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During daily activities, cartilage encounters complex biophysical cues upon loading. Foremost among these is the coupled stimulation of hydrostatic pressure (HP) and loading-induced temperature increase (T), which encompasses both mechanical and thermal aspects of biophysical stimulations in cartilage. While prior research on this subject has been initiated in our laboratory, the detailed mechanisms of combined HP-T effects on chondrocytes in their natural environment remain largely unexplored. Using a custom bioreactor, we applied both isolated and combined HP-T stimuli to cartilage explants obtained from a non-inflammatory adolescent knee joint. Tissue and cellular responses were evaluated through histochemical staining and transcriptomic analyses, employing bulk RNA-sequencing complemented with signaling enrichment analyses. Our findings reveal that the thermal component of the coupled HP-T stimulation predominantly regulates the chondrocytes’ transcriptional profile during the stimulation period. When coupled with HP stimulation, a peak in chondroinduction was observed. This coupling process notably boosted chondroprotection in a synergistic manner, as demonstrated by the corresponding enhanced negative regulation of apoptotic processes and increased levels of Heat Shock Protein 70 (HSPA). Our study suggests that the upregulation in protein translation and processing, triggered by thermal stimulation, may serve as an adaptive mechanism in chondrocytes to mechanical simulations, thereby contributing to the observed synergy during the coupling of these two biophysical stimuli. The results highlight the potential of integrating thermal stimulation, a natural accompanying process during cartilage deformation, in tissue engineering, cell therapy or physiotherapy.
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1 INTRODUCTION
Unraveling the intricacies of cellular responses within the knee joint to external physiological biophysical stimuli poses inherent challenges. These challenges come from the simultaneous manifestation of two key biological phenomena, mechanobiology and thermobiology, arising during repetitive physical activities. Previous research has revealed an association between repetitive activities such as jogging and a consequential elevation in the local cartilage temperature of the knee (Becher et al., 2008). This coupling is of considerable interest, particularly as chondrocytes, the primary cellular constituents of knee cartilage, demonstrate a distinct sensitivity to both temperature fluctuations and mechanical stimuli (Ito et al., 2014; Ito et al., 2015a; Ito et al., 2015b). The benefits of mechanical stimuli, composed of a combination of compressive strain, shear strain, and hydrostatic pressure (HP), extend beyond simply orchestrating the differentiation of stem cells into mature chondrocytes (Fahy et al., 2017). These mechanical stimuli also enhance the synthesis of chondrogenic markers and extra cellular matrix (ECM), pivotal elements in the constitution of mature chondrocytes and functional cartilage (Wong and Carter, 2003; Elder and Athanasiou, 2009; Anderson and Johnstone, 2017; Li et al., 2017; Salinas et al., 2018). In terms of thermal cues, under normal resting conditions, the intra-articular temperature of the knee maintains a steady equilibrium at around 32.5°C (Becher et al., 2008). However, when exposed to a temperature increase within the physiological range up to 38.7°C [mirroring the temperature profile within a knee joint during 1.5 h of jogging (Becher et al., 2008)], in vitro cultured chondrocytes displayed enhanced chondrogenic ability and an elevated capacity to produce ECM (Nasrollahzadeh et al., 2022; Stampoultzis et al., 2023). Intriguingly, these same studies showed that this temperature alteration also intensifies the chondrocytes’ response to compressive loading. The individual benefits and the intricate interplay between temperature and mechanical stimuli underscores the necessity of considering both these factors in investigations seeking to unravel the complexities of chondrocyte function and cartilage homeostasis.
Hydrostatic pressure and the loading-induced thermal increase are both direct consequences of compressive cyclic loading. Intriguingly, while these elements are naturally coupled during normal knee activity in healthy cartilage, this coupling may disappear under degenerative conditions (Setton et al., 1999; Martin and Buckwalter, 2001; Abdel-Sayed et al., 2014), indicating the potential importance of HP-thermal coupling in regulating cartilage homeostasis. Previous in vitro investigations using 3D chondrocyte-hydrogel constructs revealed that chondrocytes can react to HP-T stimulation, thereby maximizing their chondroinductive and chondroprotective capacities (Guo et al., 2023). However, synthetic in vitro 3D chondrocyte models might limit a comprehensive understanding of the underlying synergy. Despite their high biocompatibility, biomaterials may not completely replicate the native ECM environment or the zonal structure of actual cartilage (Sophia Fox et al., 2009; Antons et al., 2018), complicating the elucidation of the mechanisms underpinning the effects of external stimuli (Ahearne, 2014; Chaudhuri et al., 2016; Mohammed et al., 2019). Approaches employing osteochondral units or cartilage explants can circumvent the use of biomaterials, providing a more realistic environment for studying chondrocyte reactions to external biophysical stimulation (Kotelsky et al., 2020; McCreery et al., 2020; Szczesny, 2020).
In this study, we aim to investigate the synergistic behavior of hydrostatic pressure (referred to as “HP” in this article) and physiological load-induced gradual temperature increase (referred to as “T” or “thermal stimulation” in this article) within a human cartilage tissue environment. We seek to elucidate the mechanisms by which chondrocytes respond to this coupled HP-T stimulation. Moreover, we aim to understand the distinct contributions of each form of isolated stimulation, HP and T, within the coupled interplay that dictates cartilage homeostasis. To this end, we procured human cartilage explants, incubating them in our customized bioreactor to apply either isolated or coupled HP-T stimuli. To investigate the chondrocyte cellular response to either uncoupled or coupled HP-T stimuli, we conducted a comprehensive range of histological staining and transcriptomic analyses using bulk RNA-sequencing complemented with signaling enrichment analyses. Our findings reveal that in cartilage explants subjected to repetitive loading, the thermal component within the coupled HP-T stimulation primarily influences the short-term transcriptional profile of chondrocytes. When coupled with HP stimulation, a peak in chondroinduction is observed. Furthermore, the coupling process notably enhances chondroprotection synergistically, as evidenced by an increase in Heat Shock Protein 70 (HSPA) levels and augmented negative regulation of apoptosis. The upregulation of protein translation and protein processing, triggered by thermal stimulation and demonstrated by the activation of various related biological processes, may provide key insights into the observed synergy during the coupling of these two biophysical stimuli.
2 MATERIAL AND METHODS
2.1 Human explant preparation and culture
Cartilage explants were obtained from the femoral trochlea of the left knee of a 14-year-old male patient following a traumatic Osteochondritis Dissecans (OCD) event at CHUV (Centre hospitalier universitaire vaudois, Switzerland). In particular, clinical cartilage samples were anonymized, stored, and logged in a Musculoskeletal Department Biobank, complying with internal regulations thereof and following an approved protocol (i.e., Vaud cantonal State Ethics Committee reference N°264/12). The extracted tissue was immediately preserved in 0.9% NaCl and subsequently sectioned into uniform cylindrical pieces using a 5 mm diameter biopsy punch, with an approximate thickness of 4 mm per explant. Each explant was then washed three times in DMEM (ThermoFisher, US) medium supplemented with 1% penicillin-streptomycin (P/S) (ThermoFisher, US) and 1% L-Glutamine (L-Glu) (Gibco, US). To ensure reliability of the results, the samples were randomized based on their original position in the tissue (Supplementary Figure S1). They were then cultured in the same medium at 32.5°C for 24 h.
2.2 Biophysical stimulation
Explant samples were placed in customized bioreactor wells filled with culture medium consisting of DMEM, 1% P/S, 1% L-Glu, 10% insulin transferrin selenium (ITS-IV) (PAN-biotech, Germany), and 1% ascorbic acid (VC) (Sigma, US). Using a previously developed customized bioreactor, various biophysical stimulation protocols were administered for 1.5 h daily over five consecutive days (Guo et al., 2023). Four experimental groups were considered and the specific stimulation details for each group are (Figure 1): 1) Control group (“C”): Maintained at a steady 32.5°C within the bioreactor, replicating the resting knee temperature, with no applied hydrostatic pressure (HP) or temperature increase. 2) Isolated pressure group (“P”): While kept consistently at 32.5°C, samples underwent sinusoidal cyclic HP loading with a 5 MPa amplitude at 1 Hz. 3) Isolated temperature increase group (“T”): Samples were exposed to a gradual temperature rise from 32.5°C to 38.7°C without any HP loading. This temperature profile mirrors the intra-articular temperature evolution observed during a 1.5-h jogging (Becher et al., 2008; Nasrollahzadeh et al., 2022). 4) Coupled HP-T stimulation group (“PT”): Samples were concurrently subjected to a 5 MPa cyclic HP loading (as in the “P” group) and a temperature increase from 32.5°C to 38.7°C (as in the “T” group) for the entire 1.5-h stimulation duration. In each group, the stimulation medium was replaced every other day. For each biophysical stimulation condition, we analyzed three explants, chosen randomly based on their position within the knee. We performed histological examinations on all three explants from each group and conducted RNA-sequencing on two explants from each condition. Samples of all conditions were harvested immediately after the last stimulation and processed accordingly to the analysis described below.
[image: Figure 1]FIGURE 1 | Stimulation protocol of four different conditions.
2.3 Histology and bio-imaging
Explant were fixed in formalin solution (Sigma-Aldrich, US) for 48 h, then dehydrated and embedded in paraffin. These samples were subsequently sectioned at 4 µm using a microtome. Standard histochemical staining methods were employed using Hematoxylin and Eosin (HE), Alcian Blue (AB), Sirius Red (SR), and Safranin’O with Fast Green (SO) at the EPFL Histology Core Facility. All slides were consistently imaged using an Olympus VS120 whole slide scanner, with uniform exposure settings. For polarized light imaging, the LEICA DM 5500 was utilized.
2.4 RNA extraction
Explant samples were snap-frozen in liquid nitrogen and subsequently ground into powder using a mortar and pestle, ensuring the continued presence of liquid nitrogen. The tissue powder was then combined with 300 µL of TRIzol (ThermoFisher, US), followed by the addition of 100 µL of chloroform (Sigma-Aldrich, US). After centrifugation, the RNA-rich aqueous phase was separated. RNA isolation and purification were carried out using the Nucleospin® RNA XS kit (Macherey-Nagel, Germany) according to the manufacturer’s guidelines. RNA concentrations were determined using the Nanodrop Lite Spectrophotometer (Thermo Scientific, US).
2.5 Bulk RNA sequencing and statistics analyses
RNA quality was controlled on the TapeStation 4200 (Agilent, US). RNAs were ranging from being partially degraded to heavily degraded, with RIN (RNA Integrity Number) values varying from 1.8 to 6.9. This value, along with the mRNA profiling results from the TapeStation 4200, served to determine the protocol chosen for subsequent library preparation. First, non-ribosomal RNAs were enriched using the NEBNext rRNA Depletion Kit (New England Biolabs, US), starting from 15 ng RNA. Then, libraries were prepared with NEBNext Ultra II Directional RNA Library Prep Kit (New England Biolabs, US), according to manufacturer’s instructions. Libraries, all bearing unique dual indexes, were subsequently loaded on a NovaSeq 6000 flow cell (Illumina, US) and sequenced according to manufacturer instructions, yielding pairs of 60 nucleotides-long reads. Reads were trimmed of their adapters with bclconvert v3.9.3 (Illumina, US) and quality-controlled with fastQC v0.11.9.
For data analyses, Truseq adapter sequences were trimmed from FASTQ files using bcl2fastq (Illumina, US). Sequences were aligned to the human genome (GRCh38) using STAR (Dobin et al., 2013). Duplicates were marked with Picard (Picard Tools, 2023) and then FeatureCounts (Liao et al., 2014) was used to count reads in features annotated in Gencode (v42) (Frankish et al., 2019) with the following parameters: paired end mode (-p), --ignoreDup, reverse-strand (-s 2), minimum quality (-Q 10).
Genes were considered expressed if they had greater than 10 reads in at least 2 of the samples. Differential expression was performed using DESeq2 (v1.36.0) default parameters (Love et al., 2014) and genes were considered differentially expressed if they were significantly (adjusted p-value [image: image] 0.05) changed by more than 2-fold (log2FoldChange [image: image] 1 or log2FoldChange [image: image] −1).
Gene regulation pattern analysis was conducted using DEGreport (v1.37.0) (Lorena Pantano Aut, 2017). Ontology analysis was carried out with gprofiler2 (v0.2.1) (Kolberg et al., 2020), and biological process maps were created through the KEGG online interface. Heatmaps and other data visualizations were generated using custom R codes. Significance was represented by adjusted p-values from DESeq2 or p-values from gprofiler2: * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).
3 RESULTS
3.1 Promotion of isogenous group formation in cartilage through thermal stimulation
After 5 days of varied stimulations within the bioreactor (Figure 2A, left), histological staining showed tissues in a normal condition with preserved structural integrity (Figure 2B). Tile-scanned images revealed chondrocytes encased within lacunae, with occasional groupings into isogenous clusters (Figure 2A, right). The color absorbance across various groups did not indicate significant variations in the quantity of various ECM components, such as glycosaminoglycan and collagen (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | (A) Left: The bioreactor housing the cylindrical explant samples. Right: Cross-section of the explant stained with Hematoxylin and Eosin (HE), Alcian Blue (AB), Sirius Red (SR), and Safranin’O with Fast Green (SO), showing normal cartilage structure. The direction of the cartilage surface is indicated by an upward-pointing arrow. (B) Polarized light image of Sirius Red-stained cartilage, displaying a typical zonal organization. (C) HE-stained explants following control and isolated or couple HP-thermal biophysical stimulation; black arrows highlight the isogenous group. “C” stands for unstimulated control incubated at 32.5°C. “P” stands for isolated cyclic HP stimulation at 5 MPa and 1 Hz; “T” stands for gradual temperature increase from 32.5°C to 38.7°C mimicking the temperature evolution profile seen in the human intra-articular space during jogging, and “PT” stands for the simultaneous application of the previous two types of stimulations. The direction of the cartilage surface in (B,C) is indicated by a left-pointing arrow.
Intriguingly, a consistent and noticeable enlargement of isogenous groups was observed in samples subjected to thermal stimulation compared to other conditions. This pattern was particularly prominent when analyzing cell distributions at comparable depths from the cartilage surface (Figure 2C). The isolated thermal stimulation group disclosed a greater count of chondrocytes within isogenous groups, suggesting a potential surge in mitotic division. In contrast, the isolated hydrostatic pressure (HP) group appeared to display a slight decrease in isogenous group sizes relative to the control. This observation remained constant across all triplicate samples examined under each condition. For the group subjected to combined pressure and thermal stimuli, the cell distribution seemed to reside between the patterns observed for the isolated HP and thermal stimulation groups. These findings suggest a potential alteration in metabolic activity in samples subjected to thermal stimulation, either standalone or in combination with hydrostatic pressure.
3.2 Dominance of temperature in coupled HP-T regulation on chondrocyte transcriptomics
To evaluate the individual and collective contributions of hydrostatic pressure and temperature increase to cartilage homeostasis, we performed bulk RNA-sequencing to scrutinize the transcriptomic profiles of chondrocytes within the explants subjected to various stimulation conditions. Our primary focus was on the genes altered by the naturally occurring, coupled HP-thermal stimulation. Additionally, we aimed to delineate the individual contributions of HP and thermal stimulation to these transcriptomic changes within the context of their coupling.
Hierarchical clustering, using the top 2,000 genes with the highest adjusted p-values from coupled stimulation, showed that those exposed to thermal stimulation (i.e., “T” and “PT”) grouped together, suggesting a closer transcriptomic similarity among samples subjected to isolated thermal and coupled stimulation (Figure 3A). To comprehensively evaluate the contribution of individual stimulations, we contrasted differentially expressed (DE) genes across various stimulation conditions using Venn diagrams (Figure 3B). Interestingly, out of the 1003 upregulated and 1109 downregulated DE genes in the coupled stimulation, 87% and 80%, respectively, corresponded to genes differentially expressed under isolated thermal stimulation. In contrast, HP stimulation accounted for a small portion of the DE genes seen in the coupled stimulation, highlighting the dominant influence of transient thermal stimulation on the chondrocytes’ transcriptomic profile during the combined HP-thermal process. Notably, there was no gene that was upregulated by pressure and downregulated by temperature (or vice versa), indicating that, in the short term, HP and thermal stimulations do not counteract each other under the naturally coupled HP-thermal conditions within a physiological range.
[image: Figure 3]FIGURE 3 | (A) Hierarchical clustering and dendrograms reveal similarities across samples under different biophysical stimulations. (B) Venn diagrams revealing different numbers of up or downregulated differentially expressed genes (DEG) in various biophysical stimulation groups. (C) Heatmap displaying log10 relative fold change of chondrocyte-associated genes compared to the unstimulated control with significant fold changes denoted by adjusted p-values in the respective boxes.
Next, we evaluated 15 important genes associated with structural proteins, signaling proteins, and growth factor receptors in chondrocytes across each stimulation condition (Figure 3C). Notably, most of these genes, including SOX9, ACAN, COL2, and COMP, remained statistically unaffected by the coupled stimulation. However, the level of COL1A demonstrated a significant decrease across all stimulation groups.
Recognizing the significance of thermal stimulation in shaping the transcriptomic profiles of chondrocytes in cartilage, we sought to further delve into its role by investigating how genes are influenced by naturally occurring coupled HP-thermal stimulation, and how isolated forms of stimulation contribute to this influence. Initially, we examined the regulatory patterns of all differentially expressed (DE) genes modified by naturally occurring HP-T stimulation (Figure 4A). The dot plot for each group displays the z-score for a specific set of genes, which exhibit consistent regulation patterns across various stimulation conditions. Each box represents the gene expressions of that set of genes under its respective stimulation condition. Regulatory pattern group 1 and 2 had the highest number of genes, occupying 43.7% and 41.3% of the total number of analyzed genes respectively. Genes in these two groups showed an incremental increase or decrease across control, uncoupled HP, T stimulation, and coupled HP-T conditions. This pattern suggests that the majority of genes influenced by the coupled HP-T stimulation are also similarly impacted albeit in a less pronounced or comparable manner by individual HP or T stimulations. To gain a more comprehensive understanding of the transcriptional influence of the genes present within these clusters, we then examined the activation of signaling cascades pertinent to cartilage homeostasis using all the DE genes from the coupled stimulation (Figure 4B). We observed that biological processes associated with the “extracellular space,” “extracellular matrix structural constituent conferring compression resistance,” and “cartilage development” (quoted terms denote standard biological processes of interests) were significantly enriched by coupled stimulation. The first two biological processes mentioned above were also activated by isolated thermal stimulation, albeit less significantly. Concurrently, with the inclusion of thermal stimulation, biological processes related to negative regulation of apoptosis were significantly enriched, implying an enhanced chondroprotective ability at the transcriptomic level (Jiang and Tuan, 2015). Conversely, none of the mentioned biological processes were significantly increased by isolated HP stimulation under the duration of our experiments. Collectively, these findings highlight the considerable contribution of thermal stimulation to the effects of coupled HP-T stimulation, maximizing both chondroinduction and chondroprotection in human cartilage tissue at a transcriptional level.
[image: Figure 4]FIGURE 4 | (A) Regulation patterns in six clusters, using all DE genes identified from the coupled HP-T stimulation compared to the control. Each gene is represented with a small circle. The gene level (represented with z-score) of all the genes within one cluster (meaning these genes shared the same regulation pattern across different stimulation conditions) are plotted in forms of box plots for each stimulation. (B) Gene Ontology (GO) analyses of isolated and combined HP-thermal stimulation, highlighting chondroinduction (top) and chondroprotection (bottom). The color inside each circle corresponds to the -log10 of adjusted p-values, while circle size denotes the log2 of intersection with the GO term. Significant hits with p-values smaller than 0.05 are denoted with a gray star in the center of the circle.
3.3 Synergistic transcriptomic activation of HSPA and protein translation and processing biological processes by HP-T coupling
Heat shock protein 70 (HSPA) is a family of chaperone proteins known for their critical role in chondroprotection (Grossin et al., 2006; Tonomura et al., 2006; Etienne et al., 2008). Motivated by our preliminary findings on the synergistic responses of HSPA in a 3D chondrocyte construct under HP-T stimuli (Guo et al., 2023), we undertook a deeper investigation into the transcriptional behavior of the HSPA family within our explants. Notably, many members of the HSPA family were significantly upregulated in response to thermal stimulation (Figure 5A). Some genes, such as HSPA1A/B, demonstrated further enhancement upon coupling of HP with thermal stimulation, although the difference between isolated thermal stimulation and coupled HP-thermal stimulation was not statistically significant.
[image: Figure 5]FIGURE 5 | (A) Heatmap of all HSPA family isoforms. Colors denote z-scores of normalized gene counts, values represent normalized gene counts, and stars indicate statistical significance (adjusted p values) compared to control with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). (B) Gene ontology (GO) analyses for different biophysical stimulation groups, focusing on protein translation (top) and protein processing (bottom). Circle color and size correspond to -log10 of p-values and log2 of GO term intersection, respectively. Significant hits with p-values smaller than 0.05 are denoted with a gray star in the center of the circle.
Considering the critical role of HSPA in ensuring proper protein folding, stabilization, and protection against cellular stressors after translation, we conducted ontology analyses associated with protein translation and protein processing in our experimental groups (Figure 5B). Protein translation occurs when ribosomes synthesize proteins using mRNA. These proteins move to the endoplasmic reticulum (ER) for folding and processing. Some of these proteins, intended for secretion, then travel via vesicles to the Golgi for further modification before being released from the cell. In chondrocytes, this process is pivotal for maintaining cartilage health and stability. Under thermal stimulation conditions (i.e., both isolated thermal and coupled HP-thermal stimulation), the GO terms related to protein translation, encompassing activities related to ribosomes, translation, and peptide biosynthesis, were notably enhanced (Figure 5B, top). Concurrently, protein processing, which includes protein folding, transport, export, and protein processing in the endoplasmic reticulum (ER), also saw a significant rise (Figure 5B, bottom). It was also observed that, compared to the isolated T stimulation, the combined HP-T resulted in a more pronounced activation of these biological processes.
Alongside HSPA, other genes implicated in these aforementioned processes, such as protein processing in ER, also showed upregulation in the presence of thermal stimulation (Figure 6A). These included SEC23 and SAR1, key components of COPII involved in vesicle formation and the transport of synthesized proteins and lipids from the ER to the Golgi apparatus, as well as numerous other translocation proteins such as SEC11/62/63 and signaling recognition proteins (SRP), all critical for peptide synthesis and processing in the ER. Of particular interest were the behaviors of ribosomal proteins. We observed that the transcriptional levels of ribosomal proteins from both large and small subunits were significantly enhanced under thermal stimulation (Figure 6B). Consistent with our previous observations on the synergistic effects of coupled HP and thermal stimulation, HP stimulation alone did not yield any significant changes in the previously mentioned biological processes. However, when coupled with thermal stimulation, it conferred a more pronounced activation, than that coming from the thermal stimulation alone.
[image: Figure 6]FIGURE 6 | (A) Colored KEGG pathway map showing gene names per rectangle. Colored rectangles represent genes significantly enhanced during coupled HP-thermal stimulation, with colors divided into four to represent z-scores of normalized gene counts for different groups. Genes not detected as differentially expressed in coupled HP-thermal stimulation are colored in green. (B) Heatmap of detected ribosomal proteins (from two ribosome subunits). Colors depict z-scores of normalized gene counts, and stars denote statistical significance (based on adjusted p values) compared to control.
Taken together, these results shows that thermal stimulation activated a majority of HSPA members, including the inducible HSPA1A and the constitutively expressed HSPA8, as well as biological processes related to multiple aspects of protein translation and protein processing. These effects appear to be maximized by the coupling of HP and thermal stimulation.
4 DISCUSSION
4.1 Unraveling the effects of HP-thermal biophysical stimuli on chondrocyte homeostasis within native cartilage environment
Cartilage, the load-bearing tissue, and its resident chondrocytes consistently experience external biophysical stimuli throughout our daily activities. While prior investigations utilizing 2D chondrocyte cell cultures or 3D chondrocyte-laden constructs have shed light on the beneficial effects of external biophysical stimuli, these studies are hampered by their inability to fully replicate the native cellular environment.
To unveil the mechanisms by which chondrocytes maintain homeostasis within their native environment, we employed human cartilage explants and an in vitro biophysical stimulation platform. This platform emulates essential external biophysical stimuli present within a healthy native environment, including transient temperature increases and cyclic hydrostatic pressure, which are both significant by-products of repetitive loadings. We employed three distinct application patterns to discern the individual contributions of these stimuli to cartilage homeostasis: the naturally occurring coupled stimulation (“PT”), and their uncoupled counterparts (“P”, “T”). Our findings suggest that transient thermal increase plays a dominant role in orchestrating the transcriptomic changes observed in naturally coupled HP-thermal stimulation. Although no significant enhancement of extracellular matrix production was detected at the histological level, which is probably due to the short-term nature of the study, the coupling of thermal and hydrostatic pressure stimulation resulted in the highest observed chondroprotection, as evidenced by the augmented negative regulation of apoptosis signaling pathways. Furthermore, the expression of multiple HSPA isoforms was significantly amplified with coupled stimulation, as indicated by the highest normalized gene counts. Thermal stimulation activated various biological processes related to protein translation and protein processing at the transcriptomic level, suggesting its crucial role in regulating cartilage homeostasis.
Our findings underscore the potential benefits of incorporating thermal stimulation into tissue engineering, cell therapies, and physiotherapy. As thermal stimulation naturally accompanies mechanical stimulation in healthy knee cartilage, its strategic use could enhance treatment effectiveness. Moreover, the upregulation in Heat Shock Protein 70 (HSPA) expression and enhancement of biological processes related to protein translation and processing due to the involvement of thermal stimulation, indicate their potential roles in modulating cartilage homeostasis. Future studies should further investigate HSPA and its related biological processes activities, with the objective of uncovering innovative approaches to improve therapeutic outcomes in cartilage repair and regenerative medicine. Potential therapeutic interventions might include warming the knee cartilage to mimic loading-induced temperature increase during physiotherapy sessions to boost HSPA expression, or employing pharmaceutical agents to elevate HSPA levels and enhance protein translation and processing activity. Such strategies might optimize the benefits derived from treatment sessions.
4.2 Reflections on experimental design
In this investigation, we employed bulk RNA sequencing on explants derived from the cartilage of a 14-year-old donor, with the aim to investigate the response of chondrocytes to naturally coupled HP-thermal biophysical stimuli. Though the explants were harvested from a region affected by traumatic Osteochondritis Dissecans (OCD), the surgeon did not identify it as inflammatory. Histological staining further confirmed the normal appearance of our explant, resembling healthy tissue without any significant loss of extracellular matrix. These observations affirm the structural integrity of our biological tissue, suggesting its biochemical composition aligns closely with that of native healthy knee cartilage. To mitigate potential biases from initial sample variations, biopsies were grouped and randomized based on their original locations. For our analyses, we utilized triplicates in histological examinations and two samples per group for RNA-sequencing. When analyzing results, we emphasized significant findings to ensure a reliable and generalizable interpretation of the data.
The explants we used represented an array of cartilage zones—superficial, middle, deep, and calcified—encompassing the inherent heterogeneity of chondrocytes in various stages of cellular differentiation. However, it is important to note that all cells within our explant, regardless of their zonal origin, belong to the chondrocyte lineage. This methodology aligns with previous studies, which also adopted a similar approach, utilizing bulk tissue samples for RNA sequencing to investigate the overall tissue response to varying stimuli (Lv et al., 2019; Li and Wang, 2021; Hegenbarth et al., 2022). This tissue-level perspective offers a more comprehensive understanding of the coupled HP-thermal effects on cartilage, enhancing the relevance of our findings to clinical settings such as drug discovery or physiotherapy. We anticipate future studies could build upon our findings by adopting single-cell sequencing approaches to delineate the cell-type-specific responses. This will allow for even more nuanced insights into chondrocyte responses to these stimuli.
Our investigation focused on a relatively brief period of stimulation, i.e., 5 days, a strategy determined by our objective to probe the activation of biological processes at the transcriptomic level. Conventional in vitro studies necessitate longer culture periods to discern changes at the structural protein level. However, a more compact study timeframe was deemed sufficient for our goals, while also ensuring the preservation of cellular viability in their native environment. Throughout our experiment, we observed no significant variation in extracellular matrix production across different groups, as demonstrated by histology images. Similarly, gene expressions of COL2A and aggrecan remained stable. This observation is congruous with our expectations since healthy cartilage, characterized by a low metabolic rate and well-established ECM, is unlikely to manifest marked ECM changes under physiologically relevant external stimulations during our selected timeframe (Goldring and Marcu, 2009; Sophia Fox et al., 2009; Goldring, 2012).
4.3 Thermal stimulation may offer an adaptive mechanism for chondroprotection and chondroinduction
Contrasting with the effects of thermal stimulation, our data demonstrated no substantial impact of isolated hydrostatic pressure. We propose that the transient thermal increase, potentially sensed via thermally sensitive ion channels (such as TRPV4) or HSP70-associated pathways, generates a more immediate response by swiftly activating pertinent biological cascades (Nasrollahzadeh et al., 2022). Our observations suggest that short-term thermal stimulation has the potential to positively influence chondroinduction and chondroprotection, possibly by amplifying protein translation and processing. This enhancement might serve as an adaptive mechanism, making the cells to be more sensitive to mechanical stimulations over extended periods. Further experiments are needed to verify this hypothesis.
HSPA, also known as HSP70, belongs to a protective chaperone protein family crucial for protecting cells from various stresses (Ohtsuka and Hata, 2000; Rérole et al., 2011; Rosenzweig et al., 2019). Numerous studies have highlighted the chondroprotective role of HSPA in both mitigating osteoarthritis and reducing chondrocyte apoptosis (Grossin et al., 2003; Etienne et al., 2008; Kubo et al., 2001; Zhang et al., 2022). Our current research revealed that isolated transient thermal increase stimulates HSPA upregulation, a phenomenon that is further amplified when coupled with hydrostatic pressure stimulation, as demonstrated by the upregulation of genes like HSPA1A and HSPA1B. These results resonate with our earlier research using 3D chondrocyte-laden GelMA constructs (Guo et al., 2023). Notably, HSF, the upstream regulator of HSP70, was not elevated by thermal stimulation. We speculate that the HSP70 increase may stem from greater HSF trimerization and nuclear entry, fostering enhanced HSP70 transcription. This process could be an outcome of the improved protein translation and processing biological processes observed when thermal stimulation is applied to the explants. A more comprehensive study of the HSP70-related signaling pathway is needed to definitively determine if HSP70 facilitates the synergistic support of cartilage homeostasis engendered by the coupling of hydrostatic pressure and thermal stimulation.
The observed thermomechanical synergy and the critical role of thermal stimulation on chondrocytes behavior partially align with our previous research (Nasrollahzadeh et al., 2022; Guo et al., 2023; Stampoultzis et al., 2023). In those studies, the introduction of thermal stimulation to mechanical stimulation resulted in a synergistic enhancement of both chondroinductive and chondroprotective capabilities, at both gene and protein levels. In the present study using human cartilage explants, however, we did not observe notable differences in main structural proteins at either gene or protein expression levels. The discrepancy with the previous studies can be attributed to fundamental differences between hydrogel structures and native tissue.
5 CONCLUSION
In this study we delved deeply into the intricate interplay between the naturally coupled hydrostatic pressure and loading-induced thermal stimulation on chondrocytes in tissue level. We found that the thermal component predominantly influences the transcriptional profile of chondrocytes during short-term combined thermal-HP stimulation. When this temperature rise was coupled with HP, we noted a significant boost in chondroinduction and chondroprotection compared to singular stimulations. These effects were evidenced by relatively enhanced biological processes and raised levels of Heat Shock Protein 70 (HSPA) compared to isolated stimulations. Moreover, the simultaneous increase in protein translation and protein processing biological processes, was triggered by thermal stimulation. Our insights highlight the potential of incorporating thermal stimulation, which is inherent in healthy cartilage during repetitive loading, into therapeutic approaches like tissue engineering and physiotherapy. Potential treatments could involve heating the knee cartilage during physiotherapy sessions based on temperature patterns found in healthy cartilage, or using medications to boost HSPA levels and protein translation and processing activity, aiming to optimize therapeutic outcomes.
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