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Zinc (Zn) is involving in the suppressing of inflammation. However, its functionality in the knee joint 
under the gonarthritis (GA) is not elucidated. The aim of this study was to investigate the participation of 
Zn-buffering and stress responsive proteins metallothioneins (MTs) in the pathogenesis of the synovial tis-
sues under the experimental acute GA. The inflammation was induced in rats by intra-articular administra-
tion of carrageenan. The concentrations of MTs total protein (MTSH), Zn-bound protein (Zn-MTs), total Zn 
concentration in the tissue, the indexes of oxidative stress and cholinesterase activity were determined. The 
level of sialic acids was indicated in the blood serum. The enhancing of sialic acids concentration by 42% 
and cholinesterase depletion confirmed the pathology. In the animals with GA, total level of Zn in the tissue 
was correspondent to control. However, the MTSH and Zn-MT levels were elevated (by 79 and 46% respec-
tively). This disproportionate rate can be due to partial oxidation of thiols. The superoxide dismutase activity 
was elevated, radical scavenging activity and protein carbonylation were correspondent to control, but the 
levels of catalase, glutathione–S-transferase and glutathione  were decreased by 28-44%, and lipid peroxida-
tion (TBARS) was increased by 59% compared to control group. Principal Component Analysis confirmed 
the strong interrelations between MTs and peroxide-related oxidative stress indexes. This preliminary study 
provides the basis for the understanding of the reason for Zn imbalance in the acute GA as the result of the 
impairment of thiol redox balance and proposes these biomarkers for the evaluation of knee joint pathologies.
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Z inc (Zn) homeostasis is essential for immune 
function. There are plural data witnessing a 
continuous deficiency of Zn in serum and 

plasma of patients with inflammation [1, 2]. Metal-
lothioneins (MTs) are low molecular weight, thermo-
stable intracellular proteins ubiquitous in the animal 
world [2]. The unique function of MTs is devoted to 
metal (in the mammals, mainly Zn, and also copper 
and cadmium) buffering and distribution within the 
cells [3]. However, due to abundant cystein content 
(about 30% in the composition), they also can be re-

garded as stress inducible antioxidants. Therefore, 
Zn deficiency and disturbing of its sequestration 
with the participation of MTs can play important 
function under these disorders. Particularly, it was 
proved that intracellular and extracellular MTs have 
different impact on T-cell activation and prolifera-
tion [4]. Of note, the extracellular MTs were found 
to participate in the regulation of immune responses. 
Gonarthritis (GA) is an inflammation of the knee 
joint of different etiology that most often leads to the 
joint tissue degeneration [5]. However, to the best of 
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our knowledges, the ability to accumulate Zn-MTs 
in the knee joint under the GA was not investigated. 
Nevertheless, it was shown the suppressive effect of 
the repeated administration of MTs on its severity 
[4]. 

The aim of the research was to elucidate the 
presence of MTs in the joint tissues under the GA 
model and their possible relation to the Zn distri-
bution and oxidative stress response. The goal was 
dissolved throw the analysis of the total concentra-
tion of MTs in the joint tissue and their Zn-bound 
form (Zn-MTs), total Zn concentration in the tissue 
and the indication of the oxidative stress response. 
The level of inflammation was evaluated from the 
concentration of sialic acids in the blood serum. To 
elucidate the relations between the indices, Principal 
Component Analysis was accomplished.

Materials and Methods

Chemicals and methodology used are given in 
detail in the Supplementary materials. All reagents 
were of the reagent grade or higher (S1 Appendix). 
They were obtained from Sigma-Aldrich (USA), 
Synbias (Ukraine) or SpineLab (Ukraine). 

Experimental study was performed using 
20 randomly-selected male Wistar albino rats 3-4 
month old weighing 200-220 g, which were obtained 
from the vivarium of Educational and Scientific In-
stitute of Applied Pharmacy (National University of 
Pharmacy, Kharkiv, Ukraine). The animals received 
standard rat diet and water ad libitum. The rats were 
housed under standard laboratory conditions in a 
well-ventilated room at 25 ± 1°C and with a relative 
humidity of 55 ± 5% with a regular 12 h light/12 h 
dark cycle. All studies were conducted in accordance 
with the EU Council Directive 2010/63/EU dated 22 
September 2010 on the protection of animals used 
for scientific purposes. The experimental protocols 
were approved by the Bioethics Commission of the 
National University of Pharmacy (Approval No. 5 of 
March, 25, 2021).

All animals were randomly divided into 2 ex-
perimental groups as follows: Group 1 – intact con-
trol (healthy rats receiving vehicle, n = 10); Group 
2 – control pathology (untreated rats with carrageen-
an-induced GA, n = 10).

At the beginning of the experiment all animals 
of intact control group received 25 µl of vehicle 
(sterile saline) in to the both knees. Simultaneously, 
in rats of the control pathology group inflammation 
was induced in both knees by 25 µl single intra-ar-

ticular injection of 2% carrageenan, previously dis-
solved in sterile saline. Day 7 time-point was used 
because at this time-point GA induced changes in 
knee joint pathology are evident [6]. The animals 
were sacrificed in CO2-box at the end of experiment. 
Blood samples were collected from the inferior vein 
cava and centrifuged at 1500 g at +4°C for 10 min-
utes using refrigerated centrifuge Eppendorf 5702R 
(Eppendorf, Germany).

For oxidative stress indexes, joint tissues were 
homogenized (10 % w/v) in 0.1 M phosphate buffer, 
pH 7.4, containing 100 mM KCl and 1 mM EDTA, 
as well as 0.1 mM 0.1 mM phenylmethylsulfonyl 
fluoride (PMSF) for proteolysis inhibition. Homoge-
nates were centrifuged at 6,000 g for 10 min, and 
the resulting supernatant was kept at -80°C. For the 
analysis of cholinesterase (ChE), the 10% w/v ho-
mogenate was prepared in the same buffer without 
PMSF and analyzed within the same day. For the 
MTs assays, homogenates were prepared separately. 
The protein concentration was assayed in the 6,000 g 
supernatant according to the method of Lowry et al. 
(1951), using bovine serum albumin as the protein 
standard.

Concentration of metallothionein protein 
(MTSH) was assessed using 5,5′-dithio-bis(2-ni-
trobenzoic acid) (DTNB) reduction method after the 
ethanol/chloroform extraction from tissue homoge-
nate [7]. Reduced glutathione (GSH) was utilized 
as a reference standard. The MTSH concentration 
was expressed as nmol of protein per g fresh weight 
(FW). For the evaluation of Zn concentration in met-
allothioneins (Zn-MT), these proteins were isolated 
as the thermostable proteins by size-exclusion chro-
matography on Sephadex G-50 [8]. For each repli-
cate, total of 350 mg from five animals were com-
bined. The supernatant of homogenate in 10 mM 
Tris-HCl buffer, pH 8.0, 10 mM β-mercaptoethanol 
and 0.1 mM PMSF was incubated under the 85°C for 
5 min and subsequently centrifuged at 14 500 g for 
45 min at 4°C. The obtained supernatant was applied 
to the size-exclusion chromatography on Sephadex 
G-50. Low weight (approximately 6 kDa) fractions 
with high absorbance at 254 nm and high D254/
D280 density ratio were identified as putative MTs-
containing peak and pooled (to the total of 10 ml) for 
the Zn determination.

The concentration of Zn was measured in the 
joint tissue (Zn t) and in the pooled MT-contain-
ing fractions (Zn-MT) utilizing the reaction of the 
complexation of Zn (II) with 0.6 M 2-(5-bromo-
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2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl) amino]
phenol disodium salt dihydrate (5-Br-PAPS) in car-
bonate buffer (pH 8.9) after the digestion of the sam-
ples with HNO3 [10]. Zn concentration was evaluated 
from the absorbance of the metal-5-Br-PAPS com-
plex at 560 nm. Detection limit was 0.1 µg·g-1 FW. 
Quality control was performed by method of Stand-
ard Addition. Metal concentration in the tissue and 
MTs was expressed as nmol g-1 FW.

Total antioxidant (ABTS•+ radical scavenging) 
capacity (TAC) was determined according to Re et 
al. (1999) [10]. ABTS•+ radicals were pregenerated 
by potassium persulfate. The ascorbic acid was used 
as reference compound. The reduction in absorbance 
was recorded at 734 nm. The result was compared 
with blank (only ABTS•+ solution). Superoxide dis-
mutase (SOD, EC 1.15.1.1) activity was determined 
spectrophotometrically by measuring its ability to 
inhibit the photoreduction of nitro bluetetrazolium 
(NBT) according to the method of Beauchamp and 
Fridovich (1971) [11]. The reduction of NBT was 
measured at 560 nm. The results were expressed as 
SOD units per mg of protein (one unit of SOD is de-
fined as the amount of enzyme that causes 50% inhi-
bition of NBT reduction. Catalase (CAT, EC 1.11.1.6) 
activity was quantified by monitoring the degrada-
tion of H2O2 according to Aebi (1974) [12] at 240 nm 
and referred to the protein content. Glutathione 
S-transferase (GST, EC 2.5.1.18) activity was as-
sayed using GSH and 1-chloro-2,4-dinitrobenzene 
(CDBN) as the substrate [13] and expressed as nmol 
min-1·mg-1 soluble protein. Total glutathione con-
centration (GSH) was quantified by the glutathione 
reductase recycling assay [14] in the protein-free 
extract of homogenate using DTNB. Concentration 
was expressed as nmol g-1 FW. 

The products of lipid peroxidation and protein 
carbonyls were determined in the same sample of 
homogenate after the sedimentation of proteins in 
sulfosalicylic acid. The supernatant was used for 
the determining of the production of thiobarbituric 
acid-reactive substances (TBARS) [15]. A molar 
extinction coefficient of 1.56·105 M-1·cm-1 was used, 
and the concentrations were expressed as nmol per 
g FW. Protein carbonyls (PC) were determined as 
an index of protein oxidation in the sediment of ho-
mogenate after its centrifugation by reaction with 
2,4-Dinitrophenylhydrazine [16]. The concentration 
of carbonyls was expressed as nmol PC per g FW. 

Cholinesterase (ChE, EC 3.1.1.7) activity was 
determined immediately after sampling in the 10% 

w/v homogenate according to the colorimetric meth-
od of Ellman et al. (1961) [17]. Acetylcholine iodide 
was used with DTNB as the thiol indicator. Enzyme 
activity was referred to the protein content. The level 
of sialic acids (SiA) in the serum was assayed by 
standard commercial kit “Sialic acids” (SpineLab, 
Ukraine) for the indication of joint tissues destruc-
tion severity. The content was determined spectro-
photometrically by half-automatically biochemical 
analyzer MapLabPlus (BSI, Italy).

Results were expressed as mean ± SD. Zn-MTs 
analysis was repeated in four replicates for each of 
two independent samples each combined from five 
individuals in the group, resulting in n = 8 for each 
group. For all other traits, sample size was eight from 
eight individuals. Shapiro-Wilk test was used for the 
assessment of normality. Data were analyzed with 
parametric Student’s t-test significant at P < 0.05. 
Principal component analysis (PCA) was performed 
to assess the relations between measured parameters 
utilizing rotation method Varimax. The adequacy of 
data was evaluated based on the value of KMO and 
Bartlett test of sphericity. The IBM SPSS Statistics 
version 26 software for Windows were used for cal-
culations. 

Results and Discussion

By the size-exchange chromatography we ob-
tained only one peak, whereas typical profile of the 
thermostable proteins from the metabolic active tis-
sues is represented by two peaks [18]. The low mo-
lecular mass, thermostability, and UV absorption 
spectrum with the band at ~254 nm, intrinsic for 
metal-thiolate clusters, and absence of the band at 
the 280 nm indicate the distinctive features of MTs 
(Fig. 1, A, B) [2, 8]. In the GA-group, the chroma-
tographic profile of thermostable proteins contained 
the additional peak with higher molecular mass, 
whereas the MTs-related peak became more abun-
dant. Nevertheless, the UV-spectrum of this peak 
was corresponding to control. 

The concentrations of MTSH and Zn-MT 
were elevated in the GA-group compared to control 
(Fig.  2). Particularly, the level of MTSH was in-
creased by 79%. The level of Zn-MT was increased 
too, but to a lesser extend (by 46%). Correspondingly, 
the part of insufficiently metalated MT in the total 
pool of this protein increased in the GA-group com-
pared to the control. The total Zn concentration in 
the tissue of GA-group was not significantly different 
compared to the control group (Fig. 2, C). Conse-
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Fig. 1. The elution profile (A) and UV-spectra (B) of the thermostable proteins from the knee joint tissues of 
rats with acute gonarthritis and control animals obtained by chromatography on Sephadex G-50. In Fig. 1,A: 
arrows highlight the elution volume of markers: 67.0 kDa, 12.3 kDa, 5.8 kDa appropriate to 1.0, 2.17, 2.5 Ve/
Vo correspondingly; Ve, elution volume; Vo, void volume of the column; arrow indicate the elution volume of 
standard metallothionein from rabbit liver

Fig. 2. Concentrations of metallothioneins (A), metallothionein-related Zn (B), and total Zn (C) in the knee 
joint tissues of rats with acute gonarthritis and control animals. Data are presented as means ± SD (n = 8). 
Different letters above the columns indicate significantly different values (P < 0.05)
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quently, MTs bound rather high amount of Zn, about 
6.95% of total Zn in the tissue in the control animals 
and 9.21% in the experimental group. 

The evaluation of the oxidative stress indexes 
revealed the misbalance of the antioxidant activities 
(Fig. 3). SOD activity was increased by about twice 
and the TAC and PC levels did not differ from the 
control value. In opposite, the levels of CAT, GSH 
and GST were lower by 28-44%.The level of TBARS 
was higher by 59% than control value.

The severity of knee joint tissue damaging was 
confirmed successfully from the strong elevation of 
sialic acids level in the serum (by 42%) compared 
to control group (Fig. 4, A). It was also shown the 
decreased by 30% cholinesterase activity in the knee 
joints of the rats with GA (Fig. 4, B). 

Principal Component Analysis was applied to 
the datasets in order to identify relations between 
indices. Fig. 5 illustrates the score plot (component 1 
vs. component 2) and shows a good distribution of 
the variables. Two first components explained 63.9% 
of the total variance of dataset. Eight indexes were 
highly related to the first principal component (PC1): 
Zn-MT, MTSH, SiA and TBARS in the positive part 
of the axis, and set of GST, ChE, CAT, GSH – in its 
negative part with loading >|0.52|.

In this study, the presence of MTs in the joint 
tissue and increase of their concentration in the GA-
group attests their involving in the response to in-
flammation. It was proposed that the functions of 
MTs within the cells and outside of cells can be dif-
ferent. Whereas in the cells they serve as the reser-
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Fig. 3. Oxidative stress parameters in the knee joint tissues of rats with acute gonarthritis (GA) and control 
animals (C): A – total antioxidant capacity (ABTS); B – superoxide dismutase activity; C – catalase activity; 
D – glutathione S-transferase activity; E – GSH concentration; F – protein carbonyls production (PC); G – 
lipid peroxidation (TBARS) production. Data are presented as means ± SD (n = 8). Different letters above the 
columns indicate significantly different values (P < 0.05).
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voir for metals, extracellular protein can represent a 
“danger signal” of cell death or leakage [19]. Indeed, 
we can track two directions of MTs functionality in 
the joint tissue under the GA pathology. Firstly, this 
is the increased MT-SH and Zn-MT levels, probably 
in the result of the elevated MTs expression. The 
link between the expression of MTs genes and in-
terleukin-l under the inflammation was reported 
earlier [20]. This defensive mechanism can support 
the Zn storage within the cells under the inflamma-
tion, which is associated with low intracellular Zn 
ion bioavailability [21]. Moreover, it was shown that 
a local elevation of MT‐1 expression intraarticularly 
significantly suppressed the synovial inflammation 

and pathologic symptoms in collagen-induced arthri-
tis and shifted the balance of the lymphocyte subsets 
with opposing actions [1, 4]. The PCA (Fig. 5) indi-
cates the key place of Zn-MTs in the biochemical 
events in this tissue and its correspondence to the 
severity of inflammation determined from the level 
of sialic acids in the plasma.

Second direction of the MTs functionality 
under the GA model reflects their involving in the 
oxidative stress response. Redox control by MTs 
occurs mainly via scavenging reactive oxygen spe-
cies (ROS) because MT-SH are highly sensitive to 
the oxidation [3]. The juxtaposition of the obtained 
results indicates that the increase of the MTs con-

T. R. Matskiv, D. V. Lytkin, S. K. Shebeko et al.
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Fig. 4. Sialic acids (SiA) concentration in the blood plasma (A) and cholinesterase activity in the knee joint 
(B) of rats with acute gonarthritis and control animals. Data are presented as means ± SD (n = 8). Different 
letters above the columns indicate significantly different values (P < 0.05).

Fig. 5. The results of Principal Component Analysis (PCA) applied to reveal the relations between measured 
parameters
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centration in the GA-model was accompanied by 
their underloading by Zn. This imbalance can be ex-
plained by the partial oxidation of the thiols in MTs. 
The particular interrelations of MTSH and Zn-MTs 
and misbalance in the oxidative stress manifesta-
tions are evident from the PCA (Fig. 5). The elevated 
SOD activity induced by inflammation can provide 
the scavenging of ROS and protect from the pro-
tein oxidation in the tissue under the acute inflam-
mation. Such a temporal response to inflammation 
was reported [21], whereas the chronic inflamma-
tion is known to cause the opposite manifestation, 

the inhibition of SOD activity [22]. It was reported 
the higher antioxidant levels in rheumatoid arthritis 
patients than in healthy controls; however, they were 
insufficient to prevent oxidative damage [23]. In any 
case, this set of oxidative stress indexes did not cor-
related with MTs.

The second set of the oxidative stress index-
es (Fig. 5) gives the evidence that the loss of Zn-
binding activity by MTs is related to the peroxide-
dependent stage of the ROS activities. This set 
included CAT, GST, GSH, TBARS, MTs, Zn-MT 
and SA. According to this tight inter-relation, the 
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deep decrease of the CAT, GST, GSH levels is di-
rectly related to the MTs and inflammation mani-
festations. Indeed, the misbalance of the antioxidant 
defense caused by the elevated SOD and decreased 
CAT activities evidently induces the accumulation 
of H2O2 [24]. Similar antioxidant disorders with the 
unchanged or elevated SOD activity, decreased CAT 
and GST levels and increased TBARS production in 
the blood were reported for the patients with rheu-
matoid arthritis and at the early stage of Alzheimer’s 
Disease [25]. Cysteine residues are particularly vul-
nerable to H2O2 [26], and thiols in the MTs can be 
particularly easy oxidized to disulphide bridges, be-
cause their redox potential is very low [2, 3]. The 
decrease of GSH level can also cause the weakness 
of the stabilization of the MTs-related thiols. GSH 
depletion increased the sensitivity of the hepatic stel-
late cells to H2O2-induced necrosis [24]. Hence, the 
oxidative stress during the inflammation facilitates 
release of metals from the thiolate clusters in MTs 
promoting their distribution among the cellular tar-
gets and the utilizing of MTs in the ROS scavenging 
[20].

Two MTs indexes, MTSH and Zn-MT, are sel-
dom compared in the same study [2, 3, 18]. However, 
only this combination gives the possibility to indi-
cate the insufficient metalation of MTs. Besides, dif-
ferent other Zn-binding proteins were shown to be 
metalated insufficiently in the Zn-deficient cells [27]. 

In the explored model of GA, the elevated 
level of sialic acids in the blood plasma confirmed 
the severity of inflammation. The depletion of ChE 
activity is also the sign of synovial tissue injury. 
While ChE is mostly known for degrading acetyl-
choline in the neural synapses, it is also involved in 
regulating bone development and remodeling. Phar-
macological suppression of ChE has been associated 
with increased survival under the inflammation, de-
creasing the synthesis and release of inflammatory 
cytokines from activated macrophages [28]. Impor-
tantly, the ChE activity highly negatively correlated 
with MTs-related indexes.

Within the framework of this study, we would 
like to formulate a hypothesis about the possible 
molecular function of MTs in the pathogenesis of 
inflammatory and degenerative-dystrophic diseases 

of the joint tissue. MTs are known for being intra-
cellular proteins [2, 3]. However, most acute inflam-
matory conditions are associated with cell cytolysis, 
which allows intracellular proteins to enter the extra-
cellular area and continue to perform their functions 
there. We suggest that the important evolutionary 
place of MTs is outlined as follows. Under conditions 
of an acute inflammatory-destructive process, they 
are able to enter the synovial fluid and accumulate 
Zn themselves, thereby turning off the activity of 
proteins such as Zn-dependent metalloproteinases, 
the importance of which in pathogenesis of joint 
diseases is undeniable [29]. This hypothesis was 
made based on the analysis of some scientific works 
[30], although it was not formulated by the authors. 
This assumption is also indirectly confirmed by our 
data as an increase in the absolute amount of Zn-MT 
with a constant value of total Zn in the joint homoge-
nate against the background of acute GA. However, 
our data do not provide a precise answer to this ques-
tion. Confirmation of such a molecular mechanism 
of MTs requires further in-depth studies.

To summarize, we discovered the MTs in the 
knee joints of rats and detected the change of their 
properties under the GA pathology. All the obtained 
data confirm the importance of Zn involving in the 
response under the inflammation in the tight rela-
tion with the second phase of ROS scavenging and 
inflammation biomarker. Moreover, under the model 
of acute inflammation, the weakness of MTs to bind 
Zn due to possible oxidative injury can provide the 
decisive input in the response to inflammation. 

This preliminary study provides the basis for 
the understanding of the Zn imbalance in the acute 
GA and the selection of biochemical markers for the 
evaluation of adequate pharmacological treatment of 
knee joint pathologies.
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Цинк (Zn) залучений у пригнічення запаль-
них процесів, проте його участь за гонартриту 
(ГА) у колінному суглобі не з’ясована. Метою 
роботи було дослідити роль Zn-буферних та 
стрес-реактивних протеїнів металотіонеїнів 
(МТ) у функціональній активності синовіаль-
них тканин за експериментального гострого ГА. 
Запалення індукували внутрішньосуглобовим 
введенням щурам карагенану. У синовіальній 
тканині визначали концентрацію загального 
(MTSH) та Zn-вмісного (Zn-MTs) МТ, вміст Zn, 
показники окисного стресу та активність холін
естерази. Рівень сіалових кислот оцінювали в 
сироватці крові. Розвиток патології засвідчи-
ли зростанням рівня сіалової кислоти на 42% 
та пригніченням холінестеразної активності. У 
тварин із ГА загальний рівень Zn у тканині від-
повідав контролю. Проте рівень як MTSH, так 
і Zn-MT зростав, але непропорційно (на 79 та 
46% відповідно), що можна пояснити частковим 
окисленням цього тіолу. Супероксиддисмутазна 
активність за ГА була підвищена, загальна ан-
тиоксидантна активність та рівень карбонілю-
вання протеїнів відповідали контролю, але ка-
талазна та глутатіон-S-трансферазна активність 
і вміст глутатіону були нижчими на 28-44% по-
рівняно з контролем, тоді як рівень пероксид-
ного окислення ліпідів (ТБК-АП) – вищим на 
59%. Аналіз основних компонентів підтвердив 
сильний взаємозв’язок між МТ та індексами пе-

роксидзалежного окисного стресу. Внаслідок 
дослідження виявлено молекулярні основи дис-
балансу Zn під час гострого ГА як наслідку по-
слаблення редокс-статусу клітинних тіолів, що 
дає можливість рекомендувати ці біомаркери 
для оцінки патологій колінного суглоба.

К л ю ч о в і  с л о в а: гонартрит, металотіо-
неїни, цинк, окисний стрес.
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