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Purpose: The purpose of this study was to assess the capability of recombinant angiogenin 
isolated from Pichia pastoris yeasts to stimulate regenerative processes in the dermis of 
experimental animals.
Patients and Methods: Wistar rats were administered with recombinant angiogenin 
intracutaneously. Morphological examination of the skin and the assessment of the prolif-
erative activity of the epidermal cells were carried out. Additionally, cytokine production by 
human whole blood cells exposed to angiogenin was analyzed ex vivo.
Results: Administration of angiogenin stimulates collagen fiber formation and angiogenesis. 
This stimulation is tightly associated with an increase in the number of fibroblasts, an 
increased numerical density of dermal blood vessels and an increased density of collagen 
fibers; also, it activates the proliferation of basal cells. Angiogenin induces the production of 
MCP, IL-8, IL-6, IL-1β, TNF-α, IL-10, TGF-β, and VEGF by blood cells.
Conclusion: The results obtained indicate a broad spectrum of actions of recombinant 
angiogenin during regenerative processes in the basal layer of the dermis.
Keywords: intracutaneous injections, pathomorphological analysis, cytokines, regeneration

Introduction
Angiogenin, also known as secreted ribonuclease 5 (RNase 5), is a strong inducer 
of angiogenesis. It plays a key role in a variety of physiological and pathological 
processes, including reproductive cycles, embryonic and postnatal tissue develop-
ment, the regeneration of damaged tissues and the hematopoietic system, neuro-
protection, inflammation and tumorigenesis.1–4 Angiogenin is a polyfunctional 
protein presented in the blood, mother’s milk, amniotic and cerebrospinal fluids. 
As other acute-phase proteins, angiogenin is actively synthesized in liver cells in 
stressful situations, allowing it to be considered as a protective homeostatic factor.

In contrast to other angiogenic factors, such as vascular endothelial growth 
factor (VEGF), placental growth factor (PlGF), hepatocyte growth factor (HGF), 
fibroblast growth factor (FGF) and epidermal growth factor (EGF), angiogenin 
exerts a ribonuclease enzymatic activity.5 The main targets of angiogenin are 
vascular endothelial cells, fibroblasts and smooth muscle cells. Angiogenesis initia-
tion occurs upon the binding of angiogenin to actin located on the membranes of 
endothelial cells6,7 and consequent activation of the plasminogen activator, which, 
in turn, results in the formation of plasmin, which, in conjunction with a variety of 
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activated matrix metalloproteinases, destroys laminin and 
fibronectin of the basal membrane. Destruction of the 
basal membrane and extracellular matrix is believed to 
be essential for the migration of endothelial cells during 
neovascularization.8

Activated endothelial cells express, on their cytoplas-
mic membrane, the specific angiogenin-binding receptor 
plexin-B2 (PLEXINB2), which mediates the induction of a 
variety of intracellular pathways (ERK1/2, PKB/Akt, 
SAPK/JNK), resulting in an increased production of ribo-
somal proteins essential for cell growth.9 Angiogenin also 
induces the synthesis of nitric oxide, a key biological 
regulator of the vascular tone. Moreover, angiogenin initi-
ates the NF-κB-mediated signaling and the Bcl-2-mediated 
antiapoptotic pathway.10–15

The main mechanism of angiogenin-mediated angio-
genesis is associated with this polypeptide’s capability of 
inducing ribosomal RNA transcription. After endocytic 
internalization, angiogenin undergoes nuclear transloca-
tion and accumulates in nucleoli, where it binds to DNA 
promoter regions by its specific nuclear localization 
sequence (NLS) and thus activates the transcription of 
ribosomal RNA, which is a key event in ribosome biogen-
esis, and, consequently, in the subsequent synthesis of a 
variety of proteins essential for the cell growth and survi-
val, and for the formation of new vessels.2,5,13,16–21

The activity of angiogenin depends on its localization. 
In unstressed cells, angiogenin is mainly localized in the 
nucleus, while in the cytoplasm, angiogenin is inactive due 
to its binding to the placental inhibitor of ribonucleases 
RNH1. In stressed cells (unusual tissue localization, 
hypoxia, trophic imbalance, heat shock, oxidative stress), 
angiogenin undergoes cytoplasmic translocation, dissoci-
ates from RNH1 and accumulates in stress granules. Stress 
granules contain untranslated mRNAs, 40S ribosome sub-
units, translation initiation factors, RNA-binding proteins 
and signaling molecules. Such a deposition and preserva-
tion of these components provide cell survival under 
stressful conditions.9,13,18,22,23

Specific hydrolysis of the transfer RNA anticodon loop 
by angiogenin results in the formation of small non-coding 
fragments 30–40 nucleotides in size designated as 5ʹ and 3ʹ 
tiRNA (tRNA-derived, stress-induced small RNAs). 5ʹ 
tiRNAs (but not 3ʹ tiRNA) are strong inhibitors of protein 
synthesis, allowing cells to keep anabolism-derived energy 
for repairing lesions caused by stressful conditions. 
Angiogenin increases cell viability under stressful condi-
tions by preventing apoptosome formation and caspase-3 

activation due to binding of 5ʹ tiRNA and 3ʹ tiRNA to 
cytochrome C.1,23–29

At the final stage, proliferating, freely located endothe-
lial cells form a new blood tube, which is further hardened 
with smooth muscle cells to form a new blood vessel.19 

Perivascularly located fibroblasts also play a significant 
role in this process by producing specific proteins of the 
extracellular matrix (ECM) in response to stimulation with 
angiogenin. ECM proteins mediate interactions between 
fibroblasts and endothelial cells, facilitating the folding 
of the newly formed endothelium into the functional tube 
of a new vessel.30,31

In addition to its main function as an angiogenesis 
activator, angiogenin regulates the process of inflamma-
tion. The anti-inflammatory properties of angiogenin have 
been demonstrated in the models of IL-1β- or TNF-α- 
induced inflammation. Moreover, angiogenin is known to 
suppress the degranulation of polymorphonuclear leuko-
cytes, and so it participates in endogenous feed-back inhi-
bition during the development of inflammatory 
reactions.11,32–37

The functional activity of angiogenin substantially 
determines the course and resolution of the wound healing 
process, both directly, by stimulating neovascularization, 
and indirectly, by activating fibroblasts and the factors 
they produced.3,4,38–40

In the current investigation, experiments demonstrating 
the effects of angiogenin on the basic parameters of the 
dermis as a barrier tissue protecting the organism from a 
variety of damaging factors have been carried out. The 
results obtained indicate that intracutaneous injections of 
angiogenin induce tissue-specific pathomorphological 
changes in the dermis, which plays an important role in 
regenerative processes. Additionally, cytokine production 
by human whole blood cells has been assayed ex vivo. 
These cells have been found to secrete both pro- and anti- 
inflammatory cytokines.

Materials and Methods
Angiogenin Preparation
Recombinant angiogenin was provided by the manufacturing 
company LLC “Angiopharm Laboratory”, Novosibirsk.41

Experimental Animals
Experimental animals were provided by the Laboratory of 
Pharmacological Research, N.N. Vorozhtsov Novosibirsk 
Institute of Organic Chemistry, SB RAS. The research was 
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performed on Wistar female rats provided by the vivarium 
of the Institute of Cytology and Genetics, SB RAS. 
Experimental animals were kept in separate plastic cages 
(5 animals per cage) with unlimited access to food and 
water, at 20–22°C under a 12:12 light/dark cycle. All 
experiments were performed in accordance with the pro-
tocols approved by the Animal Care and Use Committee 
of the Institute of Cytology and Genetics and the GLP 
rules.

Administration of the Preparations
Animals were injected either with 0.2 mL physiological 
saline solution or with angiogenin at doses of 0.4 or 0.8 μg 
intracutaneously across an area of 10 cm2 (2.5 cm × 
4.0 cm) once per week. Samples were taken after three 
(n=5 in each group) or six (n=5 in each group) injections. 
A separate group of intact animals (n=5) was sampled. The 
preparations were injected by multiple intracutaneous 
micro-injections with an interval of 3–4 mm (or less) 
between puncture sites, papules with a diameter of 
1–2 mm and a volume of 0.01–0.02 mL; the needle was 
injected at an angle of 45° relative to the skin surface. The 
needle cut orientation was not taken into account.

Morphological Examination of the Skin
For morphological examination, strips of the skin from the 
area of injections were fixed in 10% neutral formalin and 
subjected to standard processing on a Leica TP1020 his-
tological complex, followed by embedding in paraffin 
blocks. A Leica RM2235 rotary microtome was used for 
preparing 3–4 µm sections, which were further stained 
with hematoxylin and eosin in a Leica ST5010 autostainer 
and stained for elastic fibers of connective tissue using the 
Weigert–van Gieson technique. Preparations were exam-
ined in transmitted light on a Leica DM2500 microscope. 
The thicknesses of the dermis (papillary and reticular 
layers) and the stratum corneum of the epidermis (without 
the cellular layer of the epidermis) were measured. The 
thickness of the dermis was measured at a 100× magnifi-
cation using an eyepiece micrometer with a scale division 
of 0.01 mm; the thickness of the epidermis was measured 
at a 400× magnification using an eyepiece micrometer 
with a scale division of 0.0025 mm. In the dermis, the 
number of fibroblasts and blood vessels across the section 
surface was counted at a 630× magnification without 
immersion on the Leica DM2500 microscope using a 
121-node morphometric grid.

Measuring of the Density of Elastic and 
Collagen Fibers
The density of collagen fibers was estimated in 25 fields of 
view at a 400× magnification using the 121-node morpho-
metric grid on the Leica DM2500 microscope. The density 
of elastic fibers was estimated in 25 fields of view at a 
1000× magnification using the 121-node morphometric 
grid on the Leica DM2500 microscope. The density of 
elastic and collagen fibers was estimated using the follow-
ing formula: V=x/n, where x is the number of dots corre-
sponding to a certain structural component and n is the 
total number of dots counted.42

Assessing the Proliferative Activity of the 
Epidermal Cells
Immunohistochemical staining was performed using the stan-
dard protocol on Autostainer Link 48 (Dako), EnVisionTM 

Flex+, Mouse, High pH, (Link) Code K8002 (Dako) and 
Monoclonal Mouse Anti-Human Ki-67 Antigen, Clone MIB- 
1, Code M7240 antibodies (Dako). Preparations were exam-
ined in transmitted light on the Leica DM2500 microscope. 
Proliferative activity of the epidermal cells was estimated as 
the number of Ki-67-positive cells with a medium and an 
intense specific nuclear reaction per 100 epidermal cells in 10 
fields of view (%).

Ex vivo Assessment of Cytokine 
Production by Human Whole Blood Cells
The study was performed in accordance with the principles 
stated in the Declaration of Helsinki and was approved by 
the Ethic Committee of the Research Institute of 
Fundamental and Clinical Immunology. Peripheral blood 
samples were obtained from healthy donors. The partici-
pants provided written informed consent. To assess, in ex 
vivo settings, cytokine production by whole human blood 
cells, peripheral blood samples from three donors and 
angiogenin at concentrations of 0.01, 0.1 and 1.0 μg/mL 
were used. Blood samples were incubated with and with-
out angiogenin for 24 hours at 37ºС and cells were sedi-
mented at 10,000 g for three minutes. The remaining 
supernatant was aliquoted, frozen and stored at −40°C 
until assaying. The IL-2, IL-4, IL-6, IL-8, IL-10, IL-18, 
IL-1β, TNF-α, IFN-γ, VEGF and MCP-1 contents were 
determined by a solid-phase immunoassay using kits from 
“Vector-Best” (Russia); the G-CSF, GM-CSF, IL-17 and 
TGF-β contents were determined using kits from R&D 
Systems (United Kingdom). To quantify the effect of 
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angiogenin on cytokine production, we used the “Influence 
index”, which was calculated as the ratio of cytokine 
content in angiogenin-treated blood to the basal level of 
cytokine production by untreated blood.

Statistical Data Processing
During the statistical analysis, mean values with standard 
errors were calculated. The difference between the means 
was validated using the Student’s t-test. Data were con-
sidered valid at p<0.05. For statistical processing, 
Statistica 6.0 for Windows and MS Excel were used.

Results
State of the Dermis After Exposure to 
Angiogenin
To assess the effect of recombinant angiogenin on collagen 
fiber formation and angiogenesis, Wistar rats were admi-
nistered with the preparation intracutaneously.

In intact animals, an epidermal strip was represented as a 
multilayer squamous keratinizing epithelium with up to three 
cellular layers identifiable (Figure 1). The dermis was repre-
sented as papillary and reticular layers without a definitive 
border between them. The papillary layer of the dermis was 
found directly under the epidermis and consisted of loose 
fibrous connective tissue. The connective tissue of the reticular 
layer of the dermis was represented by thin collagen and elastic 
fibers, skin appendages of a typical morphological texture and 
cells with a predominance of fibroblasts, histiocytes and lym-
phocytes. The number of skin appendages differed between 
samples. In all samples, superficial erosive injuries of the 
epidermis with small intraepidermal accumulations of neutro-
phils were detected.

In animals administered with saline, expansion of the 
stratum corneum was observed, the papillary and reticular 
layers of the dermis were represented by coarse, swollen 
collagen. The dermal edema, observed as the uncoupling 
of collagen fibers, was detected (Figure 1).

In animals treated with 0.4 and 0.8 μg of angiogenin 
three times, the epidermis was expanded and represented 
by 4–6 layers of cells with a pronounced granular layer 
and moderate keratinization. In animals treated with 0.4 μg 
of angiogenin three times, collagen fibers of connective 
tissue in the papillary and reticular layers of the dermis 
were thickened, swollen and oriented in one direction 
(Figure 1). A narrow stripe of newly formed collagen 
and several fibroblast aggregations were identifiable in 
the injection area.

In animals treated with 0.4 and 0.8 μg of angiogenin six 
times, the thickness of the epidermis was accounted for by two 
to five cellular layers without acanthosis and with moderate 
keratinization. No neutrophil accumulations were observed. 
The granular layer consisted of up to two cellular layers.

Figure 2 shows the results of measuring the thicknesses 
of the dermis and stratum corneum (Figure 2A and B), the 
number of fibroblasts and blood vessels (Figure 2С and 
D), and the density of dermal elastic and collagen fibers in 
the treated area (Figure 2E and F).

In animals treated with saline three times, increased 
thicknesses of the dermis and stratum corneum relative to 
the intact controls were observed (Figure 2A and B).

In animals treated with 0.4 or 0.8 μg of angiogenin three 
times, a thickening of the dermis and stratum corneum relative 
to the intact controls were observed (Figure 2A and B). In these 
groups, a significant increase in the number of fibroblasts and 
the densities of dermal blood vessels and collagen fibers rela-
tive to the intact controls and animals treated with saline was 
detected (Figure 2С and D and F). No significant differences 
between the groups treated with 0.4 and 0.8 μg of angiogenin 
were found.

In the animals treated with 0.4 μg of angiogenin six times, 
the thickness of the stratum corneum was increased relative to 
that in the animals treated with 0.4 μg of angiogenin three times 
(Figure 2B). The thicknesses of the dermis and stratum cor-
neum, the number of vessels and the density of collagen fibers 
were significantly increased in them relative to those in the 
intact controls and animals treated with saline (Figure 2А and 
В and D and F).

In the animals treated with 0.8 μg of angiogenin six 
times, all the parameters monitored had the maximum 
values, which were definitely higher than those in the 
intact controls and animals treated with saline (Figure 2).

Assessing the Proliferation of Epidermal 
Cells
The proliferative index of basal cells of the epidermis (Ki- 
67) following three- and six-time administration of 0.8 μg 
of angiogenin was significantly higher relative to both the 
intact controls and the group receiving saline (Figure 3).

Angiogenin Stimulates Cytokine 
Production by Human Whole Blood Cells
Angiogenin is produced by a variety of cell types and is 
involved in the paracrine regulation of multiple processes, 
including embryogenesis, perinatal development, the 
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development of immune tolerance, and hematopoietic 
homeostasis.19 Thus, different types of cells are sensitive 
to angiogenin and can specifically respond to exposure. 
Intradermal administration of angiogenin results in a sig-
nificant increase in its local concentration and consequent 
activation of blood cells in the microcirculatory/capillary 
bed of the dermis at the injection site. An increased cyto-
kine production by a variety of cells located both in the 

endo- and perivascular space could be presumed as a 
manifestation of such activation.

To test this presumption, an ex vivo analysis of cyto-
kine production by whole blood cells exposed to angio-
genin was performed in a human model. The production of 
pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, IFN-γ, 
IL-17, IL-18), anti-inflammatory cytokines (TGF-β, IL-4, 
IL-10), growth factors (IL-2, GM-CSF, G-CSF, VEGF) 

Figure 1 Skin from the back of the intact animal and animals after three and six injections of each saline, 0.4 and 0.8 μg of angiogenin. Expansion of the stratum 
corneum, an increase in the number of epidermal layers, thickened collagen fibers, the site of newly formed collagen with proliferating fibroblasts (the edge 
of the injection area). Hematoxylin/eosin staining, 100× magnification.
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and chemokines (MCP, IL-8) by whole blood cells from 
healthy donors was assayed ex vivo. Angiogenin exerted a 
dose-dependent stimulating effect on the production of 
eight mediators: chemokines (MCP, a chemoattractant for 
monocytes/macrophages and IL-8, a chemoattractant for 
neutrophils/granulocytes), pro-inflammatory cytokines 
(IL-6, IL-1β and TNF-α), anti-inflammatory cytokines 
(IL-10 and TGF-β) and vascular endothelial growth factor 
(VEGF) (Figure 4). Angiogenin did not affect the levels of 

IFN-γ, IL-17, IL-18, IL-4, IL-2, GM-CSF and G-CSF 
significantly (as an example, data on IL-18 production 
are given).

Discussion
A wealth of experimental data indicate that a variety of 
cells produce angiogenin in the models of stressful 
conditions.11,19,40 Although angiogenin is commonly 
accepted to act predominantly in extra- and perivascular 

Figure 2 Quantification of pathomorphological parameters in the dermis of the intact animal and animals treated three or six times with each saline, 0.4 and 0.8 μg of 
angiogenin. (A) Thickness of the dermis (μm); (B) thickness of the stratum corneum (μm); (C) number of fibroblasts, (D) number of blood vessels; (E) density of elastic 
fibers; (F) density of collagen fibers in the treatment area. The method for calculating these parameters is given in the Materials and Methods section. *Significant differences 
from the intact controls (p<0.05), #significant differences from the saline-treated group (p<0.05).
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areas, circulating angiogenin is found in the normal serum 
at concentrations of 200–400 ng/mL.

Secreted angiogenin is known to be capable of modulating 
the expression of genes encoding other biologically active 
mediators, including the factors regulating inflammatory pro-
cesses. Thus, in human fibroblasts exposed to angiogenin, the 
expression of genes encoding cytokines and growth factors is 
affected: the levels of mRNA for pro-inflammatory cytokines 
IL-1β, IL-6, IL-8, and TNF-α receptor (TNFR1) are down-
regulated, while those of IL-4 and IL-10 are elevated.11,12 In a 
rat model of endotoxin-induced uveitis, angiogenin treatment 
resulted in a reduced expression of IL-1β, IL-6, IL-8, and TNF- 
α, while the expression of IL-4 and IL-10 was increased.43 

Thus, angiogenin enhances tissue repair processes by activat-
ing of a set of anti-inflammatory cytokines.

After being treated with recombinant angiogenin, the 
whole blood cells were found to enhance their production 
of both pro- and anti-inflammatory cytokines, and this can 
be explained as follows.

It is possible that angiogenin, acting as a protective 
homeostatic factor, exerts a substantial effect on blood 
cells, and activation of the inflammatory process in both 
directions is immediately associated with its angiogenic 
capabilities.

It can be presumed that intradermal administration of 
angiogenin facilitates activation of circulating cells (lym-
phocytes, monocytes, neutrophils, parietal granulocytes 
and endothelial cells) in the dermal blood vessels. As a 
result, the endogenous production of a variety of pro- 
inflammatory (TNF-α, IL-1β, IL-6, IFN-γ, IL-17, IL-18) 

Figure 3 Proliferation of cells of the epidermis from the back of animals. (A) Ki-67-positive cells (%). *Significant differences from the intact controls (p<0.05), #significant 
differences from the saline-treated group (p<0.05). (B) Immunohistochemical staining of skin sections from animals after three and six injections of saline, 0.4 and 0.8 μg of 
angiogenin. Arrows point to the stained nuclei of basal cells of the epidermis. 200× magnification.
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and anti-inflammatory (TGF-β, IL-4, IL-10) cytokines, 
growth factors (IL-2, GM-CSF, G-CSF, VEGF), and che-
mokines (MCP, IL-8) is triggered. Chemokines (MCP, IL- 
8) and pro-inflammatory cytokines (IL-1β, TNF-α) auto- 
and paracrinally increase the permeability of capillaries, 
edema and cellular infiltration in the epidermis and in the 
subcutaneous area. This, in turn, facilitates the migration 
of activated endotheliocytes to the perivascular area and 
the development of a new layer of endothelial cells, which 
precedes the development of a new blood vessel.

IL-6 activates fibroblasts, which, in turn, start to 
express IL-6 and IL-8, facilitating their activated state. 
TGF-β and IL-10 stimulate their growth/proliferation and 
subsequent differentiation, as well as the production of 
extracellular matrix components (collagen) and specific 
proteoglycans required for the transformation of the 
newly formed endothelial plate into a tube and its conse-
quent remodeling into a vessel. Angiogenin, in combina-
tion with VEGF, stimulates the formation on new blood 
vessels.19,30,31

Thus, angiogenin functions as a trigger for a cascade of 
local cytokine-mediated reactions that synergistically and 
additively regulate the functional state of the dermis, 
which has been confirmed by morphological and histo-
chemical assays of skin specimens from the injection 
sites. Since angiogenin affects cytokine production by 
blood cells in a dose-dependent manner, it can be pre-
sumed that the processes induced will be more pronounced 
upon increasing either the dosage (0.8 vs 0.4 μg) or the 
number of injections (n=6 vs n=3).

Conclusion
Intracutaneous injections of angiogenin were found to 
stimulate collagen fiber formation and angiogenesis. This 
stimulation was tightly associated with an increase in the 
number of fibroblasts, an increased density of dermal 
blood vessels and an increased density of collagen fibers, 
as well as with the activation of the proliferation of basal 
cells. Angiogenin induced the production of a range of 
cytokines by human whole blood cells. The results 

Figure 4 Effects of angiogenin at doses of 0.01, 0.1 and 1 μg/mL on cytokine production by whole blood cells from healthy donors (n = 3). The y-axis represents the 
“Influence Index” (the ratio of cytokine production by the cells exposed to angiogenin at the corresponding concentration to the basal level of cytokine production by 
untreated cells). The red line signifies the basal level of cytokine production (taken as “1”).
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obtained indicate a broad spectrum of actions of recombi-
nant angiogenin during regenerative processes in the basal 
layer of the dermis.
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