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Abstract

:

Osteoarthritis (OA) pain implies an indication for joint replacement in patients with end-stage OA. However, chronic postoperative pain is observed in 10–40% of patients with OA. Here, we identified genes whose expression in the peripheral blood before surgery could denote the risk of postoperative pain development. We examined the peripheral blood of 26 healthy subjects and 50 patients with end-stage OA prior to joint replacement surgery. Pain was evaluated before surgery using the visual analog scale (VAS) index and neuropathic pain questionnaires, Douleur Neuropathique 4 Questions (DN4) and PainDETECT questionnaires. Functional activity was assessed using the Western Ontario and McMaster Universities osteoarthritis index (WOMAC). Three and six months after surgery, pain indices according to VAS of 30% and higher were considered. Metalloproteinase (MMP)-9 and tissue inhibitor of metalloproteinase (TIMP)1 protein levels were measured using ELISA in the peripheral blood mononuclear cells (PBMCs). Total RNA isolated from whole blood was analysed using quantitative real-time RT-PCR for caspase-3, MMP-9, TIMP1, cathepsins K and S, tumour necrosis factor (TNF)α, interleukin (IL)-1β, and cyclooxygenase (COX)-2 gene expression. Seventeen patients reported post-surgical pain. Expression of cathepsins K and S, caspase-3, TIMP1, IL-1β, and TNFα genes before surgery was significantly higher in these patients compared to pain-free patients with OA. Receiver-operating characteristic (ROC) curve analyses confirmed significant associations between these gene expressions and the likelihood of pain development after arthroplasty. High baseline expression of genes associated with extracellular matrix destruction (cathepsins S and K, TIMP1), inflammation (IL-1β, TNFα), and apoptosis (caspase-3) measured in the peripheral blood of patients with end-stage OA before knee arthroplasty might serve as an important biomarker of postoperative pain development.
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1. Introduction


Osteoarthritis (OA) is a systemic disease that involves single or multiple joints. It produces articular cartilage degradation, remodelling of the subchondral bone, and is associated with synovial inflammation [1]. Pain in OA is the main clinical symptom that limits a patient’s working capacity and everyday self-care. Because there are currently no disease-modifying drugs for OA therapy, the treatment comprises of pain control using basic anti-inflammatory drugs (NSAIDs), glucocorticoids, and chondroprotectors. Severe pain is one of the most important indications for joint replacement in patients with end-stage OA. Knee joint arthroplasty is the most common OA treatment worldwide, with an annual increase in the number of cases, and it is inspected expected to increase seven-fold by 2030 [2]. Meanwhile, pain after knee replacement surgery persists in 10–40% of patients [3]. Therefore, identification of the causes that affect the outcome of arthroplasty would permit a more accurate selection of patients, provide them with more accurate anticipations, and augment the profits of surgery for each individual [4]. In addition, there is a need to predict the results of surgical intervention in terms of maintaining postoperative pain due to the high cost of arthroplasty.



In OA, pain is classified as (1) nociceptive, which occurs when damage or inflammation, or both, of the joint tissues is induced by activation of tissue nociceptors and ensures a protective function, or (2) neuropathic, which is caused by the damage or dysfunction of the nervous system and includes impaired peripheral and central sensitization mechanisms [5,6]. Peripheral sensitization is designated by a decrease in threshold values and amplification of nociceptor sensitivity [7]. Central sensitization is characterized by an excessive response of central neurons to receptor signals. It includes an altered signal transmission from sensory neurons, impaired function of descending anti-nociceptors, increased activity of pain-enhancing paths, temporal summation (wind-up), and long-term potentiation of neural synapses in the cerebral cortex [8]. Recent studies have suggested that the putative causes for the pain persistence after arthroplasty could result from a predominance of central sensitization in 30% of patients with OA, including subjects with end-stage OA and in those who used opioids or antidepressants before surgery [9]. Therefore, it was proposed to use methods of temporal summation (wind-up) or conditional pain modulation (CPM) as predictors of postoperative pain [10,11,12]. Further studies proposed the assessment of pain using quantitative sensory testing (QST) because the dysfunction in the descending pain modulatory system was associated with the dysfunction in peripheral sensory neurons [13]. However, systematic analyses have revealed that QST prior to surgery does not reliably predict the postoperative pain [14].



Postoperative chronic pain is also associated with a patient’s sociodemographic and clinical factors (female gender, older age, higher levels of baseline pain), as well as with predictive psychological factors (depression and anxiety) [15], metabolic disorders, such as high body mass index (BMI), obesity, inflammation, comorbidity [16], and arthritis of other joints [17]. However, putative prognostic factors, based on the associations between significant determinants measured before arthroplasty and the results of surgery, failed to predict the postoperative pain unequivocally [18].



Recent studies of molecular mechanisms of pain have revealed a number of molecular markers, which include some cytokines, chemokines, calcium or glutamate transporters, caspases, and proteases [19]. In a single study, it was demonstrated that high protein concentrations of tumour necrosis factor (TNF) α, metalloproteinase (MMP)-13, and IL-6 in the synovial fluid were independent predictors of postoperative pain 2 years after arthroplasty [20]. These results hold a promise of using some of these gene expressions as predictors of potential postoperative complications before surgery. However, synovial fluid is not easily accessible outside surgery.



Therefore, this preliminary prospective study aimed to identify genes whose expressions in the peripheral blood before knee arthroplasty could be associated with the post-surgical pain development in patients with end-stage OA.




2. Materials and Methods


2.1. Patients


The inclusion criteria for control subjects: 26 individuals (average age 65.8 ± 7.3 years, range 42–74 years) who were free from any serious illnesses and were recruited from the Moscow area. The control subjects were of comparable age to the examined patients with end-stage OA. The exclusion criteria for control subjects included any degree of knee pain.



The inclusion criteria for patients with end-stage OA: 50 unrelated subjects with primary OA of the knee who underwent primary total knee replacement surgery at the Nasonova Research Institute of Rheumatology between March 2018 and June 2019. The average age of patients with OA was 67.6 ± 7.5 years (range 54–82 years). These patients had radiographic Kellgren and Lawrence (K&L) OA grades of III–IV, experienced constant pain during the last three months, and had walking problems (lameness). The exclusion criteria: decompensated chronic diseases, active infectious process and foci of chronic infection, neurocirculatory disorders of the lower extremities, opioid-type analgesic therapy prior to surgery.



The following NSAIDS were used as pain medications: meloxicam (15 mg/day) (n = 2), nimesulide (200 mg/day) (n = 22) or diclofenac (200 mg/day) (n = 11), etoricoxib (60 mg/day) (n = 4), ketoprofen (100–200 mg/day) (n = 2), and celecoxib (200 mg/day) (n = 2). Patients were also treated with the symptomatic slow-acting drugs for osteoarthritis (SYSDOA) such as chondroitin sulphate (800 mg/day) (n = 10), and glucosamine sulphate (1500 mg/day) (n = 12). Medium molecular weight hyaluronate (2 mL, 3–5 doses/week) (n = 15) and a steroid bethametasone (1 mL) (n = 13) were also applied.



All of the patients with end-stage OA fulfilled the criteria of the American College of Rheumatology regarding OA [21]. The exclusion criteria for OA patients were any type of previous knee surgery; rheumatoid arthritis; systemic inflammatory joint diseases, secondary arthritis associated with reactive arthritis, gout, pseudogout, intraarticular fractures, ochronosis, acromegaly, Wilson disease, Padgett’s disease, primary synovial chondromatosis, hemochromatosis, chondrocalcinosis, aseptic necrosis of femoral or tibia condilas, and other abnormalities including renal diseases; thyroid, parathyroid or other endocrinological diseases; diabetes mellitus; uncontrolled arterial hypertension; instable angina; gastric or duodenal ulcer; vascular insufficiency; bleeding; or thrombophlebitis. Women who had taken drugs such as estrogen, progesterone, bisphosphonates, glucocorticoids, and alfacalcidol were not included in the study.



All total knee replacements were performed under spinal anaesthesia by a surgical team comprising two orthopaedic surgeons. The standard protocol was used for surgery, including a midline skin cut, a standard medial parapatellar method and a measured resection technique. Intravenous tranexamic acid was applied 5 to 10 min before the skin incision (20 mg/kg) and 3, 6, 12, and 24 h later (10 mg/kg) along with 1 g of topical tranexamic acid in 50 mL of normal saline solution. All patients were evaluated by a physician 3 times daily until hospital dismissal. Walking with partial weight-bearing and a knee brace to protect the surgical locus was advised on the second day after surgery. To prevent deep venous thromboembolism (DVT), all patients used graduated compression stockings. In addition, a full-dose of nadroparin was prescribed daily until discharge. If no bleeding events occurred, 10 mg of rivaroxaban was recommended orally for 14 days after discharge. All patients were discharged 7 days after surgery. Doppler ultrasound was used to evaluate for DVT periodically during 3-month follow-up.




2.2. Clinical Testing


Patient demographics, including age and sex, were recorded. The radiographic grade of OA was determined by the analysis of the weight-bearing anteroposterior radiographs of the knees and was counted according to Kellgren and Lawrence [22]. The Western Ontario and McMaster Universities osteoarthritis index (WOMAC) visual analogue scale was used to evaluate pain, stiffness, and physical function [23]. Nociceptive pain was evaluated using the visual analogue scale (VAS), whereas neuropathic pain was measured using PainDETECT [24] and DN4 (Douleur Neuropathique en 4 Questions) [25] questionnaires. The Brief Pain Inventory (BPI) questionnaire was used for assessment of pain severity [26]. The Hospital Anxiety and Depression Scale (HADS) was used to reveal the levels of anxiety and depression among patients with OA [27].




2.3. Quantification of MMP-9 and TIMP1 Protein Levels


Peripheral blood (10 mL) was gathered in vacutainers containing ethylenediaminetetraacetic acid (EDTA) (BDH, England). The blood samples were taken in a standard manner between 07:00 a.m. and 09:00 a.m. Whole blood was fractionated in a Ficoll density gradient. Peripheral blood mononuclear cells (PBMCs) from the interphase were collected and washed twice in phosphate-buffered saline [28]. The obtained PBMCs were frozen and kept at −80 °C until protein extraction.



Concentrations of MMP-9 (BMS2016-2) and TIMP1 (BMS2018) were determined in isolated PBMCs using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Bender MedSystems GmbH, Vienna, Austria) according to the manufacturer’s instructions. Results were expressed per µg of DNA measured in PBMC lysates. PBMC lysates were acquired using Cell Extraction Buffer containing 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 20 mM Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% SDS, and 0.5% deoxycholate (Invitrogen, Camarillo, CA, USA) supplemented with Protease Inhibitor Cocktail (Sigma-Aldrich, Inc, St. Louis, MO, USA) and 1 mM PMSF (Sigma-Aldrich, Inc, St. Louis, MO, USA) according to the manufacturer’s instructions. Total DNA content in PBMC lysates was measured spectrophotometrically using a GeneQuant device (Amersham Biosciences, Watertown, USA). Results were expressed per µg of DNA.




2.4. Total RNA Isolation and Reverse Transcriptase (RT) Reaction


Total RNA was isolated from 100µl of whole blood immediately after withdrawal using Extract RNA reagent (Evrogen, Moscow, Russia) in accordance with the manufacturer’s recommendations. Total RNA had an A260/290 > 1.9. The RT-reaction was performed using a M-MLV RT kit containing Moloney Murine Leukemia Virus (M-MLV) Reverse Transcriptase, random hexanucleotide primers and total RNA according to the manufacturer’s recommendations (Evrogen, Moscow, Russia).




2.5. Real-Time Quantitative PCR


The TaqMan primers and probes (Applied Biosystems, Foster City, CA, USA) for expression of human genes cathepsin S (Hs00175407_m1), cathepsin K (Hs00166165_m1), caspase 3 (Hs00263337_m1), TNFα (Hs00174128_m1), IL-1β (Hs00174097_m1), COX-2 (Hs00153133_m1), MMP-9 (Hs00234579_m1) and TIMP1(Hs00171558_m1) were used. β-Actin served as an endogenous control.



Quantification of gene expression was conducted using a Quant Studio 5 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). A volume of 1 μL of RT product was subjected to real-time PCR in a 15 μL total reaction mixture including 7.5 μL of TaqMan Universal PCR Master Mix (Applied Biosystems), 900 nM sense and antisense primers, 50 nM probe, and cDNA template. After a first step of 50 °C for 2 min and initial warming at 95 °C for 10 min, reaction mixtures were exposed to 40 amplification cycles (15 s at 95 °C for denaturation and 1 min of annealing and extension at 60 °C) [29].



Relative mRNA expression was determined using the delta-delta CT method, as described by the manufacturer (Applied Biosystems) [30]. The delta CT value was calculated by subtracting the CT value for the housekeeping gene β-Actin from the CT value for each sample. A delta-delta CT value was then calculated by subtracting the deltaCT value of the control (each healthy patient) from the delta CT value of each OA patient. Each PCR was performed in duplicate. Three “no template” controls were consistently negative for each reaction.



All steps and measurements made in the study are presented at Figure 1.




2.6. Statistical Analysis


A Kolmogorov-Smirnov and Shapiro-Wilk normality tests were applied for data distribution analysis. Spearman’s rank correlations and Mann-Whitney U-test were used to non-normally distributed data which was expressed as median (quartiles). The receiver operating characteristic (ROC) curve analyses are presented as the areas under the curve (AUCs) and the 95% confidence intervals (CIs). The diagnostic efficacies of the gene expression values were assessed using the sensitivities and specificities at the cut-off points. Logistic regression was used to model the relationship between expression of the examined genes prior to surgery and postoperative pain preservation six months after surgery. The logistic regression model was built using the stepwise inclusion method. To compare percentages, a two-tailed Z-test for percentages was applied. Statistica for Windows and Statistical Package for the Social Sciences (SPSS) version 19 software (IBM, Armonk, NY, USA) were used for all of the statistical analyses. p-values ≤ 0.05 were considered significant.




2.7. Ethical Approval


The study protocol was approved by the Local Committee on the Ethics of Human Research and informed consent was obtained from all subjects (Protocol No. 32 from 20 December 2018).





3. Results


3.1. Clinical Parameters of the Examined Patients with End-Stage OA before Surgery


Analysis of the demographic and clinical characteristics of 50 patients of both genders with end-stage OA revealed that the K&L OA grades of the examined subjects varied from III to IV (grade III, 37 patients; grade IV, 13 patients). The average age of these patients was 67.6 years (range 54–82 years), whereas the average disease duration was 9.9 years (range 3–30 years). The majority of patients demonstrated an increased Body Mass Index (BMI) average 30.5 (range 21.3–39.6). The total WOMAC scoring was estimated as 1065 (range 300–1435), whereas average total pain was 222.8 (range 70–360), total physical function, 746 (range 360–1040), and total stiffness, 93.9 (range 40–130).



All patients complained of permanent pain during the last three months. Pain scoring according to VAS revealed moderate rates of knee pain of 64.4 (range 20–90) in these patients with OA. According to the Brief Pain Inventory (BPI) questionnaire, the average pain severity was 4.8 (range 2.3–6.3). Neuropathic pain evaluation using the DN4 questionnaire had an average score of 1.9 (range 1–7) and revealed only one patient with a score of seven. The average score according to the PainDETECT questionnaire was 6.0 (range 1–18), indicating no patient with neuropathic pain. According to Hospital Anxiety and Depression Scale (HADS), abnormal anxiety was observed in three patients (with the scores of 11 and 16) and 10 patients out of 50 exhibited borderline levels (scores 8–10). In addition, 8 of 50 patients were depressed because they had a total score >11, whereas 14 of 50 patients had borderline values (scores 8–10) according to the HADS depression scale.




3.2. Baseline Clinical Parameters of the Examined OA Subjects, Who Developed Post-Surgical Pain after 6 Months Compared to Pain-Free Patients


Patients were interviewed about pain sensation according to VAS after 3 and 6 months post-surgery. Post-surgical pain complaints at both time points were observed in 17 (34%) out of 50 patients. The average pain levels reported after surgery were 34.3 ± 2.3% (3 months) and 38.6 ± 2.5% (6 months) (range from 30% to 50%) according to VAS, and they did not differ significantly (p = 0.26). Average pain improvement in patients who developed pain after surgery did not exceed 20%.



Comparison of clinical traits in both examined subsets of patients with OA revealed essentially similar baseline levels for the majority of indices (Table 1). However, a trend of higher BPI pain severity (p = 0.07) prior to surgery was observed in patients who were satisfied with the surgery. In addition, patients who developed post-surgical pain had more often arterial hypertension.




3.3. Whole Blood Gene Expression


Examination of gene expression in the whole blood of the examined patients with end-stage OA revealed a significant upregulation of cathepsin S and cathepsin K, caspase-3, TIMP1, IL-1β, and TNFα in those who developed post-surgical pain compared to 33 pain-free subjects (Table 2; Figure 2).



However, the gene expression of MMP-9 and COX-2 was not significantly different in both cohorts of patients with OA.




3.4. Protein Levels of MMP-9 and TIMP1 in Isolated PBMCs


To assess the clinical significance of relative expression of the examined genes in the whole blood of the subjects with end-stage OA, we analysed the protein concentrations of MMP-9 and TIMP1 in the PBMC fraction. The protein levels of TIMP1 in the examined seventeen end-stage patients with OA who developed post-surgical pain was also significantly higher, compared to pain-free subjects, while MMP-9 protein concentrations were not significantly different between the examined subsets (Figure 3).




3.5. Correlation Analyses of the Gene Expressions with Clinical and Radiographic Parameters


Bivariate correlation analyses using Pearson Spearman’s correlation coefficients for normally distributed data and Spearman’s correlation coefficients for the remaining results have revealed a positive correlation between the K&L radiological grade, PainDETECT index, and pain at night, although its baseline scores were moderate, 33.0 (range 10–80) (Table 3). BPI pain severity and HADS anxiety scores positively correlated with total pain, total physical function and total WOMAC indices. In addition, neuropathic pain scores based on DN4 and PainDETECT questionnaires, have revealed a positive correlation with each other and HADS depression. Bivariate correlation analyses using Spearman’s correlation coefficients of the expressions of the examined genes with the clinical and radiographic parameters at baseline in all the examined patients with OA (n = 50) revealed a positive correlation of BMI values with cathepsin S (r = 0.307, p = 0.03), cathepsin K (r = 0.335, p = 0.01), caspase 3 (r = 0.307, p = 0.03), MMP-9 (r = 0.439, p = < 0.01), and TIMP1 (r = 0.329, p = 0.02) gene expression. TIMP1 gene expression also negatively correlated with total pain (r = −0.317, p = 0.02) and total WOMAC (r = −0.290, p = 0.04) indices. Neuropathic pain-related DN4 scores positively correlated with TNFα (r = 0.330, p = 0.02) and IL-1β (r = 0.496, p = <0.01) gene expression. IL-1β gene expression also positively correlated with PainDETECT scores (r = 0.313, p = 0.04).



The prognostic values of these gene expressions were assessed using ROC curve analyses (Figure 4), which confirmed a potential diagnostic/predictive value of expressions of the examined genes before surgery with the likelihood of pain development after surgery. The cut-off values for the examined gene expressions were 9.09 for cathepsin S (AUC = 0.835, 95% CI (0.721–0.949), p = 0.000, sensitivity of 0.82% and specificity of 0.73%), 7.67 for caspase 3 (AUC = 0.732, 95% CI (0.577–0.886), p = 0.008, sensitivity of 0.65% and specificity of 0.64%), 5.96 for cathepsin K (AUC = 0.743, 95% CI (0.589–0.898), p = 0.005, sensitivity of 0.71% and specificity of 0.67%), 1.88 for TNFα (AUC = 0.738, 95% CI (0.589–0.887), p = 0.006, sensitivity of 0.76% and specificity of 0.73%), 3.3 for IL-1β (AUC = 0.763, 95% CI (0.615–0.910), p = 0.003, sensitivity of 0.65% and specificity of 0.65%), and 9.12 for TIMP1 (AUC = 0.741, 95% CI (0.603–0.879), p = 0.006, sensitivity of 0.67% and specificity of 0.64%).



Logistic regression modeling demonstrated that high expression of caspase 3 (p = 0.014), cathepsin K (p = 0.011), cathepsin S (p = 0.015), IL-1β (p = 0.011), TIMP1 (p = 0.05), and TNFα (p = 0.01) were independent predictors of postoperative pain development. However, these results require further studies due to the small number of patients in both subsets.





4. Discussion


Several strong independent predictors for pain persistence after knee replacement surgery have been identified, including pain catastrophizing, mental health, preoperative knee pain, and pain at other sites [31]. However, other studies found that pre-surgical values of clinical and biopsychosocial variables were not predictive for postoperative pain because pain is a subjective sensation and includes physiological, cognitive, and emotional components [32].



Here we suggest using the baseline peripheral blood expression of genes associated with extracellular matrix turnover (cathepsins S and K, and TIMP1), apoptosis (caspase-3), and inflammation (TNFα and IL-1β) as prognostic markers of post-surgical pain. In our study group, these genes were expressed significantly higher before surgery in those patients with end-stage OA who developed post-surgical pain compared to OA subjects who were satisfied with the surgery results. The high predictive values of the abovementioned gene expressions in the development of pain after knee replacement surgery were confirmed by the ROC curve profiles for expressions of these genes and could be used in clinical settings for prediction of post-surgical pain development.



Our results are in line with previous observations stating that increased concentrations of cytokines in the synovial fluid both correlated with pain in the early stages of OA [33] and were independent predictors of lesser pain improvement after knee surgery [20]. However, we noted that not every cytokine gene expression could serve as a pain prognostic marker, as in the examined OA patient cohort COX-2 baseline gene expression did not significantly differ between both subsets. Previous studies showed that increased activity of MMP-9 involving an inflammatory response due to proteolytic maturation of cytokines contributed to increased pain-related behaviour in response to injury that can be reversed by TIMP1 activity [34]. Therefore, significant upregulation of TIMP1 gene expression observed in patients with end-stage OA who developed pain after surgery in our study, as well as negative correlation between TIMP1 gene expression and pain indices, might further point to a high and uncontrollable overall gene expression of MMPs and proinflammatory cytokines, which are responsible for pain maintenance. Furthermore, since the pain-sensing mechanism of cathepsin S involves the interruption of T-cell activation and peripheral cytokine release [35], its upregulation before surgery in the examined patients with end-stage OA who developed post-surgical pain is reasonable. Upregulation of cathepsin K gene expression associated with postoperative pain might be due to the increased mechanosensitivity of knee afferent nerve activity, which was recently demonstrated in animal OA studies [36], whereas caspase-3 upregulation in the same patients might result from the enhanced pain behaviour due to activation of sensory neuronal subsets, which was previously observed in diabetic patients [37].



Considering baseline clinical and psychosocial variables of the examined subjects with end-stage OA, our observations support the results of previous studies. For example, the examined patients with OA demonstrated essentially similar traits in both examined subsets according to radiographic K&L grade, the disease duration, ESR values, and WOMAC scores. This finding indicates that in our cohort the level of sensitivity for clinical determinants as predictive factors for the postoperative pain development is not sufficient. Similar observations were also noted by others [38], although some studies demonstrated an association between a lower preoperative status and a worse outcome [18]. Moreover, a positive correlation of baseline DN4 indices with TNFα and IL-1β gene expression in the peripheral blood might indicate that neuropathic pain symptoms are exacerbated in the inflammatory milieu, as was suggested previously [39]. In addition, the greater incidence of comorbidities, such as arterial hypertension, was associated with a worse outcome of knee surgery in the examined patients with OA, as was also observed before [40]. Our results are in line with previous studies, which have also shown that obesity was among the strongest predictors of increased postoperative use of analgesics [41] and can produce negative effects on prosthesis survival [15].



Furthermore, the psychological factors, primarily depression, were previously found to have the greatest effect on postoperative pain [18] and are supported by our results. Therefore, it is important to assess the incidence of this condition before surgery. The positive correlation of pain indices and DN4 scores with PainDETECT, HADS depression/anxiety, and BPI pain severity variables, as observed in our study, indicates the association of neuropathic pain symptoms with pain intensity in the preoperative time, and it has also been suggested previously [13]. Our observation of slightly higher BPI pain severity prior to surgery in patients who were satisfied with the surgery is supported by previous observations indicating that patients with severe OA have significantly more improvement in their usual activities and pain after knee surgery than patients with less severe OA [42].




5. Conclusions


In summary, our study demonstrated that high baseline expression of genes associated with extracellular matrix degradation (cathepsins S and K, and TIMP1), inflammation (TNFα and IL-1β), and apoptosis (caspase-3) measured in the peripheral blood of patients with end-stage OA before knee replacement surgery might serve as important biomarkers of postoperative pain development. Our study also confirmed previous results on the importance of considering comorbidities, such as obesity and hypertension, as well as depression in association with post-surgical pain. Further research involving larger patient cohorts is required to validate our findings on the importance of preoperative examination of gene expression for the prognosis of the post-surgical pain development in order to provide the best possible care for patients with end-stage OA, undergoing joint replacement surgery.







Author Contributions


E.V.T., K.E.G., G.A.M., E.A.N., E.A.T., M.A.M. and A.M.L. contributed to the manuscript preparation and critical revision. E.V.T. was involved in the design of the study, wrote the manuscript, analyzed and interpreted data; K.E.G. and E.A.T. collected clinical data and were responsible for statistical analyses; E.A.N. and M.A.M. conducted knee replacement surgery, analyzed and interpreted data; A.M.L. analyzed and interpreted data, contributed substantially to discussions of its content, and participated in editing of the manuscript. All authors read and approved the final version of the manuscript.




Funding


This study was supported by the Russian Ministry of Education and Science (Project No. AAAA-A19-11-9021190145-2). The sponsor had no role in the study design or execution, data analysis, writing of the manuscript, or the decision to submit the manuscript for publication.




Conflicts of Interest


The authors declare no conflict of interest. The funder did not participate in any phase of the study, including the publication of data.




References


	



Loeser, R.F.; Goldring, S.R.; Scanzello, C.R.; Goldring, M.B. Osteoarthritis: A disease of the joint as an organ. Arthritis Rheum. 2012, 64, 1697–1707. [Google Scholar] [CrossRef] [PubMed]

	



Kurtz, S.; Ong, K.; Lau, E.; Mowat, F.; Halpern, M. Projections of primary and revision hip and knee arthroplasty in the United States from 2005 to 2030. J. Bone Jt. Surg. Am. 2007, 89, 780–785. [Google Scholar] [CrossRef]

	



Wylde, V.; Hewlett, S.; Learmonth, I.D.; Dieppe, P. Persistent pain after joint replacement: Prevalence, sensory qualities, and postoperative determinants. Pain 2011, 152, 566–572. [Google Scholar] [CrossRef] [PubMed]

	



Santaguida, P.L.; Hawker, G.A.; Hudak, P.L.; Glazier, R.; Mahomed, N.N.; Kreder, H.J.; Coyte, P.C.; Wright, J.G. Patient characteristics affecting the prognosis of total hip and knee joint arthroplasty: A systematic review. Can. J. Surg. 2008, 51, 428–436. [Google Scholar] [PubMed]

	



Kidd, B.L.; Urban, L.A. Mechanisms of inflammatory pain. Br. J. Anaesth. 2001, 87, 3–11. [Google Scholar] [CrossRef]

	



Treede, R.D.; Jensen, T.S.; Campbell, J.N.; Cruccu, G.; Dostrovsky, J.O.; Griffin, J.W.; Treede, R.D.; Jensen, T.S.; Campbell, J.N.; Cruccu, G.; et al. Neuropathic pain: Redefinition and a grading system for clinical and research purposes. Neurology 2008, 70, 1630–1635. [Google Scholar] [CrossRef]

	



Campbell, J.N.; Meyer, R.A. Mechanisms of neuropathic pain. Neuron 2006, 52, 77–92. [Google Scholar] [CrossRef]

	



Nijs, J.; Van Houdenhove, B.; Oostendorp, R.A. Recognition of central sensitization in patients with musculoskeletal pain: Application of pain neurophysiology in manual therapy practice. Man. Ther. 2010, 15, 135–141. [Google Scholar] [CrossRef]

	



Akinci, A.; Al Shaker, M.; Chang, M.H.; Cheung, C.W.; Danilov, A.; Dueñas, H.J.; Kim, Y.C.; Guillen, R.; Tassanawipas, W.; Treuer, T.; et al. Predictive factors and clinical biomarkers for treatment in patients with chronic pain caused by osteoarthritis with a central sensitisation component. Int. J. Clin. Pract. 2016, 70, 31–44. [Google Scholar] [CrossRef]

	



Petersen, K.K.; Arendt-Nielsen, L.; Simonsen, O.; Wilder-Smith, O.; Laursen, M.B. Presurgical assessment of temporal summation of pain predicts the development of chronic postoperative pain 12 months after total knee replacement. Pain 2015, 156, 55–61. [Google Scholar] [CrossRef]

	



Edwards, R.R.; Mensing, G.; Cahalan, C.; Greenbaum, S.; Narang, S.; Belfer, I.; Schreiber, K.L.; Campbell, C.; Wasan, A.D.; Jamison, R.N. Alteration in pain modulation in women with persistent pain after lumpectomy: Influence of catastrophizing. J. Pain Symptom Manag. 2013, 46, 30–42. [Google Scholar] [CrossRef] [PubMed]

	



Yarnitsky, D.; Crispel, Y.; Eisenberg, E.; Granovsky, Y.; Ben-Nun, A.; Sprecher, E.; Best, L.-A.; Granot, M. Prediction of chronic post-operative pain: Preoperative DNIC testing identifies patients at risk. Pain 2008, 138, 22–28. [Google Scholar] [CrossRef] [PubMed]

	



Kurien, T.; Arendt-Nielsen, L.; Petersen, K.K.; Graven-Nielsen, T.; Scammell, B.E. Preoperative Neuropathic Pain-like Symptoms and Central Pain Mechanisms in Knee Osteoarthritis Predicts Poor Outcome 6 Months after Total Knee Replacement Surgery. J. Pain 2018, 19, 1329–1341. [Google Scholar] [CrossRef] [PubMed]

	



Sangesland, A.; Støren, C.; Vaegter, H.B. Are preoperative experimental pain assessments correlated with clinical pain outcomes after surgery? A systematic review. Scand. J. Pain 2017, 15, 44–52. [Google Scholar] [CrossRef] [PubMed]

	



Hernández, C.; Díaz-Heredia, J.; Berraquero, M.L.; Crespo, P.; Loza, E.; Ruiz Ibán, M.A. Pre-operative Predictive Factors of Post-operative Pain in Patients With Hip or Knee Arthroplasty: A Systematic Review. Reumatol. Clin. 2015, 11, 361–380. [Google Scholar] [CrossRef]

	



Hilton, M.E.; Gioe, T.; Noorbaloochi, S.; Singh, J.A. Increasing comorbidity is associated with worsening physical function and pain after primary total knee arthroplasty. BMC Musculoskelet. Disord. 2016, 17, 421. [Google Scholar] [CrossRef]

	



Hawker, G.A.; Badley, E.M.; Borkhoff, C.M.; Croxford, R.; Davis, A.M.; Dunn, S.; Gignac, M.A.; Jaglal, S.B.; Kreder, H.J.; Sale, J.E.M. Which Patients Are Most Likely to Benefit From Total Joint Arthroplasty? Arthritis Rheum. 2013, 65, 1243–1252. [Google Scholar] [CrossRef]

	



Lungu, E.; Vendittoli, P.-A.; Desmeules, F. Preoperative Determinants of Patient-reported Pain and Physical Function Levels Following Total Knee Arthroplasty: A Systematic Review. Open Orthop. J. 2016, 10, 213–231. [Google Scholar] [CrossRef]

	



Ji, R.R.; Xu, Z.Z.; Gao, Y.J. Emerging targets in neuroinflammation-driven chronic pain. Nat. Rev. Drug Discov. 2014, 13, 533–548. [Google Scholar] [CrossRef]

	



Gandhi, R.; Santone, D.; Takahashi, M.; Dessouki, O.; Mahomed, N.N. Inflammatory Predictors of Ongoing Pain 2 Years Following Knee Replacement Surgery. Knee 2013, 20, 316–318. [Google Scholar] [CrossRef]

	



Altman, R.; Asch, E.; Bloch, D. Development of criteria for the classification and reporting of osteoarthritis. Classification of osteoarthritis of the knee. Arthritis Rheum. 1986, 29, 1039–1052. [Google Scholar] [CrossRef] [PubMed]

	



Kellgren, J.H.; Lawrence, J.S. Radiological assessment of osteoarthrosis. Ann. Rheum. Dis. 1957, 16, 494–502. [Google Scholar] [CrossRef] [PubMed]

	



Bellamy, N. WOMAC Osteoarthritis Index: A User’s Guide; University of Western Ontario: London, ON, Canada, 1995. [Google Scholar]

	



Freynhagen, R.; Baron, R.; Gockel, U.; Tolle, T.R. PainDETECT: A new screening questionnaire to identify neuropathic components in patients with back pain. Curr. Med. Res. Opin. 2006, 22, 1911–1920. [Google Scholar] [CrossRef] [PubMed]

	



Bouhassira, D.; Attal, N.; Alchaar, H.; Boureau, F.; Brachet, B.; Bruxelle, J.; Cunin, G.; Fermanian, J.; Ginies, P.; Grun-Overdyking, A.; et al. Comparison of pain syndromes associated with nervous or somatic lesions and development of a new neuropathic pain diagnostic questionnaire (DN4). Pain 2005, 114, 29–36. [Google Scholar] [CrossRef]

	



Cleeland, C.S. Measurement of pain by subjective report. In Issues in Pain Measurement. Advances in Pain Research and Therapy; Chapman, C.R., Loeser, J.D., Eds.; Raven Press: New York, NY, USA, 1989; Volume 12, pp. 391–403. [Google Scholar]

	



Zigmond, A.S.; Snaith, R.P. The hospital anxiety and depression scale. Acta Psychiatr. Scand. 1983, 67, 361–370. [Google Scholar] [CrossRef]

	



Son, B.K.; Roberts, R.L.; Ank, B.J. Effects of anticoagulant, serum, and temperature on the natural killer activity of human peripheral blood mononuclear cells stored overnight. Clin. Diagn. Lab. Immunol. 1996, 3, 260–264. [Google Scholar] [CrossRef]

	



Tchetina, E.V.; Poole, A.R.; Zaitseva, E.M.; Sharapova, E.P.; Kashevarova, N.G.; Taskina, E.A.; Alekseeva, L.I.; Semyonova, L.A.; Glukhova, S.I.; Kuzin, A.N.; et al. Differences in mTOR (mammalian target of rapamycin) gene expression in the peripheral blood and articular cartilages of osteoarthritic patients and disease activity. Arthritis 2013, 2013, 461486. [Google Scholar] [CrossRef]

	



Livak, K.J. Comparative Ct method. ABI Prism 7700 sequence detection system. In User Bulletin No. 2; PE Applied Biosystems: Foster City, CA, USA, 1997. [Google Scholar]

	



Lewis, G.N.; Rice, D.A.; McNair, P.J.; Kluger, M. Predictors of persistent pain after total knee arthroplasty: A systematic review and meta-analysis. Br. J. Anaesth. 2015, 114, 551–561. [Google Scholar] [CrossRef]

	



Barroso, J.; Wakaizumi, K.; Reckziegel, D.; Pinto-Ramos, J.; Schnitzer, T.; Galhardo, V.; Apkarian, A.V. Prognostics for pain in osteoarthritis: Do clinical measures predict pain after total joint replacement? PLoS ONE 2020, 15, e0222370. [Google Scholar] [CrossRef]

	



Li, L.; Li, Z.; Li, Y.; Hu, X.; Zhang, Y.; Fan, P. Profiling of inflammatory mediators in the synovial fluid related to pain in knee osteoarthritis. BMC Musculoskelet. Disord. 2020, 21, 99. [Google Scholar] [CrossRef]

	



Knight, B.E.; Kozlowski, N.; Havelin, J.; King, T.; Crocker, S.J.; Young, E.E.; Baumbauer, K.M. TIMP-1 Attenuates the Development of Inflammatory Pain through MMP-Dependent and Receptor-Mediated Cell Signaling Mechanisms. Front. Mol. Neurosci. 2019, 12, 220. [Google Scholar] [CrossRef] [PubMed]

	



Eckert, W.A., III; Wiener, J.J.M.; Cai, H.; Ameriks, M.K.; Zhu, J.; Ngo, K.; Nguyen, S.; Fung-Leung, W.-P.; Thurmond, R.L.; Grice, C.; et al. Selective Inhibition of Peripheral Cathepsin S Reverses Tactile Allodynia Following Peripheral Nerve Injury in Mouse. Eur. J. Pharmacol. 2020, 880, 173171. [Google Scholar] [CrossRef] [PubMed]

	



Nwosu, L.N.; Gowler, P.R.W.; Burston, J.J.; Rizoska, B.; Tunblad, K.; Lindström, E.; Grabowska, U.; Li, L.; McWilliams, D.F.; Walsh, D.A.; et al. Analgesic effects of the cathepsin K inhibitor L-006235 in the monosodium iodoacetate model of osteoarthritis pain. Pain Rep. 2018, 3, e685. [Google Scholar] [CrossRef] [PubMed]

	



Hulse, R.P.; Beazley-Long, N.; Ved, N.; Bestall, S.M.; Riaz, H.; Singhal, P.; Ballmer, A.; Hofer, K.; Harper, S.J.; Bates, D.O.; et al. Vascular endothelial growth factor-A165b prevents diabetic neuropathic pain and sensory neuronal degeneration. Clin. Sci. 2015, 129, 741–756. [Google Scholar] [CrossRef]

	



Katz, N.P.; Paillard, F.C.; Ekman, E. Determining the clinical importance of treatment benefits for interventions for painful orthopedic conditions. J. Orthop. Surg. Res. 2015, 10, 24. [Google Scholar] [CrossRef]

	



Mai, L.; Zhu, X.; Huang, F.; He, H.; Fan, W. p38 Mitogen-Activated Protein Kinase and Pain. Life Sci. 2020, 256, 117885. [Google Scholar] [CrossRef]

	



Lingard, E.A.; Katz, J.N.; Wright, E.A.; Sledge, C.B.; Kinemax Outcomes Group. Predicting the outcome of total knee arthroplasty. J. Bone Jt. Surg. Am. 2004, 86, 2179–2186. [Google Scholar] [CrossRef]

	



Rajamäki, T.J.; Puolakka, P.A.; Hietaharju, A.; Moilanen, T.; Jämsen, E. Predictors of the use of analgesic drugs 1 year after joint replacement: A single-center analysis of 13,000 hip and knee replacements. Arthritis Res. Ther. 2020, 22, 89. [Google Scholar] [CrossRef]

	



Rehman, Y.; Lindberg, M.F.; Arnljot, K.; Gay, C.L.; Lerdal, A.; Aamodt, A. More Severe Radiographic Osteoarthritis Is Associated With Increased Improvement in Patients’ Health State Following a Total Knee Arthroplasty. J. Arthroplast. 2020, in press. [Google Scholar] [CrossRef]








[image: Life 10 00224 g001 550] 





Figure 1. Diagram of the steps and measurements made in the study. 
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Figure 2. Relative expression of the genes cathepsin S (A), cathepsin K (B), caspase-3 (C), MMP-9 (D), TIMP1 (E), TNFα (F), IL-1β (G), and COX-2 (H) related to β-actin determined by real-time PCR analyses in the whole blood of end-stage OA patients who either developed postoperative pain (n = 17) (positive triangles) or were satisfied by surgery results (n = 33) (inverted triangles) compared to healthy controls (n = 26) (squares). Controls are shown as 1.0 as required for relative quantification with the real-time PCR protocol. Asterisks (*) indicate significant differences (Mann-Whitney U-test) between examined subsets of patients with end-stage OA. 
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Figure 3. Protein concentrations of MMP-9 and TIMP1 measured by ELISA in PBMCs from patients with end-stage OA who developed postoperative pain (n = 17) and pain-free subjects (n = 33). Asterisk (*) indicates significant differences (Mann-Whitney U-test) between examined subsets. 
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Figure 4. Areas under the curve (AUCs) between the baseline gene expressions in the peripheral blood of patients with end-stage OA who developed postoperative pain (n = 17) and pain-free subjects (n = 33) (A–F). Receiver-operating characteristic (ROC) curves for the expressions of (A) cathepsin S (AUC = 0.835, 95% CI (0.721–0.949), p = 0.000), (B) cathepsin K (AUC = 0.743, 95% CI (0.589–0.898)), p = 0.005), (C) caspase 3 (AUC = 0.732, 95% CI (0.577–0.886), p = 0.008), (D) TIMP1 (AUC = 0.741, 95% CI (0.603–0.879), p = 0.006), and (E) TNFα (AUC = 0.738, 95% CI (0.589–0.887), p = 0.006). 
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Table 1. Clinical and biophychosocial indices of the examined subsets of patients with end-stage OA before surgery.
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Indices

	
Patients Who Developed Pain 6 Months after Surgery N = 17

	
Pain-Free Patients 6 Months after Surgery N = 33

	
p-Value (Mann-Whitney U-Test)






	
Patients age, years

	
70 (64;75)

	
68 (61;72)

	
0.70




	
Gender males females

	
3 (18%)

14 (86%)

	
10 (30%)

23 (70%)

	
0.36




	
Average Kellgren & Lowrence radiological stage

	

	

	




	
III

	
12 (71%)

	
23 (70%)

	
0.94




	
IV

	
5 (29%)

	
10 (30%)

	
0.94




	
BMI, kg/m2

	
32.4 (27.1;34.5)

	
29.1 (27.3;32.1)

	
0.31




	
Disease duration, years

	
8 (5.5;12)

	
10 (5;14)

	
0.90




	
Erythrocyte Sedimentation Rate (ESR), mm/h

	
8.5 (5.5;19)

	
12 (10;25)

	
0.27




	
Pain (VAS), mm

	
60 (60;70)

	
70 (60;70)

	
0.89




	
DN4 score

	
2 (1.5;3)

	
2 (1;2)

	
0.24




	
PainDETECT score

	
7 (4;9)

	
4 (2;9)

	
0.28




	
HADS anxiety score

	
7 (4.5;9.5)

	
5.5 (3.5;7.5)

	
0.07




	
HADS depression score

	
8.5 (6;10.5)

	
7 (6;9)

	
0.25




	
BPI pain severity score

	
4.5 (3.9;5.4)

	
5.5 (4.5;5.8)

	
0.07




	
Total WOMAC, mm

	
1130 (1020;1260)

	
1150 (950;1200)

	
0.99




	
Total pain

	
230 (195;260)

	
230 (205;270)

	
0.72




	
Total stiffness

	
100 (75;110)

	
100 (80;115)

	
0.65




	
Total physical function

	
820 (710;855)

	
760 (685;830)

	
0.48




	
Comorbidities




	
Healthy weight, (BMI 18.29–24.9 kg/m2)

	
1 (6%)

	
2 (6%)

	
1.00




	
Overweight (BMI 25.0–29.9 kg/m2)

	
5 (29%)

	
17 (51.5%)

	
0.14




	
Obesity Class I (BMI 30.0–34.9 kg/m2)

	
10 (59%)

	
11 (33.5%)

	
0.08




	
Obesity Class II (BMI 35.0–39.9 kg/m2)

	
1 (6%)

	
3 (9%)

	
0.71




	
Arterial hypertension (%)

	
65

	
30

	
<0.01




	
Cardiovascular disease (%)

	
6

	
15

	
0.35
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Table 2. Gene expression data in the examined subsets of patients with end-stage OA before surgery.
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	Genes
	Gene Expression in Patients Who Developed Pain 6 Months after Surgery N = 17
	Gene Expression in Pain-Free Patients 6 Months after Surgery N = 33
	p-Value (Mann-Whitney U-Test)





	Cathepsin S
	19.5(10.5;35.9)
	7.2(2.5;11.1)
	0.0001



	Cathepsin K
	11.8(4.5;33.5)
	4.6(2.2;9.6)
	0.005



	Caspase 3
	11.2(3.9;24.1)
	3.6(1.3;11.5)
	0.008



	TIMP1
	12.4(8.2;27.5)
	7.6(2.4;13.0)
	0.005



	TNFα
	4.2(1.8;7.3)
	1.1(0.7;2.2)
	0.01



	IL-1β
	5.9(1.6;10.5)
	1.6(.3;3.5)
	0.002



	MMP-9
	18.0(10.0;38.9)
	12.0(5.8;28.2)
	0.28



	COX-2
	1.1(0.5;2.7)
	1.3(0.5;2.5)
	0.75
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Table 3. Correlation coefficients and their significance (p) between clinical and biophychosocial indices measured before surgery in patients with end-stage OA (n = 50).
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	Pain at Night (VAS), mm
	Total Pain
	Total Physical Function
	Total WOMAC
	DN4 Scores
	HADS Depression Scores





	K&L radiological stage
	0.442

p = 0.04
	
	0.512

p = 0.01
	
	
	



	PainDETECT scores
	0.525

p = 0.01
	
	
	
	0.708

p < 0.01
	0.546

p = 0.03



	HADS anxiety scores
	
	
	0.551

p = 0.01
	0.472

p = 0.03
	
	0.678

p < 0.01



	HADS depression scores
	
	
	
	
	0.312

p = 0.03
	



	BPI pain severity scores
	
	0.628

p < 0.01
	0.541

p = 0.01
	0.590

p < 0.01
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