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The aim of the investigation was to study drug-induced pathomorphosis of glioblastoma 101.8 in Wistar rats treated with different 
doxorubicin formulations: doxorubicin bound to polylactide nanoparticles and doxorubicin substance.

Materials and Methods. Doxorubicin bound to poly(lactic-co-glycolic acid) (PLGA) nanoparticles was used in the investigation. The 
study was performed on 33 male Wistar rats receiving doxorubicin (DOX) substance or doxorubicin-loaded nanoparticles (DOX-PLGA) at 
a dose of 1.5 mg/kg (body weight) on days 2, 5, and 8 post tumor transplantation. Lyophilized nanoparticles were resuspended in water 
(DOX-PLGA) or in 1% aqueous solution of poloxamer 188 (DOX-PLGA/P188) before intravenous administration. The number of mitotically 
dividing and dying tumor cells was counted, and the tumor cell renewal coefficient (CRC) was calculated for evaluation of pathomorphosis 
of glioblastoma 101.8 induced by doxorubicin, on day 14 post transplantation. The number and volume fraction of blood vessels in tumors 
were determined on histological sections stained with isolectin B4.

Results. On day 6 post treatment, the tumors in rats treated with all doxorubicin formulations exhibited an increase of cell death rate, 
decreased proliferative activity, and a lower indicator of CRC of tumor cells, compared to untreated animals. A decrease in the volume 
fraction and number of blood vessels in the tumors was also observed in the animals subjected to chemotherapy. According to the tumor 
pathomorphism parameters assessed in this study, the most effective formulation was DOX-PLGA/P188.
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Introduction

Glioblastoma is a fast-growing and poorly 
differentiated brain tumor that is difficult to treat. Life 
expectancy of patients with glioblastoma after making 
the diagnosis rarely exceeds 12 months [1]. The main 
method of treatment is surgical removal of the tumor 
followed by radiotherapy, while chemotherapy plays 
only a supplementary role [2]. One reason for low 
chemotherapy efficacy in CNS tumors is the blood-brain 
barrier (BBB) restricting the delivery of many drugs to 
the brain. The BBB functions are impaired in the central 
areas of the tumor as newly formed vessels being 
imperfect in anatomical, functional and histological terms 
exhibit increased permeability. However, the BBB retains 
its functionality in the areas of infiltrative tumor growth, 
preventing creation of therapeutically effective drug 
concentrations in these areas [3]. This fact suggests 
significance of searching for the ways to improve the 

efficacy of chemotherapy for brain tumors, particularly, 
glioblastomas.

One promising trend in this field is the use of drug 
delivery systems. Biopolymer-based nanoparticles are 
able to deliver anti-tumor substances whose penetration 
across the BBB is restricted without these nanoparticles. 
Nanoparticles accumulate in the tumor and gradually 
release the encapsulated drug substance maintaining its 
therapeutically effective concentration [3, 4].

Doxorubicin (DOX) is an anthracycline antibiotic 
widely used in oncotherapy. Its molecules induce DNA 
damage by intercalation, inhibit proliferation or cause 
death in tumor cells. The cytotoxic effect of doxorubicin 
is attributable to the generation of free forms of oxygen 
and the ability to inhibit blood vessel growth in tumors [5, 
6]. However, doxorubicin, a substrate of P-glycoprotein, 
is believed to be incapable of penetrating the BBB and 
therefore it can hardly be selected for chemotherapy of 
brain tumors. At the same time, treatment of glioblastoma 
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101.8 with doxorubicin bound to polybutylcyanoacrylate 
(PBCA) and polylactide (PLGA) nanoparticles has 
been shown to enhance survival and life expectancy of 
animals, promote decrease in tumor volume and inhibit 
its growth [7–9].

Nanoparticle surface modification by poloxamer 188 
(Pluronic F68, P188, etc.) improves the antitumor effect 
of DOX nanoparticles [8]. Poloxamers are polymer 
compounds, block copolymers of polyoxyethylene 
(hydrophobic part of the molecule) and polyoxypropylene 
(hydrophilic part of the molecule), the difference in their 
affinity for water gives poloxamers in aqueous solution 
the properties of surfactants. They are used as transport 
systems for the delivery of drugs to the affected 
organs and tissues [10]. Poloxamer 188 increases 
the solubility and permeability of various hydrophobic 
compounds, has a thrombolytic effect, improves blood 
rheology, promotes phagocytosis, integrates into cell 
membranes helping to eliminate their defects [11]. Upon 
administration of PLGA nanoparticles into the blood, 
the poloxamer 188 bound to their surface promotes 
adsorption of apolipoproteins E and A that interact 
with LDL receptors expressed on the membranes of 
endothelial cells forming the BBB and thus mediate 
the endocytosis of nanoparticles into these cells. 
Nanoparticles then reach the brain via transcytosis [10].

The gold standard applied to assess the antitumor 
efficacy of chemotherapy and radiotherapy has been a 
morphological study that enables predicting recurrence 
and survival in cancer patients when combined with 
morphometric and molecular biological methods [12].

To assess treatment efficacy, comparative evaluation 
of drug-induced pathomorphosis of glioblastoma 101.8 
was performed in Wistar rats after antitumor therapy 
with different doxorubicin formulations: its substance or 
doxorubicin bound to PLGA nanoparticles.

Materials and Methods
Nanoparticles were obtained from DOX substance 

(Sicor S.p.A, Italy) and a copolymer of poly(lactic-co-
glycolic acid) (PLGA) (Resomer RG 502H; Evonik 
Röhm, Germany) by double emulsion method with ratio 
of DOX:PLGA=1:10 [4]. After removing the organic 
solvents, the resulting nanosuspension was lyophilized 
with addition of a cryoprotector (1% mannit). The mean 
diameter of the obtained particles measured by photon 
correlation spectroscopy (Zetasizer Nano ZS; Malvern, 
UK) was ~100 nm, the degree of doxorubicin inclusion 
was ~90%. Before administration to the animals, 
lyophilized nanoparticles were resuspended in water 
(DOX-PLGA) or in 1% aqueous solution of poloxamer 
188 (DOX-PLGA/P188).

The study was carried out using 33 male Wistar 
rats with weighing 150–200 g. Work with animals was 
performed in accordance with order No. 199н “On the 
Approval of the Rules of Good Laboratory Practice” 
(Russia, 2016) and International Guiding Principles 

for Biomedical Research Involving Animals (CIOMS 
and ICLAS, 2012), it also complied with the Guidelines 
for Preclinical Trials of Medicinal Products (Mironov 
et al., 2012). The work was performed in accordance 
with ethical principles established by the European 
Convention for the Protection of Vertebrate Animals 
used for Experimental and Other Scientific Purposes 
(Strasburg, 2006) and was approved by Ethics 
Committee of Research Institute of Human Morphology.

Rat glioblastoma 101.8 has been obtained and 
maintained in the collection of Research Institute 
of Human Morphology [13]. The tumor tissue was 
implanted into the rat brain under anesthesia (Zoletil 
100 at the dose of 6 mg/100 g of animal weight). The 
technique of tumor transplantation has been described 
in detail in the previous work [7].

The tumor-bearing animals were distributed into 
4 groups depending on the drugs received: doxorubicin 
substance (DOX; n=6); doxorubicin bound to PLGA 
nanoparticles modified by poloxamer 188 (DOX-PLGA/
P188; n=9) or unmodified ones (DOX-PLGA; n=11). 
Untreated animals were used as controls (n=7). The 
drugs were injected intravenously on days 2, 5, and 8 
after tumor transplantation at the dose of 1.5 mg/kg.

For histological examination of glioblastoma 101.8, 
the animals were sacrificed on day 14 post tumor 
implantation (day 6 post treatment). The brain was fixed 
in 10% buffered formalin solution, histological sections 
were made and stained with hematoxylin and eosin.

To assess the proliferative potential, cell death 
and to calculate the tumor cell renewal coefficient of 
glioblastoma 101.8, the number of mitoses and dying 
cells was counted on the standard histological section 
area (65,025 µm2; x400). In each case, counting was 
performed in 5–10 fields of view, depending on the size 
of the tumor. The tumor cell renewal coefficient (CRC) 
was calculated using the formula: CRC=number of 
mitoses/number of dying cells.

Blood vessels in glioblastoma 101.8 were detected 
by histochemical reaction with isolectin B4 (Vector Lab, 
USA) to mark endothelial cells. The number of vessels 
in the field of view was estimated at 200 magnification. 
The volume fraction of blood vessels was determined by 
point counting method using Avtandilov’s grid [14].

Statistical data processing was performed by means 
of Statistica 6.1 software, using non-parametric method. 
Median (Me) and quartile range (25; 75%) served to 
characterize the experimental groups. One-way ANOVA 
test was applied to compare experimental groups, the 
Dunn and the Conover–Iman methods were used for 
multiple comparison.

Results
The morphological study of glioblastoma 101.8 

in rats from different experimental groups revealed 
that high cell count, pronounced cellular atypia and 
hyperchromia of the nuclei, polymorphism in shape and 
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Figure 1. Morphological features of glioblastoma 101.8:
the group without treatment: (a) mitotic figures; (b) multipolar 
mitosis; dying cells: (c) the DOX group; (d) the DOX-PLGA/
P188 group; starry-sky pattern; hematoxylin and eosin staining; 
magnification: (a) 400; (c) 640; (b), (d) 1000

Figure 2. Morphological features of blood vessels in 
glioblastoma 101.8:
(a) DOX P188; thin-walled blood vessels; (b) DOX-PLGA; 
vascular rosette (groupings of oval-shaped thin-walled blood 
vessels); hematoxylin and eosin staining; magnification: 
(a) 400, (b) 640

Figure 3. Histochemical reaction with 
isolectin B4, a marker of endothelial 
cells:
(a) the group without treatment, vessels 
with wide deformed lumens and thin 
walls; (b)–(d) vessels with partially 
formed walls and slit-like lumen: (b) DOX; 
(c) DOX-PLGA; (d) DOX-PLGA/P188; 
magnification: (a), (d) 100; (b), (c) 200
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size were characteristic of all tumors. There were a lot of 
tumor cells dividing by mitosis (Figure 1 (a), (b)). There 
were pathological mitoses: concentric mitoses, hollow 
metaphase, asymmetric mitoses, colchicine-like mitoses. 
There were many dying cells with homogeneous 
basophilic nucleus or nuclear fragmentation, 
homogeneous eosinophilic cytoplasm, shadow cells 
with poorly defined contours, weakly basophilic nuclei 
and vacuolated cytoplasm (Figure 1 (c), (d)). Infiltrative 
perivascular and perineural tumor growth was observed 
in the surrounding brain tissue: tumor cells formed 
clusters around vessels and dying neurons in the border 
zone. They often formed gland-like structures around the 
neurons.

A large number of blood vessels arranged in 
groupings in the form of vascular rosettes were revealed 
in all tumors (Figure 2). The vessels had deformed 
lumens, round or oval shape and a thin wall represented 
by the endothelium and a small amount of fine fibers, 
slit-like vessels with proliferation of the endothelium and 
partially formed wall were also detected (Figure 3).

Both small and extensive, single and multiple 
hemorrhages were often revealed in the tumors. Focal 
necroses were detected in many tumors, especially 
in those with a relatively large size, among them there 
were necroses with palisade-like arrangement of tumor 
cells. Reticular perivascular and pericellular edema 
was detected in the peritumoral zone. There was also 
detected cytolysis and death of neurons that were 
hyperchromic like hypoxic neurons.

The morphological features of experimental 
glioblastoma 101.8 revealed in the study correspond to 
the main features of human glioblastoma (high-grade 
cellular atypia, presence of numerous blood vessels, 
necroses and hemorrhages), which suggests similar 
response to treatment.

Pathology of Glioblastoma 101.8 in Treatment with Doxorubicin-Loaded PLGA Nanoparticles
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Figure 4. Morphological features of glioblastoma 101.8 
cells:
(a) DOX-PLGA/P188; (b) DOX-PLGA; tumors with high 
cellularity of polymorphic atypical cells with hyperchromatic 
nuclei and narrow cytoplasmic rim; there are multinucleated 
monster cells among atypical cells; magnification: (a) 640, 
(b) 400

T a b l e  1
The number of cells dividing by mitosis, dying tumor cells  
and the tumor cell renewal coefficient (CRC)  
in glioblastoma-bearing rats (%) (Me [25; 75])

Groups Dividing cells Dying cells CRC
1.  Without treatment 15 [7; 11] 2 [1; 3] 6.5 [4.0; 9.5]
2.  DOX 11 [9; 11] 10.0 [7.0; 13.5] 1.04 [0.78; 1.28]
3.  DOX-PLGA 8.0 [6.0; 12.5] 8.0 [4.0; 14.5] 1.52 [0.45; 3.12]
4.  DOX-PLGA/P188 5 [4; 6] 14.5 [10.0;17.0] 0.38 [0.25; 0.5]
p р (1–2)=0.01

р (1–3)=2.3 Е
р (1–4)=0.00002

р (2–3)=0.007
р (2–4)=2.55 Е
р (3–4)=1.52 Е

р (1–2)=0.00002
р (1–3)=3.11 Е

р (1–4)=0.00001
р (2–3)=0.02
р (2–4)=0.01

р (3–4)=5.59 Е

р (1–2)=0.00001
р (1–3)=0.00003
р (1–4)=0.00001
р (2–4)=1.28 Е
р (3–4)=3.37 Е

T a b l e  2
Volume fraction and number of blood vessels  
in rat glioblastoma 101.8 after administration  
of different doxorubicin formulations (%) (Me [25; 75])

Groups (number  
of observations)

Volume fraction  
of blood vessels (volume %)

Number  
of blood vessels

1. Without treatment (n=171) 5 [3; 6] 5 [4; 6]

2. DOX (n=89) 1.5 [0.5; 2.5] 3 [2; 4]

3. DOX-PLGA (n=69)   4 [2; 6] 5 [4; 6]

4.  DOX-PLGA/P188 2 [1; 3] 2 [1; 3]
p 
 
 
 

р (1–2)=3 E-06
р (1–4)=0.003
р (2–3)=1 E-04
р (3–4)=0.005 

р (1–2)=4 E-10
р (1–4)=0.012
р (2–3)=7 E-06
р (2–4)=6 E-04
р (3–4)=0.026

The rats from experimental groups treated with DOX, 
DOX-PLGA, and DOX-PLGA/P188 showed the signs of 
drug pathomorphosis, compared to untreated animals: 
tumor sizes were significantly smaller, most animals had 
no necroses, half of the rats had “monster” cells: from 
solitary cells in the preparation and the field of view to 
5–7 cells in the field of view (Figure 4). Blood vessels 
were basically slit-like with partially formed thin walls and 

deformed lumens. It should be noted that the intensity of 
drug-induced pathomorphosis varied within each group 
of animals under study.

In all groups of animals receiving treatment, the 
number of dying tumor cells increased and mitosis 
rates were lower compared to those untreated. The 
minimum number of mitoses was observed in rats with 
glioblastoma treated with DOX-PLGA/P188 (Table 1).

Compared to untreated animals, the absolute number 
of blood vessels in tumors was reduced after 
treatment in almost all groups of rats. This 
number was the lowest in the DOX-PLGA/
Р188 group, while in the group receiving DOX-
PLGA, it did not differ from the group without 
treatment.

The morphometric analysis of glioblastoma 
101.8 showed that the median of vascular 
volume fraction decreased in all groups of 
treated animals. This index was low in the 
DOX and DOX-PLGA/P188 groups (Table 2).

Thus, the number and volume fraction of 
blood vessels in the tumor were significantly 
lower in the group of animals treated with 
DOX-PLGA/P188 as compared to all 
experimental groups.

Discussion
The revealed morphological changes in 

glioblastoma 101.8 under the influence of 
chemotherapy with DOX and its nanosomal 
form should be regarded as manifestations 
of drug-induced pathomorphosis. The 
issue of drug-induced pathomorphosis has 
been described in detail by Lushnikov [15]: 
pathomorphosis is both general and local 
manifestations of tumor growth under the 
influence of any action. Today, pathomorphosis 
(from Greek pathos — disease and 
morphosis — formation) is understood 
as persistent changes in the clinical and 
morphological picture of the disease under 
the influence of environmental factors. The 
problem of morphological criteria for drug-
induced (“medicinal”, “medical”, “therapeutic”) 
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treated with nanosomal doxorubicin bound to PBCA 
nanoparticles is characterized by decrease in tumor size 
and vascularization degree, prevalence of necroses, 
decreased proliferative indices [25], reduced volume 
density of blood vessels and necroses in the tumor. High 
efficacy of treating glioblastoma 101.8 with doxorubicin 
bound to PLGA nanoparticles was also shown by 
Wohlfart et al. [26] who used semi-quantitative scoring 
system to evaluate the extent of necrosis and vascular 
rosettes.

Conclusion
All doxorubicin formulations reduce the proliferative 

activity of tumor cells and increase their death, thereby 
reducing cell turnover rate in treated animals. DOX-
PLGA and DOX-PLGA/P188 appear to be the most 
effective therapeutic compounds reducing proliferative 
activity and increasing tumor cell death. When different 
doxorubicin formulations are administered in rats, the 
volume fraction of blood vessels in the tumor decreases 
only in the groups treated with DOX and DOX-PLGA/
P188 as compared to untreated animals.

As the result of evaluating the pathomorphosis of 
glioblastoma 101.8 against standard morphological 
criteria, DOX-PLGA/Р188 was found to exhibit the 
maximum antitumor activity. The experimental study 
results make it possible to consider DOX-loaded PLGA 
nanoparticles resuspended in 1% aqueous solution 
of P188 poloxamer to be the most effective antitumor 
agent.
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