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The systemic biocompatibility of implant materials is crucial for ensuring their safety, since materials such as titanium (Ti), 
hydroxyapatite (HAp) and, in particular, alumina (Al2O3) can affect vital organs beyond the site of implantation. While alu-
mina-based coatings are valued for their mechanical stability, experimental studies suggest that aluminium ion release can 
cause toxicity to the liver and immune system.

The aim of the study is to evaluate the organ-specific toxicity of Ti bone implants, both with and without functional-protective 
coatings, by conducting a histopathological analysis of the liver, kidney and spleen in an experimental model.

Materials and methods. Cylindrical Ti pins, either uncoated, alumina-coated (Al), or HAp-coated, were produced and char-
acterized previously. Ninety-five female Wistar rats were divided into four groups (Ti-, Al-, HAp-groups, and sham control). 
Implants were inserted into the right femur following by postsurgical treatment and observation. Liver, kidney, and spleen 
tissues were collected at 1, 2, 4, and 8 weeks and processed for blinded histopathological evaluation using a semi-quantitative 
scale (based on ISO 10993-11:2017). Statistical analysis utilized Kruskal–Wallis tests, with p < 0.05 denoting significance.

Results. In the first week after implantation, all groups showed hepatocellular swelling, sinusoidal congestion and moderate 
portal mononuclear infiltration in the liver. They also showed tubular epithelial swelling and focal lymphocytic infiltration in the 
kidneys and follicular hyperplasia in the spleen. By the second week, these inflammatory alterations persisted but generally 
decreased, showing no significant difference from the sham-operated control group. By the fourth week, hepatocyte swelling and 
periportal infiltration were evident primarily in the Ti-group, while the Al2O3- and HAp-coated groups showed only mild reactions. 
Renal infiltration remained more pronounced in the Ti-group. By the eighth week, liver morphology was almost normal in all 
groups, with only minimal residual periportal infiltration. The kidneys showed only slight tubular swelling. While most splenic 
changes had resolved, some Ti-group specimens retained follicular hyperplasia, indicating a prolonged systemic response.

Conclusions. This study confirms that all tested Ti-based biomaterials are acceptable in terms of systemic biocompatibility. No 
necrosis or irreversible organ damage was observed, indicating an absence of toxicity induced by the materials. The initial, 
transient histological changes were nonspecific responses to surgical stress. Systemic responses indirectly correlated with 
the implant surface. HAp coatings demonstrated the most favourable systemic profile due to their robust osseointegration, 
whereas uncoated Ti resulted in prolonged immune activation. This highlights the importance of coatings that promote rapid 
and complete osseointegration in minimizing long-term systemic effects.

Системний вплив титанових імплантатів із корундовою керамікою:  
гістопатологічний аналіз у щурів

О. О. Бондаренко, А. Г. Божко, С. А. Калмикова, І. О. Мальцев,  
І. С. Шпонька, О. Є. Лоскутов

Системна біосумісність імплантаційних матеріалів має вирішальне значення для їх безпечного використання, оскільки 
такі матеріали, як титан (Ti), гідроксиапатит (HAp) і, зокрема, оксид алюмінію (Al2O3), можуть впливати на життєво важ-
ливі органи поза місцем імплантації. Хоча покриття на основі оксиду алюмінію цінують за їхню механічну стабільність, 
експериментальні дослідження показують, що вивільнення іонів алюмінію може мати токсичні ефекти для печінки й 
імунної системи.

Мета роботи – оцінити органоспецифічну токсичність кісткових імплантатів із титану (з функціонально-захисними 
покриттями та без них) шляхом гістопатологічного аналізу печінки, нирок і селезінки в експериментальній моделі.

Матеріали і методи. Циліндричні титанові штифти без покриття, з покриттям з Al2O3 або з покриттям з HAp виготовлено 
й схарактеризовано раніше. Експеримент здійснили на 95 самках щурів лінії Wistar, яких поділили на чотири групи: Ti, 
Al, HAp і контрольну – без імплантатів. Імплантати введено в праву стегнову кістку, надалі здійснили постопераційне 
ведення тварин і спостереження. Тканини печінки, нирок і селезінки взято через 1, 2, 4 і 8 тижнів, оброблено для 
сліпого гістопатологічного оцінювання, що передбачало використання напівкількісної шкали (на основі ISO 10993-
11:2017). Статистичний аналіз здійснили за допомогою тесту Краскела–Волліса; при p < 0,05 відмінності визначено 
як статистично достовірні.
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Результати. У перший тиждень після імплантації в усіх групах визначено гідропічну дегенерацію гепатоцитів, ве-
нозний застій і помірну перипортальну мононуклеарну інфільтрацію в печінці. Виявлено також набряк тубулярного 
епітелію та фокальну інтерстиційну лімфоцитарну інфільтрацію в нирках і фолікулярну гіперплазію в селезінці. До 
другого тижня ці запальні зміни зберігалися, але загалом зменшилися; відмінності порівняно з контрольною групою 
невірогідні. На четвертий тиждень набряк гепатоцитів і перипортальна інфільтрація виражені передусім у групі 
Ti, а в групах із покриттям Al2O3 і HAp визначено лише помірні реакції. Запальна інфільтрація нирок залишалася 
більш вираженою в групі Ti. На восьмий тиждень морфологія печінки практично відповідала нормі в усіх групах, з 
мінімальною залишковою перипортальною запальною інфільтрацією. У нирках виявлено незначні гідропічні зміни 
канальців. Хоча більшість змін у селезінці зникли, деякі зразки у групі Ti зберігали фолікулярну гіперплазію, що 
вказує на тривалу системну запальну реакцію.

Висновки. Встановлено, що всі протестовані біоматеріали на основі Ti прийнятні в аспекті системної біосумісності. Не 
виявлено некротичних змін або незворотного пошкодження органів, що свідчить про відсутність токсичності, спричиненої 
матеріалами. Початкові, тимчасові гістологічні зміни – неспецифічні реакції на хірургічне втручання. Системні реакції 
опосередковано корелювали з типом поверхні імплантату. Покриття з HAp мали найсприятливіший системний вплив 
завдяки міцній остеоінтеграції, а імплантати без покриттів асоціювалися з тривалою активацією імунної системи. Це 
підтверджує важливість покриттів, що сприяють швидкій і повній остеоінтеграції, для мінімізації віддалених системних 
ефектів.

The biocompatibility of implant materials is critical to their 
long-term success in biomedical applications. Aluminium 
oxide (Al2O3), titanium (Ti) and hydroxyapatite (HAp) are 
widely used due to their favourable mechanical properties 
and inherent bioactivity in specific contexts [1,2]. While 
these materials are often considered to be either bioinert 
or bioactive at the implant site, their potential systemic 
effects on distant organs remain an important area of in-
vestigation. It is crucial to understand the systemic impact 
of implant materials on major organs such as the kidneys 
and liver, as well as on peripheral immune organs such 
as the spleen, in order to ensure the overall safety and 
efficacy of implant-based therapies [3].

The liver and kidneys play pivotal roles in maintaining 
systemic homeostasis, including the metabolism and 
excretion of various substances, including potentially 
released ions or nanoparticles from implant materi-
als [3,4,5]. The liver, as the primary site of detoxification, 
is susceptible to alterations in its cellular structure and 
function in response to systemic exposure to foreign 
materials [4]. Similarly, the kidneys, responsible for filter-
ing waste products from the blood, may be affected by 
circulating substances, leading to functional impairment 
and histological changes [5].

The biocompatibility of implant materials is a critical 
parameter for ensuring their safety and long-term per-
formance in clinical settings. Ti and HAp are among the 
most widely utilized materials in orthopedic and dental 
implants due to their mechanical strength, corrosion re-
sistance, and favorable interactions with bone tissue [2]. 
While these materials are generally considered bioinert 
at the site of implantation, the impact of Al2O3 on vital 
organs such as the liver, kidneys, and spleen remains 
controversial [6,7,8].

Laboratory rodent studies demonstrate that the liver 
and the immune system are the primary targets for toxicity 
of alumina-based biomaterials [6,7,8,9]. Liver damage is 
characterized by the hepatocellular degeneration and 
necrosis, liver sinusoid congestion, inflammation, and 
fibrosis. Systemic inflammation and impaired phagocy-
tosis are the hallmarks of alumina-based toxicity, which 
was widely documented [7,8]. Particularly, it was reported 
that toxic effects have been attributed to Al3+ release lead-
ing to a number of adverse outcomes: oxidative stress, 
inflammation, mitochondrial dysfunction, genotoxicity, 

cell cycle dysregulation, and programmed cell death [7]. 
However, it is also evident that the spatial appearance of 
Al-based composites significantly affects their cytotoxic-
ity [9,10,11]. Therefore, the studying specific models of 
alumina implant coating is required for clarification of its 
toxic effects mechanisms, as well as its potential adverse 
effects on human health.

Aim
To evaluate the organ-specific toxicity of Ti bone implants, 
both with and without functional-protective coatings, by 
conducting a histopathological analysis of the liver, kidney 
and spleen in an experimental model.

Materials and methods
The manufacturing process of the implants, along with 
their physical and chemical properties, has been detailed 
in previous publications  [12,13] and depicted briefly 
in Fig. 1.

The prepared cylindrical pins were intramedullary 
implanted into the right femurs of 95 female Wistar rats, 
with an average age of 17 weeks and a mean body 
weight of 250 g. Primarily, all animals were divided into 
seven groups based on implant type that is thoroughly 
described in our previous publications [12,13]. However, 
exclusively for the purpose of this study, we regrouped 
the animals according to the unique chemical compounds 
of the implants (Fig. 1):

1) titanium-only implanted animals (Ti-group): in-
cludes the use of implants that contained the untreated 
titanium wire (Ti, n = 5), sandblasted titanium wire (TS, 
n = 5), sandblasted titanium wire sprayed with titanium 
powder (TSP, n = 5) or titanium wire (TSPT, n = 5) using 
the plasma torch;

2) animals implanted with alumina-coated implants 
(Al-group): sandblasted titanium wire sprayed with Al2O3 
(TSPC, n = 10) or combined spraying with titanium wire 
and Al2O3 (TSPTC, n = 10);

3) implanted with HAp-coated implants (HAp-group, 
n = 20);

4) 15 more rats were used as a sham operated 
control group.

Оригінальні дослідження
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All surgical procedures, anesthesia protocols, and 
pharmacological treatments, including euthanasia, were 
performed as previously described in our prior publica-
tions [12,13]. The rats maintained under standard labo-
ratory conditions with a 12-hour light / dark cycle and had 
free access to water and a standard chow diet containing 
10 % fat. All experimental procedures adhered to ethical 
standards as per the Law of Ukraine No. 3447-IV and the 
European Directive 2010/63/EU, with approval from the 
Biomedical Ethics Committee of Dnipro State Medical 
University (meeting minutes of the Biomedical Ethics 
Committee of Dnipro State Medical University No.  31, 
dated 15.10.2025).

After euthanasia, tissue samples from kidneys, liv-
ers, and spleens were harvested at 1, 2, 4 and 8 weeks 
post-implantation. To standardize the sampling process, 
only the left kidney from each rat was collected. The 
samples were fixed in formalin, then dehydrated through 
a graded isopropanol series (70 %, 80 %, 95 %, and three 
changes of 100 %, each for 90 minutes), cleared in xylene, 
and embedded in paraffin via two changes of molten par-
affin, each lasting 120 minutes. The paraffin-embedded 
specimens were then mounted into blocks using a Histo-
Star embedding system (Thermo Fisher Scientific, USA).

Serial sections no thicker than 4 μm were cut using a 
Thermo HM 355S microtome (Thermo Fisher Scientific, 
Germany). Each tissue section was stained with hema-
toxylin and eosin for routine histological analysis.

A blinded method was used for the histopathological 
examination, which was verified by two independent 
experts using an optical light Axio Imager 2 microscope 
(Zeiss, Germany) at magnifications of ×100, ×200, and 
×400. The systemic (liver and kidney) biocompatibility 
of the coatings was assessed, taking into account the 
presence of the following histopathological phenomena: 
inflammatory infiltrate (polymorphonuclear and mononu-
clear cells), fibrosis and vascular congestion (fibroblasts 
and blood vessels). In addition to these tissue changes, 
cellular swelling, micro- and macrovesicular steatosis, ne-

crosis and apoptosis were also considered when assess-
ing the inflammatory response in the liver and kidneys.

According to the ISO 10993-11:2017 specification 
[14] and based on tissue responses stimulated by dif-
ferent coatings and the sham group, tissue inflammation 
was classified using well documented semiquantitative 
scoring system [15,16] as follows: G0 – absent; G1 mild 
– up to 25 inflammatory cells per field of view (FOV); G2 
moderate – 26-125 inflammatory cells  / FOV; and G3 
severe – more than 125 inflammatory cells / FOV. Eval-
uations were performed at 4 and 8 weeks of observation 
to exclude the non-specific tissue responses related to 
the post-surgical stress.

A statistical analysis of the semiquantitative histo-
pathological evaluation was conducted using GraphPad 
Prism version 8.0.2 (263) for Windows (GraphPad Soft-
ware, San Diego, California, USA; www.graphpad.com). 
The non-parametric Kruskal–Wallis and post hoc Dunn’s 
tests were used to compare evaluated histopathological 
data. A significance level of p  <  0.05 was used as a 
reference point.

Results
In the first week following the implantation, swelling of 
hepatocytes in the periportal zones and moderate, diffuse 
mononuclear infiltration of the portal tracts were observed 
in the livers of animals in all study groups. Congestion of 
the central veins with sinusoidal dilatation and focal, mi-
crovesicular steatosis of hepatocytes were also observed 
in the periportal zones. Among all the groups investigated, 
only the kidneys showed significant changes in the form 
of swelling of the convoluted tubule epithelium with foci 
of stromal lymphocytic infiltration during the first week. By 
the end of the first week, hyperplasia of lymphoid follicles 
with the formation of germinal centers was evident in the 
spleen tissue.

At the end of the second week after the surgery, the 
aforementioned changes were evident in all experimental 

Titanium pin: l = 15 mm, d = 1.5 mm

Ti-group                                                          Al-group                    HAp-group
Ti            TS           TSP          TSPT        TSPC        TSPTC         HAp

native                                             plasma spraying                            hydroxyapatite
            with Ti-powder

sandblasting                                 plasma spraying                             alumina
            with Ti-wire                                       (Al2O3)

Fig. 1. Diagram of the implant surface modifications: schematic view of the implant cut surface with different coating applications, explained in the legend at the bottom, and the 
corresponding experimental group arrangement according to the chemical compounds of the most superficial layer.

1

Original research

https://pat.zsmu.edu.ua/


223Патологія. Том 22, № 3(65), вересень – грудень 2025 р.	 ISSN 2306-8027     https://pat.zsmu.edu.ua

J K L

M N O

D E F

A B C

Ti-group
4 

w
ee

ks
8 

w
ee

ks
Al-group HAp-group

P Q R

**

G H I

*
*

**

*
*

Fig. 2. Histopathological changes in liver (A–C, J–L), kidneys (D–F, M–O), and spleen (G–I, P–R) following the implantation of the investigated materials after 4 and 8 weeks of the 
experiment. Notable cellular swelling in the liver, which is still present in some samples from Ti-group (A). Chronic interstitial inflammation (arrows) occurs in all specimens from 
different groups with variable severity. Follicular hyperplasia with formation of germinative centers (asterisk) is visible in all specimens following 4 weeks of the implantation (G–I); 
in Ti-group they are still present after 8 weeks (P). Hematoxylin and eosin staining; magnification: ×100 (B, C, F–I, K, L, N–R), ×200 (A, D, E, J, M).
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groups and the sham-operated group. However, there was 
a tendency towards decreased inflammatory infiltration in 
the liver and kidney stroma, as well as reduced splenic 
lymphoid follicle hyperplasia. However, no significant 
histological differences were found between the investi-
gated groups and the specimens from the sham-operated 
animals.

By the fourth week, swelling of hepatocytes was only 
still observed in the Ti-group (Fig. 2A), and moderate lym-
phoplasmacytic infiltration was detected in the periportal 
tracts (Table 1). Meanwhile, the “coated” groups (Al and 
HAp) and the sham group exhibited mild lymphohistiocytic 
infiltration of the periportal tracts, with minimal pathological 
changes observed in the hepatocytes. Interstitial lymphoid 
infiltration was also present in the renal stroma, though 
it was more pronounced in some samples from the Ti 
group (Fig. 2D, Table 2). Lymphoid follicular hyperplasia 
was observed in spleen specimens from all experimental 
groups (Fig. 2G–I), but not in the sham-operated group.

After eight weeks, there were no significant pathohis-
tological changes in liver tissue in any of the groups with 
implants or the sham-operated group, except for minor 
lymphoplasmacytic infiltration of the periportal tracts 
(Fig.  2J–L). In the kidneys, there was slight swelling 
of the convoluted tubule epithelium and scarce diffuse 
lymphocytic infiltration of the stroma (Fig. 2M–O). Splenic 
tissue showed germinal centre involution, except in a few 
specimens from the Ti-group where hyperplastic follicles 
were still present (Fig. 2P).

Discussion
The present study aimed to evaluate the systemic ef-
fects of intraosseous titanium implants with functional 
protective coatings containing alumina ceramics. The 
objective of this assessment was to determine the safety 
and biocompatibility of these materials in comparison with 

conventional HAp-based coatings. A histological exam-
ination of the liver, kidneys, and spleen were conducted 
to identify possible systemic responses beyond the local 
bone–implant interface.

During the first and second weeks following im-
plantation, the observed morphological alterations in 
the examined organs exhibited uniformity across all the 
experimental groups, including those that underwent a 
sham operation. These early changes, characterized by 
hepatocellular and tubular epithelial swelling, moderate 
interstitial inflammation and lymphoid follicular hyper-
plasia, are likely to reflect non-specific postoperative 
responses to surgical trauma, anesthesia and antibiotic 
treatment [17,18]. The uniformity of these findings across 
groups indicates that they were not directly related to the 
implant materials.

However, at four weeks following the surgical proce-
dure revealed that hepatocellular swelling was observed 
in the Ti group exclusively. This pattern may indicate a 
systemic stress response associated with immune acti-
vation, rather than a direct hepatotoxic effect of titanium. 
Furthermore, persistent lymphoid follicular hyperplasia 
was observed in the Ti group up to eight weeks, suggest-
ing prolonged activation of the adaptive immune system in 
response to ongoing interaction with the implant surface. 
This finding is consistent with the data obtained from the 
peri-implant tissues of the same animals, as described in 
a previous publication [12]. The study demonstrated the 
lower stability of titanium implants lacking functional pro-
tective coatings, the increased formation of wear particles 
and the more pronounced peri-implant fibrogenesis ob-
served in this group (Ti, TS and TSP) [12]. Notwithstanding 
these observations, titanium remains a well-established 
biocompatible material [2].

The absence of sinus histiocytosis or particle-laden 
macrophages in lymphoid tissues in this study supports 
the stability of the implant surface and low degradation 

Table 1. Assessment of the inflammatory response in the liver specimens.

Implant material Inflammation grade p (4–8 weeks)
4 weeks 8 weeks
G0 G1 G2 G3 G0 G1 G2 G3

Sham 10 4 1 0 12 3 0 0 1.000
Ti-group 1 7 12 0 9 11 0 0 0.0005*
Al-group 0 14 5 1 10 10 0 0 0.0056*
HAp-group 1 16 3 0 12 8 0 0 0.021*
p (groups) <0.0001* 0.1849 –

*: statistically significant difference.

Table 2. Assessment of the inflammatory response in the kidneys.

Implant material Inflammation grade p (4-8 weeks)
4 weeks 8 weeks
G0 G1 G2 G3 G0 G1 G2 G3

Sham 4 9 2 0 6 9 0 0 1.000
Ti-group 1 6 11 2 8 11 1 0 <0.0001*
Al-group 0 11 8 1 10 9 1 0 0.0001*
HAp-group 1 12 7 0 5 14 1 0 0.0901
p (groups) 0.0051* 0.4946 –

*: statistically significant difference.

Original research

https://pat.zsmu.edu.ua/


225Патологія. Том 22, № 3(65), вересень – грудень 2025 р.	 ISSN 2306-8027     https://pat.zsmu.edu.ua

rates. Nonetheless, the continued presence of mild folli-
cular hyperplasia in the Ti group following a period of four 
weeks may be indicative of delayed osseointegration and 
incomplete implant stabilization. This, in turn, could lead 
to mechanical irritation of the peri-implant tissues during 
movement, a phenomenon that is in accordance with prior 
reports documenting this occurrence [19].

In contrast, titanium implants coated with Al2O3 
induced only mild and transient hepatic alterations that 
had largely resolved by eight weeks, suggesting a weaker 
and short-lived systemic response. This finding provides 
further support for the hypothesis that mechanical sta-
bility and satisfactory osseointegration are characteristic 
features of alumina-coated implants. In the present study, 
the most favourable systemic profile was demonstrated 
by HAp-coated implants, which showed minimal organ 
responses at later stages. This finding is consistent with 
the well-recognized bioactive and osteoconductive nature 
of HAp coatings.

Of particular significance was the absence of any 
necrotic or irreversible changes observed in any organ, 
thereby confirming the absence of specific toxic effects of 
the materials that had been tested. The histological alter-
ations detected appear to represent a transient systemic 
immune response to the presence of a foreign body in 
bone tissue, rather than toxicity induced by the materials. 
Furthermore, coatings that promoted faster osseointe-
gration were associated with milder systemic responses, 
which further highlights their biological compatibility.

Overall, the mild lymphoid hyperplasia in the spleen 
and the limited inflammatory changes in the liver and 
kidneys reflect a transient, regulated immune activation 
involving both innate and adaptive mechanisms. The 
liver and kidneys are particularly susceptible to circulating 
inflammatory mediators due to their central roles in metab-
olism and detoxification. Notwithstanding the non-existence 
of toxic degradation products, surgical implantation in itself 
has been demonstrated to elicit systemic cytokine and 
stress responses, resulting in temporary histological alter-
ations. In order to ensure the validity of the interpretation of 
biocompatibility studies, it is essential to distinguish these 
non-specific changes from material-specific effects. This is 
corroborated by the observation of comparable outcomes 
between experimental and sham-operated animals at early 
time points, with significant differences emerging only after 
a four-week implantation period (p < 0.0001 for the liver 
and p = 0.0051 for the kidneys; refer to Table 1, 2). These 
findings underscore the necessity for the implementation 
of proper control groups, rigorous timing methodologies, 
and standardised conditions in the realm of biocompatibility 
research. Furthermore, the value of systemic histological 
evaluation is highlighted, not only to confirm the absence of 
toxicity, but also to elucidate the broader biological respons-
es to implant materials. This information can inform future 
improvements in implant surface design and clinical safety.

Conclusions
The present study highlights the systemic histological 

responses of major organs, including the liver, kidneys and 
spleen, to the implantation of titanium-based biomaterials 
with varying surface modifications.

1. The systemic biocompatibility of the implant mate-
rials tested (uncoated titanium, alumina-coated titanium, 
and hydroxyapatite-coated titanium) was found to be 
satisfactory. Observations conducted over a period of 
up to eight weeks revealed no evidence of necrosis or 
irreversible organ damage in any of the groups. This 
finding serves to confirm the absence of material-induced 
toxicity. The initial histological changes observed were 
non-specific, transient responses to surgical stress, which 
resolved or diminished uniformly across all groups at 
early time points.

2. The effectiveness of the implant surface was direct-
ly correlated with the systemic responses. Hydroxyapa-
tite-coated implants exhibited the most favourable 
systemic profile, inducing the mildest and most transient 
responses due to their pronounced osteoconductive 
properties. Conversely, the uncoated Ti-group demon-
strated protracted systemic immune activation, which is 
presumably indicative of delayed osseointegration and 
consequent chronic mechanical irritation. This finding 
indicates that the utilisation of coatings that facilitate rapid 
and complete osseointegration is imperative in order to 
minimise long-term systemic repercussions.

Perspectives of subsequent scientific research. In 
the subsequent publication, we will present the results 
of an immunomorphological study of diverse biomark-
er expression, as well as ELISA analysis of collected 
serum samples. It is anticipated that these findings 
will reveal the molecular mechanisms of peri-implant 
bone healing.
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