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Features of skin wound healing in rats with experimental chronic kidney disease
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Chronic kidney disease negatively affects the morphofunctional state of all organs due to hemodynamic and metabolic disorders.
Changes in the content of cytokines observed in kidney diseases, which regulate the processes of inflammation and tissue repair, can
complicate the course of the wound process. This research aimed to study disorders in the process of skin wound repair due to changes in
the dynamics of production of interleukins IL-1f3, IL-6, IL-10, IL4, growth factors bFGF and VEGF in animals with experimental chro-
nic kidney disease. The levels of interleukins and growth factors were determined on the 7th, 14th and 28th days after surgical modeling of
wounds in the blood of rats with experimental chronic kidney disease and animals of the control group. To assess the dynamics and quali-
ty of wound healing, a semi-quantitative histological analysis was performed. The study showed an increase in the content of pro-
inflammatory interleukins in the group of sick rats: on the 7th day the level of IL-1B was 1.19 times higher, and IL-6 — 1.55 times, on the
14th day the level of IL-1B was 1.37 times in comparison with the control group. The maximum increase in the concentration of anti-
inflammatory interleukins was noted on the 28th day: IL-4 was 2.10 times higher, IL-10 — 1.39 times higher than in the control group.
The content of bFGF and VEGF in animals of the control group reached its maximum on the 7th day, and in animals with chronic kidney
disease — on the 15th day after surgery. Semi-quantitative histological analysis showed a decrease in indicators in the group of sick ani-
mals: the number of fibroblasts and collagen deposition — on the 7th day, reepithelialization — on the 28th day. A persistent increase in the
number of polymorphonuclear leukocytes was also noted at all periods of the experiment: by 1.38, 1.99, and 9.82 times — on the 7th, 14th,
and 28th days, respectively. The study showed that the dynamics of the production of interleukins and growth factors were impaired in
rats with chronic kidney disease. In the process of damage regeneration in sick animals, pro-inflammatory mechanisms prevailed with the
involvement of a large number of immunocompetent cells, as a result, skin wounds took longer to heal.
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Introduction

The problem of wound healing remains a topical issue in human phy-
siology. Chronic, long-term non-healing skin injuries are often the result of
systemic diseases. The negative impact of diabetic disease and chronic
venous insufficiency on the processes of soft tissue regeneration is well
known (Dissemond, 2017, Wang et al, 2019). Less studied are the
processes of wound healing in patients with chronic kidney disease
(CKD), which has a fairly high prevalence among the population (10—
15%) (Vanholder, 2017; Ammirati, 2019). Hemodynamic and metabolic
disturbances, accumulation of uremic toxins, and oxidative stress, which
are common in CKD, can negatively affect the healing of skin wounds
(Seth et al., 2013; Maroz & Simman, 2014). Skin biopsy studies in pa-
tients with all stages of CKD revealed a thinning of the capillary network,
microangiopathic changes, including changes in the basement membrane
and necrosis of endothelial cells of capillaries, arterioles, and venules, and,
as a consequence, poor tissue perfusion (Querfeld et al., 2020). Common
cutaneous manifestations of CKD are neuropathies with a decreased
density of intraepidermal nerve fibers, nephrogenic systemic fibrosis, cal-
ciphylaxis, and systemic amyloidosis (Chao et al., 2011; Robles-Mendez
etal., 2015).

The healing process of an acute wound is a sequence of major over-
lapping healing stages: hemostasis, inflammation, proliferation, and re-
modeling. The dynamics, quantitative and qualitative characteristics of
reparative processes are strictly coordinated and regulated by many fac-
tors. Among them, interleukins and growth factors are important. Proin-
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flammatory interleukins, for example, IL-1 and IL-6, begin to be synthe-
sized immediately after injury and promote the activation of leukocytes
and their attraction to the wound, stimulate hematopoiesis and the forma-
tion of acute-phase proteins (Anders et al., 2016; Hirano, 2021). After
cleansing the wound from infectious agents and tissue detritus, anti-
inflammatory interleukins such as IL-10 and IL4 are synthesized; they
inhibit the synthesis of proinflammatory cytokines, inhibit the cytotoxic
activity of T cells, macrophages, regulate the proliferation and apoptosis of
B lymphocytes, fibroblasts, epithelial and endothelial cells (Steen-Louws
et al,, 2019). Along with interleukins, the basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF) play an important
role in the healing of skin wounds (Tang et al., 2014). Of all the known
growth factors, bFGF has the broadest range of target cells. It stimulates
the migration and proliferation of fibroblasts, endothelial cells, and kerati-
nocytes increase the rate of formation and growth of granulation tissue,
new vessels, epidermal regeneration. Thanks to these properties, bFGF
significantly accelerates the regeneration of skin wounds. (Zhu et al.,
2017). One of the most important and powerful stimulators of angiogene-
sis is VEGF. It acts as an endothelial cell mitogen, a chemotactic agent,
and an inducer of vascular permeability (Honnegowda et al., 2015).
Against the background of the adverse effects of chronic diseases, in-
cluding CKD, the dynamics of the production of interleukins and growth
factors changes, which can lead to impaired repair of damaged tissues and
the formation of long-term non-healing wounds. (Pavlov et al., 2019;
Beyene et al., 2020). The majority of patients with CKD are characterized
by a chronic inflammatory status, accompanied by a decrease in renal
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function with an increase in the systemic inflammatory response (Gupta et
al., 2012). Previous studies show an increase in the production of both pro-
inflammatory and anti-inflammatory interleukins in kidney disease (Li et
al., 2019; Romanova et al., 2020). At the same time, there are impaired
reparative processes in the case of damage to the skin and other organs
(Maroz & Simman, 2014). Studies of growth factors bFGF and VEGF in
CKD show both an increase (Romanova et al., 2020) and a decrease
(Stompor et al., 2002) in their content, which often depends on the severity
of CKD and the level of systemic inflammation.

The present research aimed to identify disorders in the healing pro-
cess of skin wounds due to changes in the dynamics of the production of
interleukins IL-1f, IL-6, IL-10, IL-4, growth factors bFGF and VEGF in
animals with experimental chronic disease.

Materials and methods

Permission of the Ethics and Bioethics Commission of the Kharkiv
Medical Academy of Postgraduate Education dated 11/12/2019 was
obtained for the study. The conditions for keeping laboratory animals in-
cluded a natural light regime, an optimal temperature (2022 °C), a stan-
dard diet, and free access to water (Guide for the care and use of laborato-
ry animals, 2011). Experimental work was carried out in compliance with
international requirements for the treatment of animals (Directive
2010/63/EU of the European parliament and of the Council of 22 Sep-
tember 2010 on the Protection of Animals used for Scientific Purposes;
European Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes. ETS No.123, 1986). Surgical
interventions in animals were performed under anesthesia with zoletil
(tiletamine hydrochloride and zolazepam hydrochloride) intramuscularty
(10 mg/kg of animal body weight).

Studies were performed on 48 Wistar rats weighing 220-280 g at the
age of 9 months. Animals were divided into two groups: control (n = 24)
and experimental (n = 24). The animals of the experimental group were
rats with pre-formed CKD, which developed 8 weeks after a single injec-

24 healthy rats ’
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6 rats —onl4th day
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tion of 50% aqueous glycerol solution at a dose of 10 mL/kg animal body
weight (Vlahovic et al., 2007). Intact animals of the control group in a
similar way were injected with saline. The development of CKD was
controlled by the method (Kondakov et al., 2013). For the study of the
functional state of the kidneys from each group, 15 rats were randomly
selected for urine samples, and 6 rats for blood samples. Blood for the
study was taken from the heart. In urine samples, levels of protein and
creatinine were determined, and their daily excretion was calculated.
The blood samples were measured for creatinine and urea. The content of
analytes was determined using DAK-SpectroMed kits (Moldova). By the
clearance of endogenous creatinine, the glomerular filtration rate was cal-
culated. The remaining rats of the control (n = 18) and experimental (n =
18) groups reproduced the chronic wound model in the form of a circle
with a diameter of 20 mm in the interscapular region (Zinatullin et al.,
2014). On the 7th, 15th, and 28th days after the application of wounds,
6 rats from each group were removed from the experiment (Fig. 1).

The cytokines’ content in serum was determined by ELISA using IL-
1B, IL-6, IL4, IL-10, VEGF (Vector-Best), bFGF (Elabscience) kits.

Standard techniques were used for histological examination of wound
samples. The preparations were analyzed with a PrimoStar microscope
(Zeiss). A semi-quantitative method was used to evaluate the following
histological processes and structures: reepithelization stage, polymorpho-
nuclear leucocytes (PMNL), fibroblasts, new vessels, and new collagen
(Gal, et al., 2008). The sections were evaluated blindly, according to the
scale: 0, 1,2, 3,4 (Table 1).

Statistical processing of the results was performed using Statistica 6.0
(StatSoft Inc., USA) statistical analysis package. To describe the results
obtained, the data were presented as x + SE, where x is the arithmetic
mean, SE is the standard error of the arithmetic mean. Differences be-
tween the values in the groups were determined using ANOVA, where
the differences were considered significant at P < 0.05 (taking into account
Bonferroni correction). For histograms used in histological and cytokine,
examinations were plotted by GraphPad Prism 8 software (GraphPad
Software, USA).

‘ 24 rats with CKD |

*[ 6 rats — group with CKD (CKD) J

18 rats with CKD and wounds — (CKDW)
Removal:
6 rats —on the 7th day
6 rats —onl4th day
6 rats —on the 28th day

Fig. 1. The scheme of the research

Table 1

Semiquantitative histological evaluation of healing skin wounds

Scale Reepithelization stage Polymorphonuclear leukocytes Fibroblasts New vessels Collagen
0 thickening of cut edges absent absent absent absent-granulation tissue
1 migration of cells (<50%) mild-surrounding tissue mild-surrounding tissue mild-surrounding tissue minimal-granulation tissue
2 migration of cells (>50%) mild-granulation tissue mild-granulation tissue mild-granulation tissue mild-granulation tissue
3 bridging the excision moderate-granulation tissue moderate-granulation tissue moderate-granulation tissue moderate-granulation tissue
4 keratinization marked-granulation tissue marked-granulation tissue marked-granulation tissue marked-granulation tissue

Results

The study of the levels of proinflammatory cytokines in unoperated
rats of the Int and CKD groups showed a significant increase in IL-6 in
animals with experimental CKD — 1.89 times (P < 0.05). In rats with
experimental wounds, the content of proinflammatory interleukins was
maximal on the 7th day. At the same time, in the CKDW group, the level
of IL-1PB was 1.19 times higher, and IL-6 was 1.55 times higher in com-
parison with CG (P < 0.05). On the 14th day, the concentration of IL-1f3 in
the blood of animals of the CKDW group exceeded the value in CG by
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1.37 times (P < 0.05) (Fig. 1). The study of the content of anti-inflam-
matory cytokines revealed an increase in the level of IL4 in the CKD
group by 2.33 times (P < 0.05) in comparison with IG. Among the opera-
ted animals, this indicator was the highest in the CKWD group after
28 days and was 2.10 times higher (P < 0.05) in comparison with CG.
The IL-10 level in the CKWD group was 1.34 times lower on the 7th day,
and 1.21 and 1.39 times higher on the 14th and 28th day, respectively (P <
0.05 compared with CG, Fig. 2).

The content of growth factors bFGF and VEGF in animals with ex-
perimental wounds in CG was maximal on the 7th day, and in CKDW —
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on the 15th day after surgery (Fig. 4). According to the semi-quantitative
histological analysis in the CKWD group, there was a decrease in indica-
tors: the number of fibroblasts and collagen deposition — on the 7th day,
reepithelialization — on the 28th day (P < 0.05, in comparison with CG).
There was also a persistent increase in the number of polymorphonuclear
leukocytes at all periods of the experiment: 1.38, 1.99, and 9.82 times —on
the 7th, 14th, and 28th days, respectively (P < 0.05, in comparison with
CG). At later, in comparison with CG, terms (on the 14th and 28th days),
an increase in the number of fibroblasts and newly formed vessels was ob-
served (Fig. 5).

‘ RS
:i-‘ o ™ =%
7 2 p M(U
E 7 zg “ ~ y
E ol % %‘ V) cxow
I . .
0. % il 7 .

’ L 14 28 days

= o P =0.0006 l:l -

% E cxo

; ol P=0.014 mIH CG

g [_—] CK_DW
JLE = =

b 7 14 28 days

Fig. 2. Content of pro-inflammatory interleukins in the blood
of experimental rats on days 7, 14, and 28: a—IL-1, b—IL-6;
x + SE, n=6, using ANOVA (P < 0.05) with Bonferroni correction
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Fig. 3. The content of anti-inflammatory interleukins in the blood
of experimental rats on days 7, 14, and 28: a— L4, b—IL-10;
x + SE, n=6, using ANOVA (P < 0.05) with Bonferroni correction
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Semi-quantitative histological analysis showed the completion of da-
mage regeneration processes at the end of the experiment (28th day) in
animals of the control group. During this period in rats of the CKWD
group, the healing of skin wounds continued. Signs of a remodeling phase
were observed in the form of proliferation of fibroblasts, newly formed
vessels, incomplete collagen deposition, and keratinization of the epider-
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mis. Focal and diffuse leukocyte infiltration was noted in the areas of his-
topreparations of wounds in sick animals, which reflected the course of
inflammatory processes.
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Fig. 4. Content of growth factors in the blood of experimental rats
ondays 7, 14, and 28: a—bFGF, b— VEGF; x £ SE, n =6,
using ANOVA (P < 0.05) with Bonferroni correction
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Fig. 5. Semi-quantitative histological analysis data: a — on the 7th day,
b—onthe 14th day, c—on the 28th day; x + SE,n=06,
using ANOVA (P < 0.05) with Bonferroni correction

Discussion

The results of this study indicate signs of dysregulation of reparative
processes in animals with experimental CKD. In rats of the CKD and
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CKDW groups, increased blood levels of pro-inflammatory interleukins
were noted, which is typical for patients with kidney disease and can cause
systemic inflammation and multiple organ dysfunction (Petreski et al.,
2021). Systemic inflammation is mainly promoted by the production of
IL-1P. The release of IL-1p initiates the synthesis of acute-phase proteins
in the liver, activates endothelial cells, causing fever, mobilizes neutrophils
from the bone marrow (leukocytosis), and activates all classes of leuko-
cytes (Anders, 2016). Elevated plasma IL-6 levels are also an unfavoura-
ble prognostic factor for the course of CKD and related complications
(Barreto et al., 2010). At the same time, a significant increase in the con-
centration of IL-6 can be considered as a manifestation of compensation,
since this interleukin also has anti-inflammatory properties, inhibiting the
production of IL-1B, reducing the recruitment of neutrophils and monocy-
tes (Narazaki & Kishimoto, 2018). The increased production of anti-inf-
lammatory IL4 and IL-10 is also likely a reflection of compensatory pro-
cesses. Previous studies have shown that increased production of these
interleukins reduces the intensity of inflammation in rats with experimen-
tal CKD (Summers et al., 2011; Souza et al., 2018).

In animals with experimental CKD, the concentrations of growth fac-
tors were significantly reduced. The dynamics of bFGF and VEGF pro-
duction during the repair process were also impaired. Their peak plasma
concentration in rats of the CKDW group fell on the 14th day after the
operation, while in the control — on the 7th day. This is probably a conse-
quence of long-term inflammatory processes in the body of sick animals
(Stompor et al., 2002). At the same time, the concentration of bFGF, we
believe, reached a sufficient level by the 14th day after surgery, which was
reflected at the tissue level in the form of an increase in the number of
fibroblasts, newly formed collagen, and blood vessels. In addition to local
effects, increasing the concentration of bFGF can also have a beneficial
systemic effect. Its ability has been established to indirectly inhibit the ex-
pression of proinflammatory cytokines, including IL-6 and IL-1f, which
suppresses inflammation and the associated response to oxidative stress
(Sheng et al., 2018). Even though VEGF is a key angiogenic factor and in-
creases during hypoxia accompanying both kidney disease and chronic
wounds, its content in the blood of animals of the CKD and CKDW
groups was lower than in healthy animals. Some studies show that the
inflammatory environment in CKD suppresses VEGF expression, and an-
tiangiogenic factors such as thrombospondin-1 and endostatin are active-
ted in kidney disease (Kang et al., 2001; Tanaka et al., 2015). Thus, angio-
genesis is impaired at several levels in chronic kidney disease: due to
insufficient basic response to hypoxia, due to an increase in antiangiogenic
factors, and insufficient recovery mechanisms (Querfeld et al., 2020).

The combination of changes in the production of interleukins and
growth factors in rats of the CKDW group caused disturbances in the pro-
cess of wound healing. We observed pronounced signs of inflammation in
histological preparations of wounds of sick animals — leukocyte infiltration
at all periods of the experiment was significantly higher than in the control
group. The rates of reepithelialization and formation of granulation tissue
slowed down: the number of newly formed vessels, fibroblasts, and colla-
gen produced by them on the 14th and 28th days were higher than in
healthy animals. In animals with CKD, signs of epidermal cell dystrophy,
edema, and hemorrhages in the granulation tissue performing the wound
defect were observed at all periods of the experiment (Pavlov et al., 2019).
Circulatory disorders and inflammatory infiltration, retardation of reepi-
thelialization and the formation of an extracellular matrix, accumulation of
cellular decay products and proteases in the tissue fluid are characteristic
of chronic wounds, including those occurring against the background of
systemic diseases (Bodnér et al., 2018; Krzystek-Korpacka et al., 2019).
The duration of the healing of such wounds is due to the predominance of
the phase of inflammation in the regeneration process. We believe that in
chronic wounds associated with CKD, a vicious circle of positive feed-
back is created between local factors promoting inflammation and the
body’s systemic response in the form of proinflammatory cytokine pro-
duction.

Thus, concomitant CKD disrupts the normal course of the wound
healing process. Against the background of systemic inflammation, the
wound transitions from an acute injury to a chronic one. Changes in the
mechanisms of intercellular interactions, regulated by interleukins and

growth factors, led to disturbances in the structural organization in the
damaged area.

Conclusion

Our study showed that concomitant CKD created an unfavourable
background for skin wound healing in rats. Violation of the dynamics of
production of IL-1p, IL4, IL-6, IL-10, as well as bFGF and VEGF cau-
sed longer healing of injuries with a decrease in the rate of reepithelializa-
tion of wounds, the number of fibroblasts and collagen deposition in gra-
nulation tissue, and an increase in the number of polymorphonuclear leu-
kocytes. Distuption of intercellular and cell-matrix interactions, expressed
in the predominance of pro-inflammatory mechanisms, was the basis for
the mechanisms of the development of long-term non-healing wounds in
animals with experimental CKD.

This study was funded by the Ministry of Health of Ukraine from the state budget
(registration number 0120U101408).
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