+P= Capecitabine (700mg/kg) – PAMAM dendrimer, 400C+P= Capecitabine (400mg/kg) – PAMAM dendrimer). 
### shows a significant difference in comparison with the cancer group at the level of P <0.001. * indicates a significant difference in comparison with the Capecitabine group at the level of P <0.05.*** showed a substantial difference in comparison with the Capecitabine group at the level of P <0.001.
2.3. Liver enzymes:
In capecitabine received animals, AST (Fig 3), ALT (Fig 4), and ALP (Fig 5) were significantly elevated compared to the control of cancer animals.
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Fig 3:  AST level in experimental groups. ### The significant difference compared with the control cancer (cancer) group at p <0.001. *** Significant difference compared with the capecitabine group at p <0.001.* Significant difference compared with the capecitabine group at p <0.05. $$$ significant difference compared with Capecitabine (700 mg/kg) -PAMAM dendrimer complex group (700 C+P) (700C+P) group at the level of p <0.001.
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Fig 4:  ALT level in experimental groups. ### shows a significant difference compared to the control cancer group at P <0.001. *** showed a substantial difference compared to the Capecitabine group at P <0.001. $ showed a considerable difference compared to the 700C+P group at P <0.05.
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[bookmark: _Hlk90401136]Fig5: ALP level in experimental groups. ### shows a significant difference compared to the cancer group at the level of P <0.001. *** showed a substantial difference compared to the Capecitabine group at P <0.001.
However, in the 700 C+P groups, both AST and ALP were significantly reduced compared with capecitabine received animals (p <0.05, P <0.001, respectively). In 400 C+P, all liver enzymes were significantly decreased compared with 700 C+P. No significant changes in ALP, AST, and ALT levels were seen in PAMAM dendrimer received animals.
2.4. Blood cell study:
Red blood cell (RBC) count significantly lowered in the capecitabine group than control cancer group (P <0.001, Fig 6).
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Fig 6: RBC count in different experimental groups. ### shows a significant difference in comparison with the cancer group at the level of P <0.001. ## shows a substantial difference in comparison with the cancer group at the level of P <0.01. *** showed a significant difference in comparison with the Capecitabine group at the level of P <0.001. * Showed a substantial difference in comparison with the Capecitabine group at the level of P <0.05.
However, in the 700 C+P groups, the RBC count was significantly increased compared to capecitabine received animals (P <0.05). In the 400 C+P groups, the RBC count significantly increased with an astonishing rise compared with 700 C+P. White blood cell (WBC) and platelet counts followed the same changes (Fig 7) and (Fig 8), respectively.
[image: WBC count in different experimental groups]
Fig 7: WBC count in different experimental groups. ### shows a significant difference compared to the cancer group at P <0.001. *** showed a substantial difference compared to the Capecitabine group at P <0.001. * showed a significant difference compared to the Capecitabine group at P <0.05. $$$ showed a substantial difference in contrast with the 700C+P group at P <0.001.
[image: PLT count in different experimental groups.]
Fig 8: PLT count in different experimental groups. ### shows a significant difference in comparison with the cancer group at the level of P <0.001. # shows a substantial difference in comparison with the cancer group at the level of P <0.05. $$$ showed a considerable difference in contrast with the 700C+P group at the level of P <0.001. * showed a significant difference in comparison with the Capecitabine group at the level of P <0.05. *** showed a substantial difference in comparison with the Capecitabine group at the level of P <0.001
2.5 Real-time PCR:
In this study, capecitabine significantly increased Bax but decreased Bcl2 gene expressions compared with animals in the control cancer group (P <0.05, P <0.001 respectively, Fig 9 and 10). In the 700 C+P groups, Bax was increased, and Bcl2 decreased significantly compared to control cancer and capecitabine groups (P <0.001, P <0.001, respectively). In 400 C+P groups, Statistical analysis showed that Bax expression was increased, and Bcl2expression was reduced compared to 700 C+P groups. Unexpectedly in PAMAM dendrimer received animals, Bax protein gene expression was significantly increased while the Bcl2 was decreased compared with capecitabine and control cancer groups. (Fig 9, Fig 10).
[image: Protein expressing the gene Bax changes in different experimental groups]
Fig 9: Protein expressing the gene Bax changes in different experimental groups. ### shows a significant difference compared to the cancer group at P <0.001. # shows a substantial difference compared to the cancer group at P <0.05. *** showed a considerable difference compared to the Capecitabine group at P <0.001. $$$ demonstrated a substantial difference in contrast to the 700C+P group at P <0.001.
[image: Protein expressing the gene Bcl2 changes in different experimental groups]
Fig 10: Protein expressing the gene Bcl2 changes in different experimental groups. ### shows a significant difference in comparison with the cancer group at the level of P <0.001. $$$ showed a substantial difference in contrast with the 700C+P group at the level of P <0.001. * showed a significant difference in comparison with the Capecitabine group at the level of P <0.05.
2-6 Histological findings:
No significant histological changes indicating metastatic process were noted in other body organs such as the colon, stomach, and pancreas. In capecitabine received animals, portal inflammation and diffuse hepatocyte hydronic changes were observed (Fig 11).
[image: Histological changes after H and E staining in organs. This picture was selected randomly from all groups.]
Fig11: Histological changes after H and E staining in organs. This picture was selected randomly from all groups. a: stomach didn’t show any pathological changes. b: Colon was clear from metastasis and any pathological changes. c: Pancreas was also evident. d: portal inflammation and diffuse hydronic change in the hepatocyte. Scale bar: 100 µm.
Xenograft tumor in the control cancer group showed adenocarcinomatous appearance with body inflammatory reaction. In capecitabine received animals, despite extensive drug-induced necrosis, pre-cancerous changes also been appeared. In the 400 C+P groups, little necrotic response to visible invasive cancer cells was noted. In the 700 C+P groups, drug-induced a highly intensive necrotic response with no viable cancer cells were found. Implanted tumor in PAMAM dendrimer received group is like the control cancer group, i.e., visible cancer cells were also seen (Fig 12).
[image: Histological changes after H and E staining in implanted tumor ]
Fig12: Histological changes after H and E staining in the implanted tumor. A (cancer control group): adenocarcinoma cell with body inflammatory reaction; b (capecitabine group): extensive necrosis with pre-cancerous lesion; c (Capecitabine 400 mg/kg -PAMAM dendrimer complex group) little necrotic response to invasive cancer cells; d (Capecitabine 700 mg/kg -PAMAM dendrimer complex) high intensive necrotic response, there is no viable cancer cell; e (PAMAM dendrimer group) cancer cells are visible. Scale bar: 100 µm.
Discussion
Decreasing chemotherapeutic side effects is one of the primary goals of cancer chemotherapy in a clinical atmosphere that can be attained in different ways. The drug delivery approach is among the safest and vastly used modalities in the clinical setting. In the current study, we first made a human-based mouse gastric cancer model using live human tumoral tissues grafted to the mice armpits in cyclosporine received immune-suppressed animals.
We investigated capecitabine-PAMAM dendrimer complex administration to improve drug delivery and attenuate high chemotherapeutics’ side effects. Capecitabine in complex form could remarkably reduce liver side effects and decrease tumor size in neoadjuvant chemotherapy.
The growth of tumors in most animals (80%) was on the left, and only a slight (20%) tumor was shown on the right side of the body. In a study of arterial blood flow in mice in 2016, the arterial branches of this animal were identified by location and side. The axillary artery responsible for the blood flow to the underlying region has nine branches on the right and 19 branches to the left [35]. Growing the tumor requires an adequate blood supply to the tissue and the necessary factors to grow through the blood. Perhaps the cause of further tumor growth on the left is related to the more vascular branches on that side.
The growth of the tumor was minimal in-depth, which could be due to the implantation of a tumor under the skin and above the muscle that limits tumor growth.
Studies show that the vascular permeability of the cancerous tissues is higher than healthy tissues. Enhanced permission and retention effect (EPR) caused the capecitabine-PAMAM dendrimer complex to accumulate in tumoral tissues and decreased tumor size compared to other experimental groups[36].
It seems that prescription capecitabine in a complex form with dendrimer can better target affected tissues, prevent drug distribution to other organs, and increase health index. Failure to observe a significant difference between the complex group at 700 and 400 on the length, width, and depth scale and the presence of cancerous cells in the histological examination at 400 dose may be due to shortened chemotherapy duration in the treatment cycle. Tumor sizes in the two study groups were statistically significant in our pathology findings.
As chemotherapy drug carriers, Dendrimers can provide specific treatment for different tumor tissues, prevent the distribution of drugs in healthy tissues, and prevent broad drug distribution without interfering with the healing process or tumor size in various tissues [15].
In this study, capecitabine could significantly reduce RBCs, WBCs, and platelet count in the capecitabine-treated group compared to the control. Blood cell counts in the capecitabine-treated group were substantially lower than capecitabine-dendrimer complex received animals.
However, in our study, blood cell count in the PAMAM dendrimer group was not significantly different from the control group, which is incongruent with other similar studies in which PAMAM dendrimers could reduce red blood cells. In contrast, it increases white blood cells count [37].
Our results also showed increased Bax protein gene expression and reduced Bcl2 protein gene expression together with increased cell death and degradation following capecitabine administration in both 400 and 700 doses in complex form though in different quality, irrespective of the low therapeutic cycle.
Despite previous research findings, we showed that PAMAM dendrimer might affect the apoptosis process via increased Bax protein gene expression and reduced Bcl2 protein expression. This finding may be due to possible interactions between dendrimers side chains such as amine groups and the affected cells. Our results need further research to be confirmed.
Conclusion:
Targeted chemotherapy has always been a wish for researchers to prevent the adverse effects of chemotherapy in cancer research and nano dendrimers seem to be very close to this ideal. Although we showed positive proapoptotic and safe drug delivery findings in the capecitabine PAMAM dendrimer complex method, a long way is still on our horizon to clarify the precise mechanisms and prove its efficacy and safety.
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