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Editorial on the Research Topic 
Mechanobiology at multiple scales


The significance of mechanical forces across multiple scales in biological systems cannot be understated. Understanding the impact of these forces on biological systems is essential for unraveling the complex interplay between mechanical stimuli and cellular responses. In addition, exploring the effects of mechanical forces at various scales provides valuable insights into either physiological or pathological conditions. Here, the aim of this Research Topic is dedicated to two points: 1) Highlighting the significance of mechanical forces across different scales of biological components. 2) Emphasizing the importance of recognizing the impact of mechanical forces not only in physiological conditions but also in pathological contexts, offering potential avenues for diagnostic and clinical advancements.
At the nanoscale, the interaction between receptors and ligands is influenced by mechanical forces, dictating cellular signaling and behavior. One typical example is the cell-cell communication process, representing a quintessential example of a phenomenon encompassing multiple receptors and ligands at the nanoscale that are anchored to adjacent membranes. These processes are mediated by the specific binding of receptors and ligands that are anchored to adjacent membranes. Li’s laboratory has made noteworthy progress in studying mechanotransduction in this domain, focusing on three aspects: 1) protein-membrane interactions, 2) single-molecule forces, and 3) bioelectrical microenvironments (An et al.). They reviewed recent progressive achievements in the field and concluded that the binding kinetics of proteins constitute a crucial parameter that guides intercellular and cell-cell communication. Furthermore, the influence of multi-scale coupling effects on binding affinity is expected to emerge as an important area of research in the future.
At the microscale level, mechanical forces play a critical role in cell mechanics and motility. For example, Yang’s laboratory has introduced an innovative experimental technique complemented by a corresponding computational fluid dynamics (CFD) model intended to investigate cell mechanics under dynamic loading conditions (Xu et al.). By applying Water-Hammer theories, they successfully evaluate and simulate the exerted stress on individual cells. This pioneering approach harmoniously merges microfluidic chips with a projectile pump, yielding insightful outcomes. This microfluidic-based methodology establishes a novel instrument for probing the dynamic mechanical properties of cells, presenting a fresh perspective for further exploration in this field. In another case, Zhou’s laboratory has presented a noteworthy investigation detailing an optical-tweezer-based platform that facilitates the assessment of both the chirality and frequency of human sperm rotation. These measurements can potentially serve as indicators of sperm motility and quality (Zhong et al.). To streamline the measurement system’s complexity, the research team opted to determine the orientation of the sperm head along the optical axis within the optical trap, utilizing the intensity distribution patterns of micron-sized particles positioned off-focus. This study not only unveils promising avenues for future research on sperm rolling but also underscores the significance of integrating artificial intelligence imaging analysis within intracytoplasmic sperm injection treatment.
Exploring the effects of mechanical forces at various scales provides valuable insights into either physiological or pathological conditions. In physiological contexts, understanding the mechanical cues that regulate cell behavior and tissue homeostasis can aid in designing biomaterials, tissue engineering strategies, and regenerative medicine approaches. On the other hand, in pathological conditions such as cancer, cardiovascular diseases, and musculoskeletal disorders, aberrant mechanical forces can drive disease progression and tissue dysfunction. Thus, comprehending the mechanobiological mechanisms across multiple scales holds great potential for developing diagnostics, therapeutics, and interventions targeting various diseases. The Research Topic also presents the related results from Qiao’s laboratory. They conducted a quantitative examination to explore the correlation between stent malapposition (SM) distance and stent thrombosis (Qu et al.). The findings reveal a notable rise in thrombus formation as the gap distance increases when the SM distance measures less than 150 μm. However, the thrombogenicity progression weakens once the gap distance exceeds 150 μm. Consequently, heightened attention is warranted when SM manifests with a 150 μm gap distance. Meanwhile, Long’s laboratory undertook a comprehensive review encompassing the hemodynamic changes induced by partial hepatectomy during liver regeneration and the decoupling of mechanical forces within hepatic sinusoids (Wu et al.). This exploration encompassed factors such as shear stress, mechanical stretch, blood pressure, and tissue stiffness. The study delved into potential mechanosensor and the associated signaling pathways. Additionally, Xu’s laboratory compiled a comprehensive summary elucidating the necessary biochemical signatures observed during cardiac fibrosis (Liu et al.). These signatures were classified into two distinct categories, static and dynamic, with a specific focus on the unique attributes of the heart. Researchers aim to pave the way for effective anti-fibrosis strategies in clinical therapy by comprehending these dynamic and static biomechanical characteristics.
In a separate investigation, Gong’s laboratory examined the biomechanical properties of articular cartilage and subchondral bone in guinea pigs with spontaneous hip osteoarthritis (Gao et al.). Their report highlights the occurrence of morphological degeneration in cartilage preceding the degeneration of mechanical properties. These findings provide novel insights into the structural and micromechanical interplay underlying hip osteoarthritis, serving as a theoretical foundation for comprehending its formation and progression. Furthermore, Panzetta’s laboratory expounded upon the effects of radiation on the expression ratio of YAP in the nucleus and cytoplasm, observing an increase in healthy cells and a decrease in breast cancer cells (La Verde et al.). These findings deepen our comprehension of the extracellular matrix’s role and shed light on the impact of X-rays on YAP and lamin A/C expression. Such insights can inform radiation therapy optimization through refined dosage and timing.
By investigating the mechanical forces at different scales, we can unravel the hierarchy and interconnectivity inherent to mechanobiology. This knowledge enables us to decipher the fundamental principles governing mechanotransduction, mechanoresponses, and mechanosensing in biological systems. Moreover, it provides a foundation for developing innovative technologies and methodologies that can detect, quantify, and manipulate mechanical forces at the microscale, nanoscale, and beyond. Recognizing the importance of mechanical forces across multiple scales is crucial for advancing our understanding of fundamental biological processes and their implications in health and disease. Integrating multidisciplinary approaches, including engineering, biology, and physics, can provide comprehensive insights into the mechanobiological complexities and pave the way for transformative advancements in various fields, ranging from regenerative medicine to drug discovery. While our Research Topic merely scratches the surface of the mechanobiology field, we anticipate these findings will contribute to the broader comprehension of the intricate dynamics involved when mechanical forces propagate within multi-scale biological systems.
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Cell-cell communication is crucial for cells to sense, respond and adapt to environmental cues and stimuli. The intercellular communication process, which involves multiple length scales, is mediated by the specific binding of membrane-anchored receptors and ligands. Gaining insight into two-dimensional receptor-ligand binding kinetics is of great significance for understanding numerous physiological and pathological processes, and stimulating new strategies in drug design and discovery. To this end, extensive studies have been performed to illuminate the underlying mechanisms that control intercellular receptor-ligand binding kinetics via experiment, theoretical analysis and numerical simulation. It has been well established that the cellular microenvironment where the receptor-ligand interaction occurs plays a vital role. In this review, we focus on the advances regarding the regulatory effects of three factors including 1) protein-membrane interaction, 2) biomechanical force, and 3) bioelectric microenvironment to summarize the relevant experimental observations, underlying mechanisms, as well as their biomedical significances and applications. Meanwhile, we introduce modeling methods together with experiment technologies developed for dealing with issues at different scales. We also outline future directions to advance the field and highlight that building up systematic understandings for the coupling effects of these regulatory factors can greatly help pharmaceutical development.
Keywords: cell communication, intercellular receptor-ligand binding kinetics, protein-membrane interaction, biomechanical force, bioelectric microenvironment
INTRODUCTION
Cells communicate with their neighbors to sense, respond and adapt to outside world, and transduce crucial signals to shape their functions and determine their fate. The cell-cell communication process, which involves multiple length scales ranging from angstroms (specific binding of receptors and ligands), to tens of nanometers (length of receptor-ligand complex) to micrometers (lateral size of a typical adhesion zone), is mediated by the specific binding of receptor and ligand anchored in apposing membranes (Liu et al., 2014; Ju et al., 2016; Sudhof, 2018; Zhu et al., 2019a; Zhu et al., 2019b; Chen et al., 2019). The key parameters characterizing the intercellular binding of receptors and ligands are their binding kinetics that involve kinetic rates (on-rate, kon and off-rate, koff, defining the velocities of bond formation and dissociation, respectively) and binding affinity (Ka = kon / koff = [RL] / ([R][L]), quantifying the strength of receptor-ligand interactions) (Hu et al., 2013; Liu et al., 2015). Here, [R], [L] and [RL] are densities of unbound receptors, unbound ligands and bound receptor-ligand complexes in equilibrium state, respectively. The binding kinetics of intercellular receptor-ligand interactions determine the extent of membrane receptors’ transmembrane signaling during cell communication and thereby affect physiological and pathological cellular activities, such as immune responses, cell locomotion and cancer metastasis (Burdick et al., 2001; Huang et al., 2010; Chen and Zhu, 2013; Liu et al., 2014; Liu et al., 2015). For example, the binding kinetics of interactions between T cell receptor (TCR) and peptide major histocompatibility complex (pMHC) determine the recognition of T cells to different antigens and the processes of target cell killing, with accumulated receptor-ligand binding duration as a threshold for triggering T cells activation (Huang et al., 2010; Liu et al., 2014; Wu et al., 2019). Mutations in von Willebrand factor (VWF) and/or platelet glycoprotein Ib (GPIb), which alter their binding kinetics, induce hemostatic defects, such as von Willebrand disease (Ju et al., 2013). Considering the vital role of intercellular receptor-ligand binding kinetics in processing extracellular stimuli to direct cellular activities and their promising potential for biomedical applications, such as immunotherapies including monoclonal antibodies, chimeric antigen receptor T (CART) cells and TCR-T cells, the regulatory mechanisms responsible for the receptor-ligand binding kinetics and their transmembrane signaling have been hotspots in the fields of mechanobiology (Fagerberg et al., 2010; An et al., 2020; Li R. et al., 2020b; He et al., 2022).
Much of our early understanding of receptor-ligand binding kinetics came from in vitro three-dimensional (3D) measurements by surface plasmon resonance (SPR) for purified variants of the receptors and ligands that are removed from their cellular environment (Huang et al., 2012). The kinetics parameters are derived by SPR angle shifts when the mass of the surface layer changes due to receptor-ligand binding (Su and Wang, 2018). However, there are significant limitations for SPR in faithfully investigating receptor-ligand interactions due to the lack of physiological-mimicking conditions (Huang et al., 2010). For example, compared to in vitro 3D measurements in solution, the in situ receptor-ligand binding occurs in two dimensions (2D) with both proteins anchored in apposing membranes, resulting in different units for on-rate kon (M-1 s-1 in 3D and μm2 s-1 in 2D) and binding affinity Ka (M-1 in 3D and μm2 in 2D) in different dimensions (Dustin et al., 2001). Thus, the binding kinetics measured by SPR cannot be used to derive reliable information on 2D binding. With the development of technology, various experimental techniques have been exploited to study the intercellular receptor-ligand binding kinetics, including fluorescence spectroscopy, micropipette aspiration, atomic force microscopy, and flow chamber (Krobath et al., 2009; Weikl et al., 2016). It has been well established that the in situ kinetics of receptor-ligand interactions depend not only on the receptor-ligand binding strength, but also on the cellular microenvironment. For example, utilizing live-cell based single-molecule biomechanical assay, Fan et al. showed that the bond lifetimes (1 / koff) of stimulatory immune receptor NKG2D interacting with its ligands (e.g., MICA and MICB) are prolonged in the presence of mechanical force (Fan et al., 2022). The force-dependent bond lifetime and binding affinity are attributed to the conformational changes of ligands, enabling NKG2D to precisely discriminate ligands to differentially activate natural killer cell or T cell functions and fulfill proper immune responses (Fan et al., 2022). Chen et al. used a fluorescence dual biomembrane force probe to identify an intermediate state of integrin αIIbβ3 with intermediate affinity and bond lifetimes by applying precisely controlled mechanical stimulations to platelets (Chen et al., 2019). They found that this intermediate state of integrin αIIbβ3 regulates biomechanical platelet aggregation, which is responsible for the thrombus formation and growth. These studies provide new insights into the intercellular receptor-ligand binding kinetics in cell communication, and promising therapeutic strategies for the disease treatment. In this review, we summarize recent advances regarding the regulation of intercellular receptor-ligand binding kinetics by three in situ membrane-associated factors, including 1) protein-membrane interaction, 2) biomechanical force, and 3) bioelectric microenvironment, wherein modeling approaches and experiment technologies used to deal with issues at different scales are introduced. Further, we outline directions for dissecting functional mechanisms of intercellular receptor-ligand binding and indicate optimization strategies for biomedical applications.
PROTEIN-MEMBRANE INTERACTION
In contrast to the interactions of soluble proteins in solution, the interactions of membrane-anchored receptors and ligands during cell-cell communication are restricted to two-dimensional membrane environment, since the proteins can only diffuse laterally along the membranes (Krobath et al., 2009; Hu et al., 2013; Weikl et al., 2016). Central questions involve how the binding kinetics of membrane-anchored receptor and ligand are affected by protein-membrane interaction, which will be discussed in this section.
Membrane fluctuations
A membrane-anchored receptor can bind to a ligand anchored in apposing membrane only if the local membrane separation at the protein site is within binding range. Therefore, the binding of receptor and ligand molecules depends strongly on the local separation of the two membranes, which varies in time and space due to the thermal shape fluctuations of flexible membranes (Li and Song, 2016; Li and Song, 2018). As mentioned above, the intercellular communication process involves multiple length scales ranging from angstroms to micrometers. To deal with such complexity, coarse-grained mechanical models have been developed with suitable simplification and approximations (Krobath et al., 2009; Rozycki et al., 2010; Hu et al., 2013; Xu et al., 2015; Weikl et al., 2016). In the Monte Carlo (MC) simulation model, both adhering membranes are discretized into small patches (Krobath et al., 2009; Xu et al., 2015). Then the membrane conformations can be described by the local intermembrane separation. By analogy to lattice-gas-type models, a membrane patch can only accommodate one receptor or ligand protein. The spatial distribution of receptor and ligand is then described by the composition field with values 0 or 1 indicating the absence or presence of protein at discretized patch. The membrane anchoring of receptor and ligand, which can rotate around their anchoring points, is regulated by the protein-membrane anchoring strength. To reflect the protein flexibility, the bead-spring model for polymer chains can be adopted. The specific binding of receptor and ligand shows a distance- and angle-dependent behavior. The configurational energy of the adhesion system then consists of membrane bending energy, receptor-ligand binding energy, as well as anchoring energy. This MC model basically captures the key events that occur in the adhesion zone. Another coarse-grained model is based on molecular dynamics (MD) technique (Hu et al., 2013; Hu et al., 2015). In the coarse-grained MD simulation model, several molecule groups are clustered into a single bead. This coarse graining procedure leads to a significant computational speed-up. Each lipid molecule, receptor and ligand proteins are represented by a set of beads connected via spring potential. A lipid molecule consists of hydrophilic and hydrophobic parts. Both lipid-anchored and transmembrane receptor and ligand proteins can be modeled. The thermodynamic properties of the adhesion system are determined by the conservative force. In comparison, the coarse-grained MC method has advantages in both computing scale and efficiency. Results from statistic mechanics theory and coarse-grained simulations indicate that the binding affinity and on-rate can be obtained from the relations: [image: image], [image: image], where Ka (l) and kon (l) are the binding affinity and on-rate of receptor and ligand anchored to two planar and parallel membranes with fixed separation l, respectively (Hu et al., 2015; Weikl, 2018). The probability distribution of the local membrane separation P(l) reflects the temporal and spatial variation of local membrane separation l and is associated with the membrane elasticity. For adhering membranes with a single type of receptor-ligand complex, this probability distribution P(l) is usually assumed to be Gaussian with mean [image: image] and standard deviation [image: image] (Hu et al., 2015). [image: image] is the relative roughness from thermally excited shape fluctuations and measures how strong the fluctuations of the two membranes are (Hu et al., 2013; Li et al., 2018b). The larger the roughness [image: image], the stronger the membrane fluctuations and the more configurations the membranes can adopt. The formation of receptor-ligand complexes constrains the membrane thermal fluctuation, thus affecting the relative roughness. The relative roughness is proportional to the average distance between neighboring receptor-ligand complex [image: image] (Hu et al., 2013; Weikl, 2018).
At the optimal average membrane separation for receptor-ligand binding, theoretical and computational results consistently reveal that the binding affinity roughly scales as: [image: image] (Hu et al., 2013). Such an inverse proportionality results from the entropy loss of the flexible membranes upon the receptor-ligand binding. Coarse-grained MD simulations show that the on-rate kon and off-rate koff decrease and increase with increasing relative roughness, respectively, indicating that both kon and koff contribute to the roughness-dependence of Ka. Given the scaling relation [image: image], a modified law of mass action [image: image] appears (Krobath et al., 2009; Hu et al., 2013). This quadratic dependence indicates cooperative binding of membrane adhesion proteins. The physical picture is that the formation of the receptor-ligand complexes suppresses membrane shape fluctuations which, in turn, facilitates the formation of additional receptor-ligand complexes. The feedback between the suppression of membrane fluctuations and the formation of receptor-ligand complexes gives rise to cooperativity in the process of receptor-ligand binding (Li et al., 2021b). Recently, Steinkühler et al. confirmed the binding cooperativity of ‘marker of self’ protein CD47 with the macrophage checkpoint receptor SIRPα using fluorescent recovery after bleaching (FRAP) assays, and found that membrane stiffening by regulating acidosis condition enhances the binding affinity (Steinkühler et al., 2019).
Different experimental methods for measuring the binding affinity have led to values differing by several orders of magnitude (Krobath et al., 2009). Note that mechanical methods measure the receptor-ligand binding kinetics during initial contacts. In contrast, fluorescence methods probe the binding kinetics in equilibrated zones (Weikl et al., 2016). Considering the fact that both the average membrane separation [image: image] and relative membrane roughness [image: image] during initial membrane contacts are larger than that in equilibrated adhesion zones, the dependence of Ka on [image: image] and [image: image] helps to understand why the values of Ka measured by mechanical and fluorescence methods differ by several orders of magnitude.
Protein-Lipid Interaction
The membrane proteins associate with cell membranes via transmembrane domains (e.g. integrins, cadherins) or glycosylphosphatidyl-inositol anchors (e.g. CD48). The anchoring to membranes is of particular importance for intercellular receptor-ligand interaction and protein function (Figure 1A). For example, an I232T mutation in Fcγ receptor, which is clinically relevant to systemic lupus erythematosus, alters the interaction between transmembrane helix of Fcγ receptor and membrane. As a result, the mutated Fcγ receptor allosterically tilts its ectodomain to a bent conformation, which attenuates its accessibility by ligands and thereby reduces its ligand-binding affinity (Hu et al., 2019). Meanwhile, the anchoring strength, characterizing the tilting of binding protein relative to the membrane, also plays an important role in the binding kinetics of receptor and ligand molecules, since it affects the loss in the rotational free energy upon the formation of a receptor-ligand complex. Therefore, soft anchoring of binding proteins decreases binding affinity and slower on-rate (Hu et al., 2015; Xu et al., 2015).
[image: Figure 1]FIGURE 1 | (A) Two fluctuating membranes adhering via specific binding of transmembrane (light blue) and lipid-anchored (light purple) receptor and ligand proteins. Both the thermal shape fluctuations of membranes, which change the average membrane separation and relative membrane roughness, and the anchoring energy affect the receptor-ligand binding kinetics. (B) Wedge-shaped transmembrane proteins bend their associated membranes to induce membrane curvature. The local curvatures induced by receptor and ligand affect their binding kinetics by 1) altering the local separation and relative roughness of the two apposing membranes and 2) causing protein-protein cis-repulsion on each membrane. (C) Preferential partitioning of membrane-anchored receptors and ligands in the lipid rafts (light green) enhances the binding affinity of those proteins, which can be partially attributed to the entropy gain of the membranes resulting from raft-induced protein aggregation. (D) Adhering membranes linked via two types of membrane-anchored receptors and ligands with different lengths in the presence of glycocalyx (dark green). The difference in lengths between the shorter and longer receptor-ligand complexes, on the one hand, forms a steric barrier for the complex formation, on the other hand, facilitates protein aggregation to enhance binding. These two competing effects are additionally regulated by the presence of glycocalyx.
The interaction of protein and membrane may very likely generate local membrane curvature and accordingly affect the intercellular receptor-ligand interactions. Extensive studies have shown that transmembrane proteins of wedge shape, and peripheral proteins either inserting asymmetric amphipathic or hydrophobic structures into the bilayer or binding to the surface of one membrane monolayer are efficient ways to induce local membrane curvature (Figure 1B) (McMahon and Gallop, 2005; Ramakrishnan et al., 2014; McMahon and Boucrot, 2015). Crowding of monomeric hydrophilic protein domains bound to the membrane surface has also been shown to induce curvature (Stachowiak et al., 2012). MC simulations revealed that the local membrane curvatures induced by receptors and ligands affect their binding by 1) altering the local separation and relative roughness of the two adhering membranes, and 2) causing protein-protein cis-repulsion on each membrane (Li et al., 2019). Depending on the signs of the curvatures, the binding affinity increases or decreases with the curvatures. It suggests that the ability to induce membrane curvatures represents a molecular property of the adhesion proteins and should be carefully considered in experimental characterization of the binding affinity.
Local aggregation or clustering of the protein molecules also affects their binding kinetics. Cumulative evidence indicates that the membranes are not structurally homogeneous, but rather consist of microdomains enriched in saturated phospholipids and cholesterol (Lingwood and Simons, 2010; Sezgin et al., 2017). These microdomains, termed as lipid rafts, exist as distinct liquid-ordered phases that float freely as stable entities in the liquid-disordered matrix of the plasma membrane. Lipid rafts can lead to a heterogeneous distribution of proteins in the membranes by recruiting them to variable extents (Figure 1C) (Li L. et al., 2020a; Li et al., 2021c). The surface area and length of protein transmembrane domains as well as protein palmitoylation are the major factors determining the affinity of membrane proteins for lipid rafts (Lorent et al., 2017). It is generally believed that lipid rafts, serving as signaling platforms, can facilitate protein-protein interactions on the same membrane by virtue of spatial proximity of participating components. For intercellular receptor-ligand binding, in situ experimental studies have reported that lipid rafts help the binding of TCR to pMHC anchored to antigen-presenting cell membranes (Anderson and Roche, 2015). Disrupting the rafts in T cell membrane via cholesterol depletion with methyl-beta-cyclodextrin (MβCD) directly reduces the binding affinity Ka, but increases the off-rate koff of TCR-pMHC interaction (Huang et al., 2010). To further uncover the mechanism underlying the effect of lipid rafts on the intercellular receptor-ligand binding kinetics, these microdomains are incorporated into the coarse-grained MC model described above (Li et al., 2021b; Li et al., 2021c). The lipid rafts are modeled as dynamic patches experiencing the contact energy with their nearest neighbors. Similarly, the spatial distribution of lipid rafts is also described by the composition field. The association of receptor and ligand with lipid rafts is taken into account by introducing the coupling energy, i.e., the raft affinity to adhesion proteins. Simulation results from this multicomponent membrane system with biologically relevant parameters consistently show that the preferential partitioning of membrane-anchored receptor and ligand proteins in the lipid rafts significantly increases the binding affinity of those proteins, depending strongly on the properties of lipid rafts such as area fraction, size and the affinity of rafts to the proteins (Li et al., 2017b; Li et al., 2017c; Li et al., 2018a; Li et al., 2021d). This enhancement is traced back to the entropy gain of the membranes resulting from raft-induced protein aggregation. Contrary to the case of homogeneous membranes where the binding of the anchored receptor and ligand molecules is weakened by the shape fluctuations of the membranes, the membrane roughness actually functions as a positive regulator for the binding in collaboration with lipid rafts. The bending rigidity contrast between the lipid rafts and liquid-disordered domains further helps the aggregation of proteins and therefore facilitates the binding (Li et al., 2017b; Li et al., 2021b). These studies suggest that cells might regulate the binding kinetics of membrane-anchored receptors and ligands by modulating raft characteristics under physiological conditions.
Length Difference of Proteins
Length difference of proteins imposes a steric barrier for the bond formation and affects protein distribution, thus affecting the intercellular receptor-ligand binding kinetics. There are a variety of membrane-anchored receptor and ligand molecules with different lengths in adhesion zone (Figure 1D). For example, important receptor-ligand complexes in the T cell adhesion to antigen-presenting cells include the TCR-pMHC complex with a length of about 15 nm, the CD2-CD48 complex with approximately the same length as TCR-pMHC complex, and the LFA1-ICAM1 complex with a length of about 40 nm (Li et al., 2021a). The difference in lengths between the shorter and longer receptor-ligand complexes forms a steric barrier for the formation of the two types of protein complexes, thus affecting their binding kinetics. Milstein et al. utilized the planar bilayer system to examine the effect of difference in complex lengths by increasing the size of ligand CD48, and found that nanoscale increase in the length of CD2-CD48 complexes increases the average intermembrane spacing and decreases the adhesion strength of the receptor-ligand interaction (Milstein et al., 2008). Meanwhile, the difference in lengths between the shorter and longer receptor-ligand complexes can lead to a membrane-mediated repulsion between them because the lipid membranes have to be bent to compensate for the length mismatch, which costs elastic energy (Li et al., 2021a). Milstein et al. observed that both CD2-CD48 variant complexes with elongated ligand segregate from the CD2-CD48 wildtype complexes for specific protein densities (Milstein et al., 2008). Experimental studies of a T cell adhering to supported bilayer with pMHC and ICAM1 have also showed that intercellular protein complexes with different lengths segregate and form characteristic special patterns with a central domain of TCR-pMHC complexes surrounded by a ring-shaped domain of LFA1-ICAM1 complexes for a range of protein densities and affinities (Grakoui et al., 1999; Hammer et al., 2019). Of note, several other mechanisms based on the active transport by actin cytoskeleton, signaling, pre-clustering of TCRs have also been proposed for the formation of the bull’s-eye pattern during T-cell adhesion (Dustin and Cooper, 2000; Choudhuri and Dustin, 2010; Lillemeier et al., 2010; Hammer et al., 2019; Li et al., 2021a). These mechanisms certainly do not need to be mutually exclusive, but instead work together to contribute to the pattern formation. MC simulations and statistical-mechanical calculations for two types of anchored ligands binding to different cell receptors showed that coexistence of domains enriched in the shorter and longer receptor-ligand complexes requires equal effective binding strengths (Rozycki et al., 2010). This length difference-induced protein aggregation will locally affect the binding kinetics of each type of receptor and ligand (e.g., increase the on-rate constant) due to cooperative binding discussed above.
In addition to specific binders, the cells are also covered with anchored polymers or glycoprotein (Figure 1D). These repulsive repellers protruding from both membranes form a protective barrier, the glycocalyx, and can impose an additional steric barrier for the formation of receptor-ligand complexes with a length shorter than that of repellers. Interestingly, the composition and expression level of glycocalyx change markedly with cell fate transitions and cell type. Mulivor and Lipowsky (2002) experimentally observed that removal of the glycocalyx with heparinase increases leukocyte-endothelial cell adhesion, leading to the conclusion that the glycocalyx presents a physical barrier to adhesion and that the shedding of glycocalyx during natural activation of endothelial cells may be an essential part of the inflammatory response. Lorz et al. (2007) analyzed the adhesion of giant vesicles decorated with sialyl-LewisX ligands and lipopolymers to E-selectin-functionalized substrate by means of reflection interference contrast microscopy and found that the lipopolymers decrease the affinity of receptor-ligand binding. Paszek et al. (2014) found that the overall rate of integrin bond formation reduces in the presence of the glycocalyx. Recent simulation and theoretical studies investigate the binding kinetics of a few and a large number of bonds in the presence of the glycocalyx, representing the cases of initial and mature stages of cell adhesion, respectively (Xu et al., 2016). It is found that the glycocalyx affects the binding kinetics differently for the two cases in the force loading case. More specifically, increasing thickness and stiffness of the glycocalyx decreases the binding affinity for a few bonds, but has negligible effect on the affinity for a large number of bonds. Meanwhile, the thicker glycocalyx is shown to facilitate the clustering of receptors, consistent with the experimental results by Paszek et al. (2014), showing the cancer glycocalyx enhances integrin clustering into focal adhesions and promotes cell growth and survival. These results suggest that the glycocalyx are attractive targets for therapeutic interventions that aim at mediating receptor-ligand interaction.
Studies on the effects of protein-membrane interaction on the receptor-ligand binding kinetics have provided routes and strategies for novel therapies. Extensive studies have revealed that the lipid rafts are involved in a variety of diseases, such as cancer, viral infection, neurodegenerative diseases (e.g., Alzheimer, Parkinson and Prion diseases), immunological diseases (e.g., systemic lupus erythematosus) (Simons and Ehehalt, 2002; Vona et al., 2021). In view of the critical role of lipid raft in cell adhesion and migration by regulating intercellular receptor-ligand binding, therapeutic strategies targeting lipid raft by modulating cholesterol have opened exciting new avenues for cancer prevention and treatment (Vona et al., 2021). Lipid rafts also contribute to the binding and entry of different viruses to host cells, including human immunodeficiency virus (HIV) and coronaviruses. Take the syndrome coronavirus-2 (SARS-CoV-2) for example, it reveals that lipid rafts provide a functional platform able to concentrate angiotensin-converting enzyme-2 (ACE-2), the main receptor for SARS-CoV-2, on the host cell membrane, which facilitates the interaction of ACE-2 with the spike protein on viral envelope (Sorice et al., 2021). Lipid raft disruption by drugs (e.g., stains and cyclodextrins) can lead to reduced SARS-CoV-2 infectivity. The effect of lipid rafts targeting drugs on the infectious process of coronavirus introduces a new potential task in the pharmacological approach against coronavirus that currently ravages the world. Glycocalyx has also been an attractive target for therapeutic interventions due to its implication in the platelet and leucocyte adhesion, inflammatory processes by affecting intercellular receptor-ligand binding. Therapeutic strategies designed to restore the glycocalyx have led to promising results both in the treatment of chronic vascular disease and in an acute critical care setting (Becker et al., 2010). In addition, editing the cancer cell glycocalyx with an antibody-enzyme conjugate to intervene the intercellular receptor-ligand binding between natural killer cell and cancer cell is shown to enhance tumor cell susceptibility to antibody-dependent cell-mediated cytotoxicity (ADCC), thus providing a promising approach to cancer immune therapy (Xiao et al., 2016). Together, an in-depth study regarding the effect of protein-membrane interaction on the receptor-ligand binding kinetics will further provide potential therapeutic strategies and targets for disease prevention and treatment.
BIOMECHANICAL FORCES
Benefitting from the development of biomechanical techniques, researches on mechanobiology have leaped ahead in the past decades (Su and Ju, 2018; Zhu et al., 2019a; Wang et al., 2022). Biomechanical tools, such as traction force microscopy, micropillar array and DNA force probe, have definitely confirmed the existence of biomechanical forces actively exerted by single cells to their binding partners through receptor-ligand interactions (Wang and Ha, 2013; Bashour et al., 2014; Liu et al., 2016; Colin-York et al., 2019; Ma et al., 2019). Further, single-molecule force spectroscopy (SMFS) techniques, mainly including atomic force microscopy (AFM), optical tweezers (OT), magnetic tweezers (MT) and biomembrane force probe (BFP), resolve biomechanical regulatory mechanisms of intercellular receptor-ligand binding kinetics in single-molecule level (Neuman and Nagy, 2008; Brenner et al., 2011; Liu et al., 2015). These novel techniques have revealed crucial biomechanical regulatory effects on intercellular receptor-ligand binding kinetics, which is an unachievable task for ensemble protein based biochemical methods, such as SPR (Liu et al., 2015; Zhu et al., 2019a). Force-dependent binding kinetics were firstly proposed by Bell in 1978, demonstrating that mechanical force exponentially accelerates molecular bond dissociation (slip bond) (Bell, 1978). Along with the development of SMFS techniques, a series of catch bonds, whose dissociation rates are conversely slowed down by mechanical forces, are found to play essential roles in cellular activities, such as trafficking, adhesion and antigen recognition (Marshall et al., 2003; Chen et al., 2010; Wu et al., 2019). For example, catch bond is directly observed by AFM measurement of P-selectin/P-selectin glycoprotein ligand-1 (PSGL-1) interaction, correlating with leukocyte adhesion to vascular surfaces under dynamic shear stress applied by blood flow (Figure 2A) (Marshall et al., 2003). The average lifetime (1/koff) ranking of different TCR-pMHCs bonds at zero force is completely reversed by 10 pN force due to catch bond behavior of agonist pMHCs, and the lifetime ranking under 10 pN force perfectly matches peptide potency, suggesting a crucial role of biomechanical force during TCR-based antigen recognition process (Liu et al., 2014). In addition, “ideal bonds”, whose dissociation rates are insensitive to the sustaining forces, are also found in cadherin adhesion (Rakshit et al., 2012). Noting that these crucial regulatory mechanisms are undetectable by conventional biochemical methods, which measure receptor-ligand binding kinetics in force-free manners (Liu et al., 2014; Wu et al., 2019).
[image: Figure 2]FIGURE 2 | Biomechanical regulations of membrane receptors’ functions revealed by SMFS techniques. (A) AFM dissecting biomechanical regulations on the interaction of P-selectin and PSGL-1 [Adapted from Ref. (An et al., 2017)]. (B) Dual BFP system revealing biomechanical-chemical coupling signal transduction circuits on platelet. (C) Fluorescent imaging integrated BFP system digitalizing the triggering threshold of TCR [Adapted from Ref. (An et al., 2017)].
Moreover, in contrast to purified protein based biochemical methods, live cell based SMFS techniques detect membrane receptor-ligand binding kinetics in a more physiological-relevant cellular microenvironment and provide opportunities for dissecting the biomechanical-chemical coupling signal transduction circuits (An and Chen, 2021). As a representative example, integrins can adopt three kinds of conformational states: bent-closed, extended-closed and extended-open conformations, which are strongly associated with their ligand binding strength (Chen et al., 2010; Chen et al., 2019). The equilibrium of the three states can be altered by biomechanical forces induced by ligand binding (outside-in), as well as chemical inside-out signaling events (Figure 2B) (Chen et al., 2010; Chen et al., 2012; Springer and Dustin, 2012; Li J. et al., 2017a; Chen et al., 2019). The interaction between VWF and GPIb under biomechanical tension induces platelet integrin conformational shifts from bent-closed (low-affinity) state to extended-closed (intermediate-affinity) state, as an inside-out signaling pathway for integrin activation (Figure 2B) (Ju et al., 2016; Chen et al., 2019). Further mechanical affinity maturation of the intermediate integrins demands outside-in signaling, with ligand binding under biomechanical tension as a requirement (Figure 2B) (Chen et al., 2019). Based on this biomechanical signal transduction circuit, integrin functions as a mechanosensor to mediate platelet adhesion and aggregation processes (Chen et al., 2019). In this regard, live cell based SMFS techniques outperform conventional biochemical methods in revealing the mechano-chemistry of membrane receptor-ligand binding and dissecting their functional mechanisms (Chen et al., 2010; Chen et al., 2012; Chen et al., 2019).
The incorporation of fluorescent spectroscopy into SMFS techniques further allows correlating intercellular receptor-ligand binding kinetics with intracellular signaling cascades, thereby resolving the transmembrane signaling transduction mechanisms of membrane receptors (Kim et al., 2009; He et al., 2012; Liu et al., 2014; Hu and Butte, 2016; Ju et al., 2016; Feng et al., 2017; Brazin et al., 2018). For example, fluorescent imaging integrated BFP successfully quantified the relationship between force-regulated bond lifetimes of intercellular receptor-ligand interactions and intracellular Ca2+ signaling, revealing the triggering mechanisms of crucial membrane receptors on T cells and platelets (Liu et al., 2014; Ju et al., 2016). For TCR-pMHC interactions, catch bonds potentiate their bond lifetimes and reach maximum at ∼10 pN, where Ca2+ responses are also strongest (Liu et al., 2014). Detailed analyses of the series binding-dissociation dynamics with the concurrent fluorescent Ca2+ signals suggest that T cells exhibit Ca2+ signals only when accumulated bond lifetime exceeds 10 s during the first 60 s, digitalizing the threshold for TCR triggering (Figure 2C) (Liu et al., 2014). Similarly on platelet, GPIb-VWF interactions under stretching forces induce cooperative unfolding processes of two separate domains in GPIb, determining the intensity and type of Ca2+ signals in platelets and transducing extracellular biomechanical stimuli into intracellular biochemical signaling cascades (Ju et al., 2016). More comprehensive biomechanical regulations on membrane receptor-ligand binding kinetics have been summarized in published review articles (Liu et al., 2015; Zhu et al., 2019a; Zhu et al., 2019b; An and Chen, 2021).
In most of the aforementioned single-molecule researches, receptor-ligand bond lifetimes are collected under constant forces (known as force-clamp assay) to reveal biomechanical regulatory mechanisms of intercellular receptor-ligand binding kinetics. However, biomechanical forces sustained by intercellular receptor-ligand bonds are dynamic in situ, rather than constant. Experimentally, cytoskeletal forces transducing to and exerting on intercellular receptor-ligand bonds are revealed to be dynamic by traction force microscopy (Colin-York et al., 2019). Moreover, a “motor-clutch” model has been proposed to theoretically characterize the dynamic traction forces induced by myosin movements (Chan and Odde, 2008). The cyclic traction forces sustained by the membrane receptor-ligand molecular bonds depend on substrate stiffness, where softer substrates give rise to larger traction forces (Chan and Odde, 2008; Elosegui-Artola et al., 2016). It has been found that the dynamic force waveforms with different force application histories experienced by the receptor-ligand bonds would affect their dissociation rates and determine membrane receptors’ functions (Kong et al., 2013; Zhu et al., 2019b). For example, cyclic forces applied to integrin-ligand bond result in bond lifetime reinforcement, manifesting a “cyclic mechanical reinforcement” effect (Kong et al., 2013). In this way, the physiologically relevant dynamic forces on intercellular receptor-ligand bonds would potentially enforces more delicate regulations on membrane receptors’ functions. Nevertheless, how to accurately and efficiently investigate the biomechanical force dynamics sustained by in situ intercellular receptor-ligand bonds are still problems unresolved.
Complementary to the experiments, all-atom MD simulations have been extensively used to uncover the mechanisms underlying the regulation of biomechanical forces in the receptor-ligand binding kinetics by providing high temporal resolution and atomic details (Hu et al., 2019; Wu et al., 2019; Fan et al., 2022). In contrast to the coarse-grained MD model, all-atom MD simulation method models the native structure of a protein at atomic detail, and all-atom force fields are used for every type of atoms in the receptor-ligand binding system, including hydrogen. Atomic trajectories are then calculated by solving Newton’s Laws of motion. Compared to the coarse-grained simulation method, the computational expense of explicitly modeling every atom limits the atomistic MD simulation to a timescale up to tens of nanoseconds. Fan et al. performed atomistic MD simulation to study the force-strengthened binding affinity and bond lifetimes of NKG2D and MICA. They found that additional hydrogen bond forms at the NKG2D-MICA binding interface in response to the mechanical force. The force-induced ligand conformational changes impede MICA dissociation under force, thus illuminating the molecular basis for this force-strengthened NKG2D-MICA binding (Fan et al., 2022). Similarly, the force-induce formation of additional hydrogen bonds also occurs at the TCR and pMHC binding interface, which contribute to TCR-pMHC catch bonds and T cell activation (Wu et al., 2019). This force-induced conformational changes in pMHCs help to explain why the T cell-based immunotherapies do not work for some cancer patients (Wu et al., 2019). These atomistic molecular dynamics studies definitely provide insights into the detailed molecular mechanisms of receptor-ligand binding, potentially aiding the design of pharmaceuticals.
Resolving the biomechanical regulatory mechanisms of intercellular receptor-ligand binding kinetics would further contribute to biomedical applications. Immunotherapies, such as monoclonal antibodies, bi-/tri-specific antibodies, CAR-T cells, and TCR-T cells, have efficiently revolutionized cancer treatment (Melero et al., 2007; Rapoport et al., 2015; Garber, 2018; Brinkmann and Kontermann, 2021; Seung et al., 2022). The binding affinity of these reagents versus their respective targets is one of the most instructive parameters in their screening and optimization processes (Labrijn et al., 2019; Staflin et al., 2020; Choe et al., 2021). Although current methodologies, such as SPR, yeast display etc., have efficiently filtered low-affinity candidates, the effects of physiological-relevant biomechanical forces on the expected interactions have been neglected (Malmqvist, 1993; Hoogenboom, 2005; Yang et al., 2016; An et al., 2020; Li R. et al., 2020b). Immune checkpoint blockade monoclonal antibodies are assumed to block inhibitory immune receptors in a soluble (force-free) state. However, in vivo imaging assay suggests that myeloid cells capture programmed cell death protein-1 (PD-1) antibody through Fcγ receptor-Fc interactions soon after injection, linking PD-1 expressing T cells to another cell and thereby sustaining biomechanical forces similar to membrane-anchored receptor-ligand interactions (Arlauckas et al., 2017). Thus, the blocking effects of the monoclonal antibodies would rely on not only their force-free affinity but the off-rate under biomechanical forces (An et al., 2020). In this regard, BFP-based force-dependent koff measurements of three approved PD-1 antibodies versus PD-1 have been found to outperforms SPR measurements in correlating with their clinical responses (An et al., 2020). The scenarios are similar in bi-/tri-specific antibodies, CAR-T cells, and TCR-T cells, where the expected effective molecular bonds also sustain biomechanical forces. As aforementioned, the average TCR-pMHC bond lifetime ranking can even be reversed by biomechanical forces (Liu et al., 2014). Therefore, taking into account the regulatory effects of biomechanical forces is promising in further optimizing the screening process and improving clinical responses of the immunotherapeutic candidates. Moreover, pathological stiffness alterations have been reported in many diseases, not restricted to cancer (Wuerfel et al., 2010; Tian et al., 2015; Liu et al., 2017). The stiffness alterations affect the biomechanical forces exerting on membrane receptor-ligand bonds (Chan and Odde, 2008; Lei et al., 2021). The stiffness of cancer cells can even affect the response of immunotherapies (Lei et al., 2021; Tello-Lafoz et al., 2021; Tello-Lafoz et al., 2022). Therefore, investigating the biomechanical regulations on intercellular receptor-ligand binding kinetics in depth would provide new strategies for biomedical applications in the near future.
BIOELECTRIC MICROENVIRONMENT
Bioelectric cues surrounding membrane receptors, mainly including membrane potential, charged lipid components, ion flux, etc. (Figure 3), are also crucial biophysical regulators for cells throughout cell lifespan, e.g., modulating key cellular activities including proliferation, differentiation and morphological alterations (Yang and Brackenbury, 2013; Chang and Minc, 2014; Zhou et al., 2015; Boedtkjer and Pedersen, 2020). Especially for neurons, their neuronal activities including neuronal synapse formation, plasticity, maturation, elimination and neuronal excitability are all controlled by dynamic action potential and spontaneous neurotransmitter release (Chubykin et al., 2007; Flavell and Greenberg, 2008; Catterall, 2010; Epsztein et al., 2011; Kwon et al., 2012; Lee et al., 2012; Peixoto et al., 2012; Bian et al., 2015; Sudhof, 2018). The investigations on molecular mechanisms underlying these bioelectrical regulations are mostly confined to ion channels and intracellular signaling cascades (Flavell and Greenberg, 2008; Catterall, 2010; Zhou et al., 2015). Among these studies, the structural and functional mechanisms of voltage-gated ion channels have been thoroughly resolved, where the transmembrane helices in the ion channels perform allosteric alterations in response to membrane potential changes, known as ‘helix-sliding’ (Catterall, 2010). However, whether and how non-ion-channel membrane receptors, as the sensors of cells to collect outside stimuli by interacting with ligands anchored in apposing membrane, response to bioelectric alterations and then adjust their binding kinetics with ligands remain largely unknown.
[image: Figure 3]FIGURE 3 | Bioelectric cues surrounding TCRs on T cell membranes. The bioelectric cues that potentially affect TCR functions include membrane potential, ion flux and anionic lipids in the inner cell membranes. Ca2+ flux induced by TCR triggering impedes the electrostatic interaction between anionic lipids and the basic rich regions in CD3 tails.
There are indications that membrane potential directly regulates receptor-ligand binding kinetics. Take for example the G-protein coupled receptors (GPCRs), which have been widely investigated due to their prevalent expression patterns and paramount biomedical significance (Hopkins and Groom, 2002; Mahaut-Smith et al., 2008; Vickery et al., 2016). Similar to aforementioned voltage-gated ion channels, a number of GPCRs have been shown to be membrane potential-sensitive, and the binding kinetics of soluble ligand to GPCRs are demonstrated to be membrane potential-dependent (Ben-Chaim et al., 2006; Mahaut-Smith et al., 2008). All-atom MD studies revealed that membrane potential changes induce conformational alterations inside the transmembrane domains of GPCRs, which constructs the ligand binding site and the intracellular effector binding site, accordingly altering their ligand binding affinity, as well as the signaling cascades (Ben-Chaim et al., 2006; Rinne et al., 2015; Vickery et al., 2016). In addition, the effects of membrane potential on GPCRs binding are GPCR-specific and ligand-dependent, indicating delicate modulations of GPCRs to cellular activities (Ben-Chaim et al., 2006; Navarro-Polanco et al., 2011; Rinne et al., 2015). More importantly, the membrane potential-induced conformational change that underlies receptor binding ability would potentially be utilized as a general principle to regulate the intercellular binding kinetics of adhesion GPCRs to ligands anchored in apposing membrane (Vizurraga et al., 2020).
It should be noted that bioelectric cues surrounding membrane receptors are actually interconnected. One of the representative examples is that membrane potential modulates the distribution of anionic lipids, such as phosphatidylserine (PS) and phosphatidylinositol 4,5-biphosphate (PIP2) (Zhou et al., 2015). These anionic lipids not only affect the localization of cytosolic proteins, such as K-Ras and synaptotagmin-1, but potentially lead to the aggregation of membrane receptors with positively charged regions in their cytoplasmic domains (Shi et al., 2013; Park et al., 2015; Zhou et al., 2015). These distributional alterations can affect intercellular receptor-ligand binding affinity through cooperative binding and accordingly modulate receptor triggering (van der Merwe and Dushek, 2011; Hu et al., 2013). Besides, the electrostatic interactions between anionic lipids and positively charged cytoplasmic tails of membrane receptors are further modulated by ion fluxes (Shi et al., 2013). For example, local Ca2+ concentration enhancement induced by TCR triggering shields the anionic lipids and releases CD3 tails from membrane to facilitate its tyrosine phosphorylation (Figure 3) (Shi et al., 2013). Although these conformational changes occur mainly in the intracellular domain of membrane receptors, the possibility that the intercellular receptor-ligand binding kinetics undergoes allosteric modulations cannot be excluded (Hong et al., 2018). The reasonable scenario is that membrane receptors orchestrate different bioelectric cues to finely tune their ligand binding kinetics and thereby modulate downstream signaling cascades transduced across cell membranes, needs to be further verified.
Although studies regarding bioelectric regulations on intercellular receptor-ligand binding kinetics are still limited due to the lacking of efficient tools, the aforementioned researches provide promising pathways to achieve a significant breakthrough in biomedical applications. For GPCR-targeting medicines, valuable information on voltage-induced conformational changes in GPCRs can be exploited to study novel therapeutic pathways and contributes to biomedical treatments, such as cardiovascular drug development (Navarro-Polanco et al., 2011; Vickery et al., 2016). In view of the aforementioned bioelectric modulation that positively charged CD3 tails are shielded by anionic lipids in the inner cell membranes of T cells in resting states, new strategies for potentiating CAR-T cell persistence have been proposed, where the basic rich sequence of CD3 tail is incorporated into CAR-T design (Shi et al., 2013; Wu et al., 2020). Research on the effect of bioelectric microenvironment on the intercellular receptor-ligand binding is just unfolding. Further resolving the bioelectric regulatory mechanisms of intercellular receptor-ligand binding kinetics would undoubtedly inspire new strategies for biomedical applications.
CONCLUSION AND PERSPECTIVE
Cells communicate with their immediate neighbors by intercellular interactions of membrane-anchored receptors and ligands to govern numerous biological processes, such as signal transduction, tissue formation, immune responses, as well as cancer invasion and metastasis (Krobath et al., 2009; Briquez et al., 2020; Cho et al., 2021; Li et al., 2021d; Li Y. et al., 2021e). The two-dimensional receptor-ligand interactions have attracted extensive attention in the past decades, due to their great potential to stimulate new strategies in drug design and improve disease prevention and treatment. The key parameters quantifying the intercellular receptor-ligand interactions are their binding kinetics. In sharp contrast to the binding in solution, the intercellular binding kinetics appear to depend strongly on the cellular microenvironment, requiring more in-depth investigation to elucidate the regulatory mechanisms. This review summarizes the advances regarding the regulatory effects on the intercellular receptor-ligand binding kinetics mainly from three aspects: 1) protein-membrane interaction, 2) biomechanical force, and 3) bioelectric microenvironment. We introduce modeling methods and experiment technologies developed for dealing with issues at different scales and provide insights into the underlying mechanisms. Meanwhile, we outline future directions to advance the fields of intercellular receptor-ligand binding kinetics and drug discovery. For example, the dynamic nature of biomechanical forces sustained by the intercellular receptor-ligand bonds under physiological conditions needs to be accurately quantified, and how the dynamic forces affect the intercellular binding kinetics also needs to be further illuminated. In addition, the role of bioelectric microenvironment in intercellular interactions has become a pressing issue to be solved. These prospective studies would contribute to identifying potential new strategies for drug development and disease therapy.
In fact, these regulatory factors for the intercellular receptor-ligand binding kinetics, which are investigated separately in general, are not mutually exclusive but instead are closely interrelated. For example, mechanical tension within the axons contributes to clustering of neurotransmitter vesicles at presynaptic terminals, which is implicated in neurotransmission efficiency and electrical activity at the synapse (Siechen et al., 2009). In addition, the bioelectric microenvironment surrounding membranes can change their mechanical property (e.g., bending rigidity) (Faizi et al., 2019), which in turn affects the thermal shape fluctuations of flexible membranes, thus leading to the alternation of intermembrane local separation and dynamic force sustained by the intercellular receptor-ligand bonds. To obtain a comprehensive understanding of intercellular receptor-ligand binding kinetics under physiological conditions for the discovery of more effective drugs, further studies on coupling effect of regulatory factors on the intercellular binding kinetics based on more complicated multiparameter systems are needed. Coupled with innovations in technology, the results of future studies will keep contributing to the rational design of clinically effective drug and promoting the transition from a promising field of intercellular receptor-ligand binding kinetics to medical application.
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Radiation therapy affects YAP expression and intracellular localization by modulating lamin A/C levels in breast cancer
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The microenvironment of breast cancer actively participates in tumorigenesis and cancer progression. The changes observed in the architecture of the extracellular matrix initiate an oncogene-mediated cell reprogramming, that leads to a massive triggering of YAP nuclear entry, and, therefore, to cancer cell proliferation, invasion and probably to increased radiation-resistance. However, it is not yet fully understood how radiotherapy regulates the expression and subcellular localization of YAP in breast cancer cells experiencing different microenvironmental stiffnesses. To elucidate the role of extracellular matrix stiffness and ionizing radiations on YAP regulation, we explored the behaviour of two different mammary cell lines, a normal epithelial cell line (MCF10A) and a highly aggressive and invasive adenocarcinoma cell line (MDA-MB-231) interacting with polyacrylamide substrates mimicking the mechanics of both normal and tumour tissues (∼1 and ∼13 kPa). We report that X-ray radiation affected in a significant way the levels of YAP expression, density, and localization in both cell lines. After 24 h, MCF10A and MDA-MB-231 increased the expression level of YAP in both nucleus and cytoplasm in a dose dependent manner and particularly on the stiffer substrates. After 72 h, MCF10A reduced mostly the YAP expression in the cytoplasm, whereas it remained high in the nucleus of cells on stiffer substrates. Tumour cells continued to exhibit higher levels of YAP expression, especially in the cytoplasmic compartment, as indicated by the reduction of nuclear/cytoplasmic ratio of total YAP. Then, we investigated the existence of a correlation between YAP localization and the expression of the nuclear envelope protein lamin A/C, considering its key role in modulating nuclear deformability and changes in YAP shuttling phenomena. As supposed, we found that the effects of radiation on YAP nucleus/cytoplasmic expression ratio, increasing in healthy cells and decreasing in tumour ones, were accompanied by lower and higher lamin A/C levels in MCF10A and MDA-MB-231 cells, respectively. These findings point to obtain a deeper knowledge of the role of the extracellular matrix and the effects of X-rays on YAP and lamin A/C expression that can be used in the design of doses and timing of radiation therapy.
Keywords: breast cancer, mechanobiology, extracellular matrix stiffness, YAP, lamin A/C, radiotherapy
1 INTRODUCTION
Breast cancer is one of the most diagnosed diseases in women (Ferlay et al., 2018; DeSantis et al., 2019), which incidence increases together with age and other factors, such as ethnicity and family history of cancer (Coughlin, 2019). Therefore, together with prevention, enhancement and optimization of conventional treatments are fundamental for the reduction of its mortality. From several decades one of the most widely used treatment for breast tumours is radiotherapy since that the X-rays, produced by the linear accelerator (LINAC), can severely damage the DNA of the cells, through the formation of double-stranded breaks (Iliakis et al., 2003). The effect of ionizing radiations on the cell is well known in the literature: many studies have proven how radiation can provoke almost half of the DNA lesions leading to a plethora of consequences, such as carcinogenesis, cell death, or mutation (Elkind, 1984; Sinclair and Fry, 1987; Smith, 1987; Ward, 1988). On the other hand, yet a small number of investigations have focused on the mechanobiology of irradiated cell and tissues. It is nowadays well established a direct connection between the development of cancer and the alteration in the components of the cytoskeleton (CSK) (Hall, 2009; Panzetta et al., 2017), a structure that regulates several biological processes (Krieg et al., 2019; Ladoux and Mège, 2017). Specifically, during cancer transformation, the CSK is subjected to modifications in its arrangement and composition, generally accompanied by a lowering of the cell mechanical properties (Yilmaz and Christofori, 2009; La Verde et al., 2021). The reorganization of the CSK in tumour cells may results in epithelial-mesenchymal transition (EMT), which can promote cell migration and tumour invasiveness. Another biological structure essential to the correct functioning of cells and tissues is the extracellular matrix (ECM), which, in the transformation process of a healthy tissue into a tumoral one, stiffens, increasing its mechanical properties (Panzetta et al., 2017). In this regard, a massive effort is underway to elucidate the precise relationship existing between ECM mechanics and cell oncogenic reprogramming. And, even if not everything has been understood, a growing body of evidence indicates that the ECM stiffening (typical of ageing, inflammation, fibrosis, diabetes and smoking) (Panciera et al., 2017) can instruct normal cells to undergo a profound reprogramming and to acquire a tumour malignant phenotype. It has been demonstrated, in fact, that matrices recapitulating the stiffnesses of fibrotic tissues can promote some elements of this process, by inducing changes in cell shape, reduction in E-cadherin, followed by increase of N-cadherin, nuclear localization of β-catenin (Wei et al., 2015; Fattet et al., 2020), an increase in cell proliferation and a more active invasion process (Panzetta et al., 2017; Stowers et al., 2017; Panciera et al., 2020), particularly for breast cancer (Li et al., 2008; Baker et al., 2010; Nikkhah et al., 2010; Plodinec et al., 2012). Taken together these facts demonstrate how the loss of tissue homeostasis and diseases onset are strictly correlated to the point that some traditional and novel cancer treatments are targeting these structures (Karahalil et al., 2019). Indeed, going deeper, another fundamental function of the CSK is the conversion of mechanical signal into biochemical responses. With the mechanotransduction process, the CSK can pick mechanical stimuli and send them to the cell through the activation of mechanosensors, like Yes-associated protein (YAP)/Transcriptional coactivator with PDZ-binding motif (TAZ) complex (Low et al., 2014a). YAP is a transcriptional coactivators protein that, together with TAZ is strictly associated to mechanical and structural changes in the cell microenvironment. These proteins can move from the cytoplasm to the nucleus, where they interact with the TEA domain (TEAD) (Piccolo et al., 2014), association considered fundamental to promote their transcriptional abilities (Zhao et al., 2008; Chan et al., 2009; Zanconato et al., 2015). In healthy tissues, YAP moves from the nucleus to the cytoplasm (Dupont et al., 2011), where they can be degraded or inactivated, whereas in tumoral tissues YAP moves in the other direction where its transcriptional activity can be activated (Nukuda et al., 2015; Pocaterra et al., 2020). Additionally, it was reported that these proteins are usually stimulated during the development of most solid tumours, inducing cell proliferation, and increasing cells’ ability to create metastases (Camargo et al., 2007; Dong et al., 2007; Zhao et al., 2007; Chan et al., 2008; Zanconato et al., 2016a). YAP/TAZ complex is becoming a target in some cancer therapies since it has been proved that there is an increased expression of YAP and TAZ in the cell’s nucleus in KRAS-mutated cells, such as the invasive adenocarcinoma cell line MDA-MB-231. Conversely, the normal epithelial cell line MCF10A shows high concentrations of YAP in the cytoplasm (Panciera et al., 2020). Some recent studies have also reported a direct correlation between YAP and cell resistance to radiation. To high levels of YAP activation is associated a low response to X-rays, while YAP silencing increases sensitivity to radiation and the cell DNA damage (Fernandez-L et al., 2012; Akervall et al., 2014; Xu et al., 2019). Thus, all this indicates the necessity to implement new therapeutical approaches that consider the different and complex mechanisms underlying tumoral treatment. In this frame, we here investigated how the combination of different X-ray doses and ECM stiffness regulates the expression of YAP in two different mammary cell lines. The healthy cell line, MCF10A, and its tumoral counterpart, MDA-MB-231 were seeded on type I collagen functionalized polyacrylamide substrates, characterised by a Young’s Modulus of 1.3 and 13 kPa to recapitulate some characteristics of the healthy and cancerous tissue respectively. In fact, breast cancer with its characteristic highly fibrotic collagen content shows an increased stiffness (5–10 kPa) in comparison with healthy breast tissue characterized by a stiffness of 1 kPa (Levental et al., 2009; Plodinec et al., 2012). Once interacting with mechanically different substrates, cells were exposed to two doses of X-rays: 2 and 10 Gy, corresponding the former to the daily dose delivered in conventional radiotherapy and the latter to the maximum dose employed in metastases treatment. Specifically, here we report a first attempt to study the role that the substrate stiffness plays in mediating the cellular response to X-ray radiation in terms of YAP expression, density, and localization. Then, we investigated the existence of a correlation between YAP localization and the expression of the nuclear envelope protein lamin A/C, considering its key role in modulating nuclear deformability and changes in YAP shuttling phenomena. Importantly, we found that X-ray radiation affected YAP localization, increased in nuclei of healthy cells, and decreased in those of tumour ones, concurrently with the reduction and the enhancement of lamin A/C levels in MCF10A and MDA-MB-231 cells. These findings underscore the necessity to further examine the effects that X-rays induce on YAP and lamin A/C expression, in relation to the mechanical microenvironment, on subsequent cell behaviour (i.e., radiation sensitization or induction of radiation resistance). Such knowledge could be useful in tailoring therapeutic procedures and especially in the design of doses and timing of radiation therapy.
2 MATERIALS AND METHODS
2.1 Polyacrylamide substrate preparation
Polyacrylamide substrates were prepared and functionalized as previously reported (Panzetta et al., 2020). Specifically, 2 different formulations were prepared: 4% acrylamide/0.15% methylene-bis-acrylamide and 10% acrylamide/0.1% methylene-bis-acrylamide corresponding to 1.3 and 13 kPa (Young’s modulus), respectively. The substrates were functionalized with a solution of bovine type I collagen (50 μg/ml) using a bifunctional photoreactive crosslinker (sulfosuccinimidyl 6-(4′-azido-2′-nitrophenylamino) hexanoate, sulfo-SANPAH; Fischer Scientific, Loughborough, United Kingdom). Mechanical measurements substrates were performed by a stress-controlled shear rheometer (Anton Paar MCR 502) equipped with 25 mm stainless steel parallel plate geometry tool and a Peltier heating system to control the temperature at 37°C. Dynamic frequency sweeps were performed with frequency ranging from 10–2 to 10 Hz in the linear regime (strain of 0.1%, Supplementary Figure S1).
2.2 Cell culture
The cell lines analysed in this study were the healthy MCF10A cell line, and the triple-negative cancerous one, MDA-MB-231. The former was cultured in Lonza Dulbecco’s Modified Eagle Medium (DMEM/F-12) supplemented with 0.4% Bovine Pituitary Extract (BPE), 0.1% Human Epidermal Growth Factor (hEGF), 0.1% insulin, 0.1% hydrocortisone, 1% penicillin-streptomycin. MDA-MB-231 cells were cultured in the same basal medium supplemented with 10% foetal bovine serum (FBS), 1% L-Glutamine, and 1% penicillin-streptomycin. ∼106 cells were seeded per polyacrylamide substrates (∼12.5[image: image]103 cells/cm2), obtaining the cell confluence condition.
2.3 X-ray irradiation
Cells were irradiated using the Synergy Agility LINAC produced by ELEKTA company, characterised by a field size of 20 × 20 cm2. The samples were irradiated at the National Cancer Institute “Pascale” of Naples with a 6 MV photon beam, usually employed in the conventional treatment. The cell plates were placed between two plexiglass plaques, the one on top thinner than the other, to attenuate the radiations and emulate the skin sparing effect.
2.4 Immunofluorescence
To analyse the samples, 24 and 72 h after irradiation, cells were fixed using 4% paraformaldehyde, heated to 37 °C, for 15 min. Afterwards, the samples were washed with Phosphate Buffered Saline (PBS). The immunofluorescence procedure can be divided into three phases: permeabilization, blocking, and immunostaining. For the permeabilization process, cell plates were covered with 250 μl of Triton-X 100, diluted at 0.1%, for 10 min. Afterwards, for the blocking phase, the samples were incubated with 250 µl of Bovine Serum Albumin (BSA) at 1% for 1 h at room temperature. Then, lamin A/C was localized by mouse monoclonal lamin A/C antibody (Santacruz, SC-376248) and Alexa488 goat anti-mouse secondary antibodies (Life Technologies, A11008). YAP was localized by YAP1 polyclonal rabbit antibody (PA1-46189, ThermoFisher Scientific) and Alexa546 mouse anti-rabbit secondary antibody.
2.5 Confocal acquisition
To quantify YAP concentration and lamin A/C level in cells, the samples were observed with Olympus confocal microscope with a 63× objective. 10 z-stack images (12-bit color), averaging 4 frames each acquisition, were acquired for each sample. Each image was characterized by a size of 13.8 μm × 13.8 μm with a pixel size of 0.13 μm.
2.6 YAP analysis
Total YAP expression in both cell’s nucleus, [image: image], and cytoplasm, [image: image], was investigated employing ImageJ Fiji software (NIH, Bethesda, MD, United States ). Briefly, the z-stacks for the red channel (YAP) were projected into a single image using the “sum projection” function in ImageJ. YAP and lamin A/C images were used to extract individual cellular and nuclear outlines using ImageJ ROI manager tool and YAP expression at each condition was evaluated in terms of integrated fluorescence intensity within individual cellular and nuclear boundaries, [image: image] and [image: image], respectively. The total YAP expression in the cytoplasm was calculated as difference between [image: image] and [image: image]. Then, the following parameters were evaluated:
[image: image]
representing nuclear to cytoplasmic ratio of total YAP. Values lower or higher than 1 indicate prevalent localization of YAP in the cytoplasm or the nucleus, respectively.
[image: image]
[image: image]
where [image: image] and [image: image] are the nucleus and the cytoplasm area, whereas [image: image] and [image: image] represent the nuclear and cytoplasmic density/concentration of YAP, respectively.
Finally, the nuclear to cytoplasmic ratio of YAP density was calculated:
[image: image]
This parameter is the most used to study the effects of translocation processes from nucleus to cytoplasm and vice versa and indicates if YAP is more concentrated into the cytoplasm ([image: image]) or in the nucleus ([image: image]).
All the analyses were carried out for both cell lines, doses, and times.
Considering that the analysis of the YAP fluorescence from the slices on the top and on the bottom of the nucleus may give a signal classified as belonging to the nucleus instead of to the cytoplasmic compartment, the analysis of all the parameters above introduced was performed by following a different procedure for a set of randomly selected cells in different conditions (13 cells). For the analysis of YAP in the nucleus, the slices where the nucleus is present were extracted and projected into a single image using again the ‘sum projection’ function in ImageJ. Then, [image: image] was evaluated in terms of integrated fluorescence intensity within the nuclear boundaries and used as real YAP expression in the nucleus ([image: image]). The analysis of all the other parameters was performed as previously described ([image: image] and [image: image]). The error committed for [image: image], [image: image] and [image: image] was evaluated as: [image: image] (Supplementary Figure S2).
2.6 Lamin A/C analysis
To quantify lamin A/C level, the z-stacks for the green channel (lamin A/C) were projected into a single image using the “maximum projection” function in ImageJ. Then, lamin A/C expression at each condition was evaluated in terms of integrated fluorescence intensity within individual nuclear boundaries.
2.7 Statistical analysis
Statistical comparisons were performed with a nonparametric Kruskal-Wallis test followed by Dunn-Bonferroni post-hoc method with p-values < 0.05 considered statistically significant.
3 RESULTS AND DISCUSSION
3.1 Radiation effects on nuclear to cytoplasmic YAP ratio density
The Hippo-YAP/TAZ pathway is an evolutionary conserved mechano-signalling pathway that has a crucial role in regulating organ size and tumorigenesis by moderating the balance between cellular proliferation and apoptosis. Inhibition of the Hippo-YAP/TAZ signalling pathway promotes the translocation of YAP/TAZ into the nucleus, thereby allowing the activation of the downstream genes. It has also been demonstrated that overexpression of YAP enhances tumorigenesis and metastasis also in vivo by inducing the EMT process and then, the upregulation of N-cadherin followed by the downregulation of E-cadherin. Furthermore, the role of YAP in mediating radiotherapy and chemotherapy resistance has been the subject of many studies that have indicated that high levels of YAP expression correlate with poor cell response to radiation therapy (Fernandez-L et al., 2012; Akervall et al., 2014). Further, YAP nuclear expression levels were demonstrated be correlated with poor prognosis of patients and with low sensitivity to radiation (Tsujiura et al., 2014).
Nevertheless, little is known about the effects of radiation on YAP expression and localization in breast cells interacting with physio-pathological microenvironments. In particular, the effects of radiation on the localization of YAP were evaluated using Eq. 4, where YAP concentration of both the nucleus and the cytoplasm was calculated measuring the integrated fluorescence with the ImageJ software (Figure 1).
[image: Figure 1]FIGURE 1 | Sum intensity projections of z-stack images taken from YAP immunofluorescence in MCF10A (A–L) and MDA-MB-231 (M–X), shown as rainbow RGB look-up table. Colour bar: YAP intensity (A–U). Scale bar, 50 μm.
This ratio was calculated for both cell lines and the used time points were 24 and 72 h after irradiation. The obtained values are shown in Figure 2, where the box plots show the mean value, the median, the interquartile range, and the outliers. The healthy cell line was characterised by a YAP ratio close to 1 on both substrates, indicating an evenly distributed signal into the cytoplasmic and nuclear compartments. A slight but significant increase of this ratio was found passing from 1.3 to 13 Young’s modulus, indicating that MCF10A cells can perceive the different mechanical properties of their microenvironment. However, the high confluence cooperates to prevent a massive translocation into the nucleus also in those mechanical conditions where YAP activity is generally promoted ([image: image] >> 1) (Dupont et al., 2011). Then, we investigated the effects of irradiation after 24 h and found a dose-dependent increase of the ratio on the soft substrate (Figure 2). On the stiffer substrate, YAP concentration of MCF10A cells showed higher values than the control condition after being irradiated with a dose of 2 Gy, while the higher dose did not affect the YAP ratio.
[image: Figure 2]FIGURE 2 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the normalized YAP nucleus to cytoplasm ratio, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39,and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, and 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P< 0.001. **, ##P< 0.01. *P< 0.05. NS not significant.
MDA-MB-231 cells showed a YAP ratio strongly higher than 1, indicating a substantial accumulation of YAP into the nucleus. Interestingly, the value of the ratio was not significantly varied passing from 1.3 to 13 kPa Young’s modulus. This phenomenon was already confirmed by other studies (Harvey et al., 2013; Piccolo et al., 2014) since it is proven that YAP is highly active in almost all tumour cells (Zanconato et al., 2016b). In fact, in both sparse and confluent conditions, the loss of E-cadherin-β-catenin complexes directly controls the nuclear localization of YAP in tumour cells, and specifically in MDA-MB-231 (Kim et al., 2011). After irradiation, YAP concentration decreased in a dose-related manner in both conditions, supporting the idea of a repression effect of radiation exposure on the activation of YAP signalling, as previously observed also in glioma cells (Xu et al., 2019). The values obtained from the analyses carried out 72 h after irradiation show that MDA-MB-231 cells reduced the values of [image: image] in all conditions, exhibiting identical ratios on both substrates and in both control and irradiated conditions.
3.2 Radiation effects on expression levels and activation status of YAP
The analysis of [image: image] gives information about the subcellular YAP concentration (predominantly nuclear or cytoplasmic) but does not provide details about nuclear and cytoplasmic YAP expression intensity. Then, the quantitative evaluation of both nuclear and cytoplasmic YAP density ([image: image], [image: image]) and the overall expression of nuclear and cytoplasmic YAP ([image: image], [image: image]), as indicated in the subsection 2.5, was performed.
If no dramatic effects were observed in the normalized values of N/C ratio ([image: image]), the analysis of both [image: image] and [image: image] indicates that the radiation exposure affected sensitively the healthy cells. In particular, 24 h after irradiation a slight reduction with the lower dose and a significant enhancement of [image: image] with the higher one (Supplementary Figure S3) were found, whereas [image: image] increased with both doses (Figure 3). However, all these effects were reversed or completely recovered after 72 h on the soft substrates, indicating a probable defensive role of the healthy tissue mechanical condition, as previously reported (Panzetta et al., 2020). On the other hand, cells seeded on the substrate that mimics the tumoral tissue mechanics were not affected by the lower radiation dose, while the booster dose continued to promote an accumulation process of YAP in the nucleus, even if a partial recovery was found.
[image: Figure 3]FIGURE 3 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the YAP expression into the nucleus, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39, and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: Asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. **, ##P < 0.01. NS not significant.
The tumoral cell line showed a substantial increase of [image: image] after the delivery of both doses on both polyacrylamide substrates. If the results discussed in the previous section suggest a translocation process of YAP from the nucleus to the cytoplasm in the tumour cells, the data reported in Figure 3 and Supplementary Figure 3 clearly indicate that the analysis of the only [image: image] could be partial and, eventually, misleading. The enhancement of [image: image] and [image: image] observed for both doses and both stiffnesses supports, in fact, previous results indicating that the radiation exposure promotes YAP activation on various tumour cells, by impairing and increasing nuclear localization (Fernandez-L et al., 2012; Zhang et al., 2019; Zhang et al., 2021).
At the same time, the analyses 24 h after the treatment, showed that X-rays radiation did not affect YAP concentration in the cell cytoplasm ([image: image]) when MCF10A cells are seeded on the softer substrate (Supplementary Figure S4), even if the overall expression of cytoplasmic YAP ([image: image]) increased in a manner (Figure 4). A different trend can be observed for cells seeded on the 13 kPa substrate. In fact, the delivery of the lower dose led to a significant decrease of [image: image], while the dose of 10 Gy affected cells by increasing both [image: image] and [image: image] (Figure 4, and Supplementary Figure S4). 3 days after radiation, the healthy cell line showed a significant decrease of [image: image], while on the 13 kPa substrate an opposite trend, with a dose-dependent increase in [image: image] was found.
[image: Figure 4]FIGURE 4 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the YAP expression into the cytoplasm, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39, and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, and 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, and 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively.(B) Statistical analysis: Asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. **P < 0.01. *, #P < 0.05. NS not significant. Subcellular YAP expression correlates with lamin A/C level.
On the other side, X-rays radiation affected tumour cells by increasing [image: image] and [image: image] on both substrates. The values resulted particularly augmented when cells were treated with the dose of 10 Gy for both time periods.
Taken together, these results indicate that, after the irradiation, the tumour cell line exhibits a profound and dose-dependent augmentation of both quote of phosphorylated ([image: image]) and dephosphorylated YAP ([image: image]). In general, it has been demonstrated that YAP silencing potentiates sensitivity of breast cancer cells to radiation therapy (Andrade et al., 2017) and that, on the contrary, the overall overexpression of YAP (here found particularly in cells irradiated with the booster dose and cultured on stiff substrates) might upregulate the expression levels of some anti-apoptosis genes, such as BCL2L1 and BIRC5, then decreasing progressively the apoptotic sensitivity of tumour cells (Lee and Yonehara 2012; Rosenbluh et al., 2012). However, as already reported, more than the whole expression level of YAP, its nucleo-cytoplasmic distribution effectively describes YAP activity regulated by upstream core components of the Hippo pathway (Piccolo et al., 2014). The coactivating transcriptional function of YAP, in fact, is restrained when the activation of the Hippo pathway produces its serine phosphorylation and the consequent cytoplasmic sequestration (Hansen et al., 2015). Taking this into account, the localization of YAP was quantified in terms of [image: image] in order to better define the effects of radiation on its activation status. On one hand, MDA-MB-231 maintained at 24 h the global [image: image] and [image: image] at similar values, as indicated by the unaltered value of [image: image], except on the soft substrate where the higher dose induced its significant reduction (Figure 5). On the other hand, the booster dose induced a global reduction of the same parameter after 72 h, even if not in a significant way on the stiffer substrate. Similarly, the healthy cell line manifested a substantial reduction of [image: image] on the stiff substrate after 24 h when irradiated with the higher dose, whereas at longer time this response was completely reversed with a dose-dependent increase of the same parameter on both substrates (Figure 5).
[image: Figure 5]FIGURE 5 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the nuclear to cytoplasmic ratio of total YAP, [image: image], are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 39, and 40 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 20 for control, 2 Gy, 10 Gy; 13 kPa at 24 h n = 48, 33, and 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 20 for control, 2 Gy, 10 Gy; MDA-MB-231 on: 1.3 kPa substrate at 24 h n= 43, 35, 41 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 51, 54, 36 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 33, 46, and 60 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 18, 53, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: Asterisks (*) refer to [image: image] at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. ##P < 0.01. *, #P < 0.05. NS not significant.
In late response to irradiation, the process of YAP sequestering in the nucleus of MCF10A or in the cytoplasm of MDA-MB-231 could be a mechanism by which cell growth or apoptosis are regulated. Dephosphorylation of YAP, that associates with its transportation in the nucleus, has been shown to reduce p73 binding and the consequent cell apoptosis downstream in breast cancer cells (Matallanas et al., 2007). However, other researches have revealed that phosphorylation of YAP in response to ionizing radiation might impede YAP functioning as co-activator of p73 to enhance proapoptotic genes, thereby contributing to cell protection (Strano et al., 2005; Levy et al., 2008) (Lapi et al., 2008).
3.3 Subcellular YAP expression correlates with lamin A/C level
A vast literature indicates the key role of nuclear deformability in mediating changes in YAP localization (Elosegui-Artola et al., 2017; Kalukula et al., 2022; Maremonti et al., 2022). It has been demonstrated, in fact, that cells with stiffer nuclei require greater contractile forces from the cytoskeleton to compress the nucleus and to evoke YAP shuttling from the cytoplasm to the nucleus (Koushki et al., 2020). On the other side, the key role of lamin A/C in regulating nuclear stiffness (Koushki et al., 2020) led us to question if the changes in YAP localization after irradiation can be correlated to variations in lamin A/C expression level (Figure 6). As shown in Figure 7, at short time the irradiation increased in a dose-dependent manner the lamin A/C expression in both cell lines and on both stiffnesses. At longer time, this response was completely reversed in the healthy cells and accompanied by the nuclear translocation of YAP. On the contrary, the higher levels of lamin A/C, together with the reduction of the nuclear localization of YAP (Figure 5), persisted in the tumour cells, when irradiated with the booster dose. These findings suggest that the variations of YAP n/c expression ratio could be ascribed to the effects that the irradiation can have on lamin A/C levels and, consequently, on the nuclear deformability.
[image: Figure 6]FIGURE 6 | Representative images of lamin A/C immunofluorescence in MCF10A (A–L) and MDA-MB-231 (M–X) are shown. Scale bar, 50 μm.
[image: Figure 7]FIGURE 7 | (A) Box plots in which the mean value, the median, the interquartile, and the outliers of the levels of lamin A/C expression are shown. The values have been estimated for both cell lines 24 (top) and 72 h (bottom) after irradiation. MCF10A on: 1.3 kPa substrate at 24 h n = 50, 40, and 42 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 89, 78, and 70 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 43, 41, 23 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 75, 83, and 63 for control, 2 Gy, 10 Gy, respectively; MDA-MB-231 on: 1.3 kPa substrate at 24 h n = 99, 42, and 33 for control, 2 Gy, 10 Gy, respectively; 1.3 kPa substrate at 72 h n = 22, 25, and 37 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 24 h n = 108, 40, and 37 for control, 2 Gy, 10 Gy, respectively; 13 kPa at 72 h n = 22, 39, and 35 for control, 2 Gy, 10 Gy, respectively. (B) Statistical analysis: Asterisks (*) refer to lamin A/C at 24 h (blue) and 72 h (black) of MCF10A cell. Hash signs (#) to those of MDA-MB-231 cells. ***, ###P < 0.001. *P < 0.05. NS not significant.
4 CONCLUSION
In this study, two mammary cell lines, the healthy MCF10A and the cancerous MDA-MB-231, were employed to investigate the changes in the expression of the YAP protein before and after radiation treatment. Cells were irradiated with doses used in the conventional radiotherapy treatment, 2 and 10 Gy, and analysed 24 and 72 h after the treatment. Additionally, cells were seeded on polyacrylamide substrates with two different Young’s modulus, 1.3 and 13 kPa, that emulate the healthy and tumour tissue respectively, to evaluate the role of the ECM in this process.
Our results showed that X-ray irradiation affected in a significant way the levels of YAP expression, density, and localization in both cell lines. The early short time response (24 h) results to be transient in the healthy cells; in fact, MCF10A, after an overall increase of YAP level in both the nucleus and cytoplasm and on both substrates, reduced mostly the YAP expression in the cytoplasm by inducing a translocation process into the nucleus, dependent on both substrate stiffness and X-ray dose. Tumour cells responded similarly to the healthy ones at short time, but the effects of X-ray were completely reversed at 72 h in terms of subcellular localization, as indicated by the reduction of [image: image].
Since YAP works as a transcriptional co-activator, its localization into the nucleus before and after irradiation could have a different impact on subsequent cell behaviour. In particular, the reduced expression of YAP and its translocation into the nucleus could be a mechanism by which healthy cells protect themselves from apoptosis (Zhang et al., 2012) and control their growth (increased [image: image] associates also with growth process). On the other side, the YAP nuclear exclusion/reduction can result in a temporary confined inhibition of cell proliferation and invasion, as supported by previous findings (Panzetta et al., 2020; La Verde et al., 2021), but more importantly in a modulation of cell sensitivity to radiation (Tsujiura et al., 2014) that can be used in the design of doses and timing of subsequent radiation therapy.
These results can aid in obtaining a deeper knowledge of the role of the ECM and the effect of radiotherapy on both healthy and cancerous cells and in developing the diagnostic and therapeutical aspects of radiation therapy.
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 Krieg, M., Fläschner, G., Alsteens, D., Gaub, B. M., Roos, W. H., Wuite, G. J. L., et al. (2019). Atomic force microscopy-based mechanobiology. Nat. Rev. Phys. 1, 41–57. doi:10.1038/s42254-018-0001-7
 La Verde, G., Artiola, V., Panzetta, V., Pugliese, M., Netti, P. A., and Fusco, S. (2021). Cytoskeleton response to ionizing radiation: A brief review on adhesion and migration effects. Biomedicines 9 (9), 1102. doi:10.3390/biomedicines9091102
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Changes in the mechanical properties of single cells are related to the physiological state and fate of cells. The construction of cell constitutive equations is essential for understanding the material characteristics of single cells. With the help of atomic force microscopy, bio-image processing algorithms, and other technologies, research investigating the mechanical properties of cells during static/quasi-static processes has developed rapidly. A series of equivalent models, such as viscoelastic models, have been proposed to describe the constitutive behaviors of cells. The stress-strain relations under dynamic processes are essential to completing the constitutive equations of living cells. To explore the dynamic mechanical properties of cells, we propose a novel method to generate a controllable dynamical compression shear coupling stress on living cells. A CFD model was established to visualize this method and display the theories, as well as assess the scope of the application. As the requirements or limitations are met, researchers can adjust the details of this model according to their lab environment or experimental demands. This micro-flow channel-based method is a new tool for approaching the dynamic mechanical properties of cells.
Keywords: dynamic compression-shear coupling stress, Device development, cell mechanics, CFD model, weak shock wave
INTRODUCTION
During the processes of cell development, differentiation, physiology, and disease, cells receive not only chemical signals but also mechanical signals from the extracellular matrix and surrounding environment (Hamed, 2020). Mechanical forces are experienced by cells and may be interpreted as a signal to induce phenotypic and functional responses or pathways, such as gene expression cascades, protein synthesis, proliferation, and movement; these responses can temporarily or even permanently change the cellular state (Desprat et al., 2005; Patterson et al., 2019). Moreover, the mechanobiological responses of biological cells had been extensively studied also, e.g., the responses of mesenchymal stem cells and chondrocytes to mechanical stimuli (Zhang et al., 2008; Zhang et al., 2012; Ganadhiepan et al., 2019). From a mechanical perspective, cells present a special material that is far more complex than ordinary materials, such as metal and glass. It is worth noting that the mechanical properties of cells remain unstable in most pathological processes, such as metastasis, asthma, sickle cell anemia, and apoptosis (Alberts et al., 2002; Desprat et al., 2005; Hao et al., 2020). Thus, understanding the mechanical behaviors of cells can provide a useful perspective on describing disease progression and revealing the fundamental mechanisms of the working of biomaterials (Bao and Suresh, 2003; Moeendarbary and Harris, 2014).
In exploring the mechanical behaviors of cells and establishing stress-strain relationships in them, it is a challenge to properly apply a controllable force on the tissue/monolayer/cell and capture its real-time strain at a single cell scale (i.e., [image: image] m) (Patterson, 2020). In this regard, various reasonable assumptions have been proposed, which present a research-scale perspective on mechanical methods, including the mechanical and biological methods (Moeendarbary and Harris, 2014; Hao et al., 2020).
In conjunction with atomic force microscopy (AFM), the bio-image processing algorithm (Dudani et al., 2013), micropipette aspiration (MA) (Evans and Yeung, 1989), and microfluidic platforms (Urbanska et al., 2020) are the most common and effective mechanical tools to apply compression/tensile or shear stress on cells. In addition, to improve accuracy and collect more information, some modified techniques and methods have been designed, such as magnetic twisting cytometry (MTC) (Trepat et al., 2004) and uniaxial stretching rheometer (USR) (Desprat et al., 2005). Through these static or quasi-static mechanical experiments, it is believed that the mechanical behavior of cells is likely to resemble that of viscoelastic material (Katti et al., 2019). However, experiments exploring the stress-strain relationship of isolated living cells did not reach dynamic conditions or higher strain rates ([image: image] s−1). Commonly, the dynamic loading process of materials, including living cells, differs significantly from the static or quasi-static situations. For instance, a quasi-static deformation situation comprises a sequence of equilibrium states, where the well-known equations describing the mechanics of materials work (i.e., [image: image]; [image: image] ). On the contrary, the dynamic loading process can be treated as a stress wave traveling through the body at an acoustic speed (Meyers, 1994). When an external deformation is imparted at a very high rate, it induces stress on one portion of the body, while other portions remain unaffected. As cells can sense mechanical behaviors, they react rapidly to adapt to them (Pelham and Wang, 1997). Cells subjected to dynamic loading processes exhibit distinct mechanical behaviors rather than viscoelastic material. Moreover, the stress-strain relations under dynamic processes are an important part of the single-cells constitutive equations. Therefore, developing methods to apply dynamic stress on cells will significantly promote the understanding of the mechanical behaviors of cells under dynamic conditions (Bao and Suresh, 2003).
In the present work, we propose a novel method to apply combined dynamic compression-shear loading on isolated living cells under normal conditions; in addition, we extend the range of stiffness tensor of single biological cell piecewise function to higher strain rates ([image: image] s−1). The basis of this new method is the theory of transient flow, or in detail, the theory of the weak shock wave (where “weak” signifies that the thermal energy generated by impact compression is smaller compared to the total internal energy of the fluid (Smith, 1973)) propagation in a viscous fluid, which would suddenly induce both the compression and shear stresses in the boundary layer. In addition, the water hammer theory asserts that we can repeatedly apply disturbance with the amplitude of the weak shock wave, which is precisely controllable by changing the speed of the projectile. Briefly, this method includes two parts: the stress loading part accelerates a projectile to impact a fluid-fulfilled microchannel seeded with living cells on the bottom, while the strain acquisition part is equipped with a high-speed camera to assist with an image processing algorithm. Once the assumptions and requirements are fulfilled, the details of the design remain readily changeable. The proposed methods can be used to explore the stress-strain relations under dynamic processes and clarify the constitutive behavior of single cells to dynamic loadings.
METHODS
To illustrate the dynamic and coupled compression-shear loading method, a simple schematic diagram of the model is presented in Figures 1A,B. The model exhibits a gas gun, projectile, and a microfluidic chip with a rectangular conduit channel, where cells can be seeded on the bottom wall. In this mode, a projectile was accelerated to an initial velocity ( [image: image] ) to impact the buffer; a pressure surge was then generated, which traveled through the fluid matter. As this stress wave propagated at the acoustic velocity, the cells cultured on the bottom wall experienced the compression stress by the stress wave directly, as well as shear stress due to the viscosity of the fluid (Figure 1C).
[image: Figure 1]FIGURE 1 | A schematic diagram showing the basics of the proposed model. (A) The schematic diagram of the geometry of the model; (B) The sketch of the rectangular channel; (C) The stress analysis of cells during wave propagation.
Navier-Stokes equations
To allow the pressure waves to propagate, the fluid used in this experiment was compressible with constant viscosity. Therefore, the equations of continuity and momentum (Navier-Stokes equations) used to describe the motion of the fluid are written as:
[image: image]
[image: image]
Where [image: image] is the fluid density; [image: image] is the dynamic viscosity; [image: image] is the fluid velocity; [image: image] is the gradient operator; [image: image] is the divergence operator; [image: image] is the Laplace operator which means [image: image] ; [image: image] is time, and [image: image] is the total pressure in the fluid. For isotropic and homogeneous newton fluid, the stress tensor can be expressed as:
[image: image]
[image: image]
Where [image: image] is the fluid velocity, and [image: image] is the spatial coordinate ([image: image]). [image: image] is the pressure components of stress tensor, and [image: image] is the shear components of stress tensor. In the channel flow with non-slip wall condition, the wall shear stress [image: image] could be calculated using:
[image: image]
Where [image: image] is the distance normal to the wall.
Wave propagation celerity in a rectangular conduit channel
A general solution for the celerity of pressure wave propagating in the fluid has been derived by Hutarew and can be applied for a conduit of any cross-section (Hutarew, 1973). The form is:
[image: image]
Where K is the fluid bulk modulus, [image: image] is the cross-section area of the channel, and [image: image] is the wave propagation celerity. [image: image] is a small change sign. Eq. 6 shows the effect of fluid-structure interaction on the propagation speed of the pressure surge. This means that despite the fluid in the Computational Fluid Dynamics (CFD) model being considered compressible, the deformation of channel walls should be taken into account. However, in this study, a rigid-walled boundary condition was preferred, which could make the measurement and calculation of the cell strain field much more concise. Hence, a corrected fluid bulk modulus [image: image] was proposed to incorporate structural behavior in he CFD model. For the propagation of pressure surge in liquids traveling through thick-walled pipes and ducts of rectangular cross-section, the theoretical wave celerity equation was given by Thorley (Thorley and Guymer, 1976):
[image: image]
[image: image]
Where a and b are the lengths of the long and short sides of the rectangular cross-section; e is the wall thickness; [image: image] and G are the elastic and shear moduli of the wall material, respectively. [image: image] was solved using Eq. 8. According to the equation defining wave propagation velocity, the corrected fluid bulk modulus [image: image] equation is:
[image: image]
Nevertheless, the properties of solids involved played an important role in wave propagation as per the wave celerity equation. An evaluation of the fluid-solid coupling effect was needed to examine the limitations when the motion of the channel was rigid. A dimensional parameter “[image: image]”, named “fluid loading”, was proposed by Pinnington to evaluate the fluid-solid coupling; it corresponded to the Korteweg wave speed equation (Korteweg, 1878; Pinnington, 1997; Shepherd and Inaba, 2009).
[image: image]
[image: image]
Where [image: image] is the acoustic speed in fluid; [image: image] is the mean radius of the channel; the subscript, “[image: image]”, denotes a structure, and the subscript, “[image: image]”, means fluid. Moreover, according to the limiting cases of fluid-structure interaction (FSI) discussed by Shepherd and Inaba, the case, where [image: image] , indicated that the channel could be regarded as rigid (Shepherd and Inaba, 2009). Substituting the wave celerity and acoustic speed in Eq. 10 to get the parameter [image: image] helped us design the details of the channel.
Pressure wave generation by projectile impact
To describe the fluid suitable here with equations, the Tait and Tammann equations of state, which apply to a wide range of liquids, were used (Dymond and Malhotra, 1988; Hoang et al., 2015). The Tait equation can be written as a function of pressure [image: image] and density [image: image] 
[image: image]
Where [image: image] is a weak function of entropy, which is usually treated as a pressure constant of [image: image] Pa. [image: image] is the adiabatic exponent that equals [image: image] (Nagayama et al., 2002). The Tait equation was rewritten as a partial differential equation form.
[image: image]
[image: image]
As the whole process was assumed to be isentropic, the adiabatic exponent [image: image] was:
[image: image]
Where γ is the volume Upon substituting volume γ by density ρ, we obtained:
[image: image]
The definition of acoustic velocity is:
[image: image]
Upon integration of Eq. 16, a function of pressure and wave speed describing the fluid density was obtained, which could be used to correct the density in CFD, as the fluid was considered compressible.
[image: image]
The acoustic velocity is derived from Eq. 15.
[image: image]
As the compressibility of the fluid was limited, an approximation of the acoustic velocity under normal conditions could be written as:
[image: image]
The local acoustic velocity could be written as:
[image: image]
Figure 2A displays the shock wave jumps conditions with a coordinate fixed at the shock wave front. The equations of conservation (mass; momentum; energy) could be written as:
[image: image]
[image: image]
[image: image]
[image: Figure 2]FIGURE 2 | The isolation of boundary conditions and analysis of the model. (A) The weak shock wave jumps conditions under a coordinate fixed with the shock wave front; (B) The weak shock wave generated by projectile impact analysis; (C) A schematic diagram illustrating the micro-channel boundary conditions in CFD modeling.
These equations are usually known as the Rankine-Hugoniot equations (Smith, 1973). Here, we neglected the thickness of the shock front, and thus, the particle velocity, [image: image] and shock velocity, [image: image] behind the shock front could be solved. For very weak shock waves, the jump process could be treated as an isentropic process, yielding the following equation:
[image: image]
[image: image]
[image: image]
The particle velocity could then be rewritten with Eq. 19.
[image: image]
or
[image: image]
Substituting by Eq. 20, gave:
[image: image]
The Taylor expanded form of Eq. 29 thus obtained is:
[image: image]
As the relationship between acoustic velocity and particle velocity was obtained, the differential form was:
[image: image]
As no cavitation or fluid column separation occurred and no cross-section changes were recorded along the channel, the Joukowsky equation was a perfect approximation to predict the maximum pressure in a water-hammer impact situation (Joukowsky, 1900; Walters and Leishear, 2018). This impact occurs at [image: image], and an equation, [image: image], describes the dynamic pressure of the fluid at the interface of the fluid and projectile. This initial impact would create a weak shock wave with an amplitude that can be determined by the pressure-velocity matching method (Meyers, 1994; Deshpande et al., 2006; Shepherd and Inaba, 2009)
[image: image]
Where [image: image] is the fluid impedance; [image: image] is the projectile impedance. The impedance of a projectile is much higher than that of the fluid in most cases, and Eq. 12 can reduce it to an approximated expression:
[image: image]
After the conditions of the fluid were solved, the impact condition obtained is shown in Figure 2B. The shock wave generation due to the projectile impact was a discrete process. In this study, since the buffer was assumed to be as thin as possible, it could be neglected given that it had the same impendence as the projectile. This model could be simplified to a projectile impacting the fluid column directly. Analysis of the projectile motion was performed according to Newton’s second law.
[image: image]
Where [image: image] is the pressure by every discrete impact; [image: image] is the interface velocity of projectile and fluid; [image: image] is the cross area of the projectile, and [image: image] is the mass of the projectile. Substituting Eq. 34 with Eq. 31, the result was:
[image: image]
Meanwhile, Eq. 12 was rewritten in terms of local acoustic velocity [image: image] to obtain the following:
[image: image]
The partial differential form of Eq. 33 is:
[image: image]
In our model, the pressure was too small as compared with the pressure constant, which is [image: image] Pa (Nagayama et al., 2002). A linear approximation treatment (Lennon, 1994) was used with normal condition parameters [image: image] to calculate Eq. 34, which could be rewritten as:
[image: image]
The normal conditions here were [image: image] , [image: image] kg/m3, and [image: image] m/s. Eq. 33 was then rewritten as follows:
[image: image]
Upon integration of Eq. 36, a simplified function of pressure was gained.
[image: image]
Where the time constant was as follows:
[image: image]
Boundary layer induced by a very weak shock wave
Once a weak shock wave enters a static fluid boundary through the wall, a boundary layer begins to appear at the interaction point of the weak shock wave and the wall (Ackroyd, 1967; Davies and Bernstein, 1969). A study of the laminar compressible boundary layer induced by this weak shock wave was solved by H. Mirels’ in 1955, who provided theoretical evidence to prove that the weak shock waves generated by projectile impact indeed induce a boundary layer (Mirels, 1955).
Considering a possible turbulent boundary layer, R. E Melnik and B. Grossman developed an asymptotic theory within the limit of weak shock waves (Melnik and Grossman, 1974). Their three-layer description of the boundary layer was a natural extension of the asymptotic theories of Mellor (Mellor, 1972), Yajnik (Yajnik, 1970), Bush and Fendell (Bush and Fendell, 1972; Bush and Fendell, 1973) for incompressible boundary layers, as well as the theory by Afzal (Afzal, 1973) for compressible non-interacting turbulent boundary layers. FLUENT is a reliable and acceptable CFD software employed for relevant numerical simulations. To simulate our model, the k-ε model was utilized to analyze turbulent flow (Versteeg and Malalasekera, 2007; Nikpour et al., 2014).
Geometry definition
In the present work, the geometry definition consisted of a volume occupied by the flow with a specified shape of the physical boundaries. Here are several important criteria to limit the size of the channel, although, in the beginning, we planned to put the ‘lab’ into just one small chip to make this as convenient as possible. A fundamental restriction applied was the continuous flow in the fluid domain to ensure that the theories being considered were effective. A dimensionless parameter, the Knudsen number, was used to describe this problem (Guo et al., 2013); this number is defined as
[image: image]
Where [image: image] is the mean free path of the particle, and [image: image] is the characteristic length scale. The fluid domain was described as a continuum and solved by Navier-Stokes (N-S) equations with no-slip boundary conditions, therefore, the [image: image] was generally considered to be less than 0.001 (Ben-Dor et al., 2000; Kandlikar et al., 2005; Rapp, 2016).
According to the requirements above, we established a simple CFD model to describe our method. The Cartesian coordinates system was created as shown in Figure 1B, and a [image: image] mm rectangular conduit channel was drawn in ANSYS. The details of size were kept adjustable to adapt to various laboratory environments for other researchers. An example size is proposed here to describe dynamic stress loading methods.
Mesh generation and solver settings
Transient simulation is strongly dependent on the quality of the mesh. For most water-hammer models to accurately capture the near-wall velocity, the mesh density near the wall should be concentrated. During the cross-section meshing process, the boundary layer neighboring the wall was divided into 20 layers with the first layer having a thickness of [image: image] m (1.1 growth rate); this design was based on the mesh independence analysis of 3D pressurized pipe flow with CFD modeling previously described by Martins et al. (Martins et al., 2018). Given the axial direction, a sweep method was applied. The Courant-Friedrichs-Lewy (CFL) criterion was used to maintain stability during the movement of the acoustic wave across the discrete elements in CFD, which determined the element size in the axial direction. The non-dimensional Courant number was calculated using the following equation:
[image: image]
Where [image: image] is the element size in the axial direction, and [image: image] is the calculation time step. There were two main considerations for the determination of [image: image]: one was to capture the wave velocity in the fluid; and the other was to calculate the stress on an arbitrary cell at the channel wall. The [image: image] was ideally expected to be ≤ 1. Moreover, to maintain the meshing quality, i.e., to keep the aspect ratio of all mesh elements < [image: image], the axial element size was [image: image] mm with a time step of [image: image] s. The total time was assumed to be [image: image] s, i.e., 600 steps in total, to ensure that the entire compression wave could travel completely from inlet to outlet. The total mesh count was 1.98 million elements (Martins et al., 2014; Mandair, 2020).
In the CFD solver setup, boundary settings comprise the physical description of the fluid flow as shown in Figure 2C. The pressure applied on the inlet boundary has been described as a function of time, [image: image] in Eq. 40, which simulated the impact process. The outlet was operated under normal pressure ([image: image] Pa), which could be achieved easily by collecting an extra tank filled with fluid, and the wall was set at a no-slip condition. In addition, there were two settings (heights) for the roughness of the bottom wall: [image: image] (average height of cells) and [image: image] m, which helped estimate the effect of cells on the fluid flow.
ANSYS Fluent® (2019R3) was utilized to obtain all the simulation results presented in this paper. In FLUENT, the numerical tech is a finite volume method (FVM). The whole process is transient. As the fluid is considered to be viscous, compressible, isothermal (no heat transfer), isotropic, and single-phase (no cavitation), the semi-implicit method for pressure-linked equations (SIMPLE) can be used as a flow solver. Convergence was defined to be [image: image] due to the flow characteristics (Martins et al., 2016).
RESULTS
Sample numerical results
A mesh independence analyses were performed using different element size (the original element size was proposed in Section 2.6) by the simulation of pressure and shear stress on bottom wall. The total mesh count for testing the independence were about [image: image] (blue line), [image: image] (green line), [image: image] (red line) elements respectively. The test results were shown in Figures 3A,B which assure a mesh independence of the simulation results in this paper.
[image: Figure 3]FIGURE 3 | Mesh independence analysis and sample comparison results. The total mesh count for testing the independence were about [image: image] (blue line), [image: image] (green line), [image: image] (red line) elements respectively. (A) The variations of total pressure on bottom wall at the monitoring point ( [image: image]); (B) The variations of axial shear stress on bottom wall at the monitoring point ( [image: image]); (C) A pressure waveform comparison of experimental results of example and numerical results (black line: experimental results; blue line: numerical results).
We choose a classical water hammer experiment (Inaba and Shepherd, 2010) to assess the modeling method in our work. In this example (shot 62), researchers accelerated a steel projectile ([image: image] kg, [image: image] m/s) to impact a specimen tube ([image: image] mm, [image: image] mm), and the experimental pressure was recorded by strain gauges and a pressure transducer.
In Figure 3C, we compared the experimental results (black line; shot 62, gauge g1) with the numerical results (blue line) calculated with the modeling method in Section 2. The maximum pressure of [image: image] MPa was computed which showed a good match with the peak pressure of [image: image] MPa. Furthermore, the whole trend of the pressure waveform showed a good agreement with the experimental results. For instance, due to the outlet of the specimen tube being closed, a reflected wave could be observed.
Visualization of pressure wave propagation
To visualize and analyze the wave propagation process in detail, as well as the profile of the coupled compression and shear stresses in our method, a representative case with a water-filled channel and a projectile made of polymethyl methacrylate (PMMA) was designed; a practical size was determined as described in Section 2.5. The correlation between the projectile parameters (velocity and length) and the input pressure was assessed, and the results are shown in Figure 4. The maximum value and the duration of the pressure input were adjustable by changing the length and initial velocity of the projectile. This detailed relationship was derived in Section 2.3 (Joukowsky, 1900; Versteeg and Malalasekera, 2007).
[image: Figure 4]FIGURE 4 | Evaluation of the relationship between various lengths/velocities of the projectile and the input pressure profile. (A) Three different lengths of projectile with a 1 m/s velocity (green line: 4 cm; blue line: 2 cm; red line: 1 cm); (B) Three different lengths of projectile with a 1 cm length (green line: 4 m/s; blue line: 2 m/s; red line: 1 m/s).
As the inlet boundary condition, maximum pressure of [image: image] MPa was generated by a [image: image] projectile, which was then used to initiate the wave propagation process. Along the direction of the wave propagation ([image: image] -direction), a series of axial middle cross-sections were selected to visualize the wave traveling process in terms of pressure and axial flow velocity distribution at different time steps (Figure 6). Here, we set [image: image], and the displayed time steps were [image: image]. After the impact of the projectile, the pressure jumped to ∼ [image: image] MPa rapidly, accompanied by a relatively low level of flow velocity (less than [image: image] m/s). As shown in Figure 5, peak pressures at the different time steps did not show an apparent dissipation, while the maximum axial flow velocity slow down slightly. Details on the dissipation values are discussed in Section 3.3. The phase differences calculated by Eq. 7 showed that the wave traveled at an acoustic speed.
[image: Figure 5]FIGURE 5 | A CFD visualization of weak shock wave propagation in the middle axial cross-section at different time steps ( [image: image] ). (A) The total pressure field; (B) The axial velocity field.
Stress distribution analysis of wall/cell cultured area
The bottom wall was defined as a smooth wall area for cell culture. The results at [image: image] were selected to display the stress distribution in space. Figure 6A shows the compression pressure applied on the bottom wall, which appears to be similar to the compression pressure distributed in the axial plane in Figure 5A. The pressure distributed was almost identical to that in the transverse direction ( -direction) (Figure 6B). The axial shear stress ([image: image]) is shown in Figure 6C, which exhibited no obvious difference in the transverse direction. The maximum axial shear stress at [image: image] was nearly [image: image] kPa, which was much higher than the maximum transverse shear stress ([image: image] Pa). From these observations, it was inferred that the transverse shear stress ([image: image]) could be neglected, even though it showed an apparent concentration of stress at the edges (Figure 6B).
[image: Figure 6]FIGURE 6 | The CFD visualization of stress distribution on the bottom wall where cells were cultured at [image: image] time step. (A) The total compression stress distribution; (B) The transverse shear stress distribution; (C) The axial shear stress distribution.
Effect of cells on stress spatial distribution
To evaluate the influence of cultured cells on the spatial distribution of stress on the bottom wall, the relationship between the two distributions and the density and height of the cells could be written as:
[image: image]
Where [image: image] is the compression and shear stress on the bottom wall; [image: image] is the average height of the cells, and [image: image] is the density of the cells. Normally, the height of the cells, [image: image] was consistent at ∼ [image: image] m and the interval of variation, [image: image] was [image: image]. The two boundary conditions were defined as follows: the lower limit situation, i.e., [image: image] (no cell cultured), represented a smooth wall; the upper limit situation, i.e., [image: image], denoted that countless cell had been cultured on the bottom wall and imparted a roughness of [image: image] m. By comparing the stress in these two situations, the effect of cells on stress distribution could be assessed (Figure 7). Along the axial and transverse directions, several monitoring points were set to calculate the compression and shear stress: [image: image] (3 points along the axial direction at [image: image]: [image: image], [image: image], [image: image]; 3 points along the [image: image] direction at [image: image]: [image: image], [image: image], [image: image]).
[image: Figure 7]FIGURE 7 | The comparison of rough and smooth model historical variations in stress were recorded by monitoring the points calculated by FLUENT (blue line: rough model; red line: smooth model). (A) The transverse shear stress recorded at three monitoring points ([image: image], [image: image] [image: image]) at the line [image: image]; (B) The axial shear stress recorded at three monitoring points ([image: image], [image: image], [image: image]) at the line [image: image]: (C) Compression stress recorded at three monitoring points ([image: image], [image: image], [image: image]) at the line [image: image].
In addition, the temporal variations in [image: image] in the transverse direction were also recorded. As the maximum of [image: image] was quite small (did not exceed [image: image] Pa) within the interval of [image: image] , [image: image] could be neglected (Figure 7A). As shown in Figures 7B,C, the compression and axial shear stress variations along the axial direction were recorded at the monitoring points, and the same changing trend was observed. Exact statistics on the maximum values are shown in Table 1. Regardless of the maximum value of pressure or axial shear, there was almost no difference between these two conditions in an interval of [image: image]. The [image: image] was in the interval of [image: image]. Therefore, the smooth boundary condition would be much closer to the actual experimental observations.
TABLE 1 | Maximum values of the monitoring points were calculated by FUENT.
[image: Table 1]Table 1 shows the attenuation of pressure and axial shear stress along the axial direction. In this model, the average reduction was within 1% in every [image: image] ([image: image] mm) for pressure and ∼ [image: image] in every [image: image] for shear stress.
In addition, the temporal variations in the transverse direction are shown in Figure 8, where the monitoring points were set in the middle cross-section ([image: image]). The attenuation of either the pressure or the axial shear stress in the transverse direction was less than [image: image] . These results imply the great repeatability of this model.
[image: Figure 8]FIGURE 8 | The smooth model historical variations in stress recorded by monitoring points calculated by FLUENT (blue line: rough model; red line: smooth model). (A) The axial shear stress recorded at three monitoring points ( [image: image], [image: image] [image: image]) at the line [image: image]; (B) The compression stress recordings at three monitoring points ([image: image], [image: image] [image: image]) at the line [image: image].
DISCUSSION
In the past, many studies have focused on revealing the mechanical properties of cells with the assistance of interdisciplinary techniques, such as solid mechanics, image processing, and fluid mechanics. Such works have implied that as compared to static or quasi-static loadings, the mechanical properties of cells are likely to show a distinct behavior difference under dynamic loading ([image: image]). Considering the length scale of cells, it is difficult to clamp a single cell using traditional dynamic loading methods, such as Split Hopkinson’s Pressure Bar (SHPB). Hence, the challenge is how to apply controllable dynamic loading on cells properly and the real-time measurement of cell response during this process.
In this paper, we have proposed a new method for the application of dynamic loading that couple’s compression and shear stress synchronously on isolated cells under normal culture conditions. This method describes a case, where an impact loading from a projectile was employed to generate a pressure wave, together with corresponding shear stress due to the fluid viscosity. At the same time, the strain variations in the cell could be captured by a high-speed camera. Eventually, data on the essential stress and strain on the cells were collected to explore the mechanical properties of cells. We established a representative model (rectangular channel filled with water) as shown in Figures 1A,B. With this model, we explained two main questions as elaborated on in Section 2 and Section 3 on the working of this method and its known limitations:
1) How can the weak shock wave generated by projectile impact be calculated? Does the solid structure (channel) affect the flow and how can it reduce the fluid-structure interaction (FSI)?
2) Does the shear stress keep the same phase as the compression stress? Does the existence of cells have a strong influence on stress distribution? How is this related to the positions along the axial and transverse directions?
The basic purpose was to explore the biomechanical mechanism of single cell response to dynamic mechanical loading, where the length scale was focused on [image: image] m and the cells were treated as a homogenous element. This length scale had to be taken into consideration due to its influence on the fluid domain meshing and CFD (actually, more factors had been considered during the meshing process). The characteristic length of the channel we designed was [image: image] m, which was much larger than the size of the cells. Generally, the pressure and wall shear stress were directly assumed when the stresses were applied to the cells, while the approximate treatment relied on the hypothesis that the flow was hydraulically smooth. The estimated average height of the cells was ∼ [image: image] m, therefore, one of the extremely idealized hypotheses was that the bottom wall was occupied by countless cells that were equivalent to a [image: image] m roughness on the bottom wall. The total pressure and axial shear stress showed that there was only a slight difference between the smooth and rough conditions (within [image: image]) (Figure 7). In the actual experimental process, the cell density only sparsely facilitated the capture of the strain field by a high-speed camera. Therefore, the effect of cells on the fluid flow could be neglected.
The Doppler effect is commonly used to detect the flow velocity of a flowing fluid, but experimental techniques may render it less reliable on small velocities and the changing profile near the walls (Riasi et al., 2009). Several sophisticated numerical models have been established to more accurately explain the details of the transient flow (Ghidaoui and Kolyshkin, 2001; Martins et al., 2018). It has been proven that CFD performs very well in modeling the pressure wave traveling processes (Mandair, 2020). Therefore, we established the CFD model to help us evaluate the proposed method, and we will consider these evaluation results as a very important reference for future experimental work.
The boundary conditions should be comprehensively considered in CFD modeling as we have described in detail in Section 2 of this article. The criteria of channel size design were not too strict, which allowed us to adjust the details freely according to the actual lab environment, provided that the size details obeyed the above-mentioned limitations of the Knudson number to continuously maintain the fluid. As for the projectile, its material should be kept the same as that of the buffer. Figure 4 shows the means of controlling the amplitude and decay time constant of the initial pressure by the projectile.
The water hammer is a well-known problem. The weak shock wave generated in this problem would induce a sudden pressure jump corresponding to the low flow velocity. Accordingly, we described the stress wave propagation in total pressure and the flow velocity forms; we also visualized this process in the middle axial section (Figure 5). In this process, the dissipation effect was mainly due to the fluid viscosity and could not be neglected. We selected several points in the [image: image] and [image: image] directions on the bottom wall to figure out the proper areas for cell measuring (Figures 6–8). Only the [image: image] shear stress changed slightly ( [image: image] drop at every [image: image] in this example), and the [image: image] shear stress was so small that it could be neglected (in the interval of [image: image] ). These CFD results give us a high fault tolerance rate in repeating experiments.
CONCLUSIONS
In this paper, we focused on the application of dynamic loadings on single cells and revealed their mechanical response. Based on the Water-Hammer theories, we have developed a novel experimental method with a corresponding CFD model to help investigate cell mechanics under dynamic loadings. In this method, cells were normally cultured inside a microchannel. After impact, the stress wave generated applied a coupled compression-shear stress on an isolated living cell inside the microchannel. The results from an example model showed that the stress conditions could be easily controlled by controlling the velocity or length of the projectile. In addition, this method will allow researchers to adjust various design elements of their channels, such as the size, materials, etc., according to their lab’s environmental and actual needs, if the new design meets the relevant criteria presented in this study. This model offers repeatability, as a wide area is available for cell strain capturing, where cells suffer from nearly the same stress loadings.
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Cardiac fibrosis is a common pathology in cardiovascular diseases which are reported as the leading cause of death globally. In recent decades, accumulating evidence has shown that the biomechanical traits of fibrosis play important roles in cardiac fibrosis initiation, progression and treatment. In this review, we summarize the four main distinct biomechanical traits (i.e., stretch, fluid shear stress, ECM microarchitecture, and ECM stiffness) and categorize them into two different types (i.e., static and dynamic), mainly consulting the unique characteristic of the heart. Moreover, we also provide a comprehensive overview of the effect of different biomechanical traits on cardiac fibrosis, their transduction mechanisms, and in-vitro engineered models targeting biomechanical traits that will aid the identification and prediction of mechano-based therapeutic targets to ameliorate cardiac fibrosis.
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1 INTRODUCTION
Cardiac fibrosis, also known as myocardial fibrosis, is a common pathology in cardiovascular disease, whose mortality has been regarded as the leading cause of death globally and attracted considerable attention (Schafer et al., 2017; Mensah et al., 2019; Diseases and Injuries, 2020; Alexanian et al., 2021). Cardiac fibrosis is a relatively complex pathological process, caused by persistent or repeated exacerbations of myocardial ischemia and hypoxia (Zhao et al., 2022a), characterized by the excessive accumulation of the extracellular matrix (ECM) components (e.g., collagen and fibronectin) (Henderson et al., 2020; Frangogiannis, 2021). Although cardiac fibrosis is generally considered as a disease of the phenotypic transformation of cardiac fibroblasts and has been studied mainly from a biological perspective (Ma et al., 2018), accumulating evidence indicates that the mechanical properties of cardiac tissues, from the macroscale to the microscale, underlie cellular behavior and tissue functions (Orre et al., 2019; Guimaraes et al., 2020). In addition, biomechanical properties of tissue play a critical role in maintaining organ structure and function as well (Peyronnet et al., 2016; Wagh et al., 2021). For example, related to the diastolic function impairment and heart failure, diffuse thickening (a crucial fibrotic manifestation in the process of hypertrophic cardiomyopathy) of tissue caused by cardiac fibrosis might limit cardiac myocytes contractility and impaired ventricular function (de Jong et al., 2011; Cowling et al., 2019). Furthermore, biomechanical cues have been reported as a coconspirator of biological traits in tissue fibrosis initiation, progression and treatment response (Hadjicharalambous et al., 2021; He et al., 2021). However, due to the physical differences in each organ, different organs [e.g., heart (Lemaitre et al., 2021), liver (Kong et al., 2021), and lung (Freeberg et al., 2021)] have their specific mechanical traits as well.
In the heart, the abnormal static biomechanical traits like stiffness or microarchitecture facilitate the progress of cardiac fibrosis in vivo (Islam et al., 2021). The change of collagen microarchitecture can regulate myofibroblast differentiation and fibrosis independent of collagen quantity and bulk stiffness by locally modulating cellular mechanosignaling (Seo et al., 2020a). For example, changes in matrix structure and components can alter the cell-matrix and cell-cell interactions and related signal transduction (Ashworth et al., 2020; Yamada et al., 2022). The ECM microarchitecture could be altered by the contractile activity of myofibroblast containing stress fibers as well (Seo et al., 2020b; Davidson et al., 2020). Moreover, increased stiffness can activate signaling pathways that promote fibroblast proliferation and differentiation, which in turn accelerates the progression of cardiac fibrosis (Gourdie et al., 2016; Villar et al., 2022). Besides the static biomechanical traits, cardiac cells are constantly regulated by dynamic biomechanical traits, such as fluid shear and cyclic stretch as generated by blood flow and heartbeats (Fukui et al., 2021; Kotini et al., 2022). For example, abnormal mechanical stretching leads to excess proliferation and differentiation of fibroblasts, resulting in irreversible cardiac fibrosis (Yong et al., 2015; Morley et al., 2018). Dynamic overstretching can also cause microstructural remodeling of the myocardium, which is closely associated with systolic and/or diastolic dysfunction (Caporizzo and Prosser, 2022). Thus, a rigorous description of the biomechanical traits of cardiac fibrosis will contribute to a better understanding of the complex mechanism of fibrosis and the exploration of effective anti-fibrosis therapies.
Although there exist a few reviews on cardiac fibrosis from the aspect of cell biological mechanisms, molecular pathways and therapeutic opportunities (Frangogiannis, 2019a; Park et al., 2019; Frangogiannis, 2021), there is still a lack of one focusing on the biomechanical properties of cardiac fibrosis. Here, we summarize four distinct biomechanical traits (i.e., stretch, fluid shear stress, ECM microarchitecture, and ECM stiffness) and categorize them into two different types (i.e., dynamic and static) (Figure 1). Next, we provide a comprehensive overview of the effect of different biomechanical traits on cardiac fibrosis, their transduction mechanisms, and the in vitro engineering models targeting biomechanical traits. We finally conclude with a perspective on important open challenges of the role of other biophysical cues, and future directions like identification of the mechano-based therapeutic targets to ameliorate cardiac fibrosis progression.
[image: Figure 1]FIGURE 1 | The biomechanical traits of cardiac fibrosis. Schematic diagram of cardiac fibrosis ECM was drew online using Figdraw. According to recent progresses of biomechanics, we recommend respectively from two biomechanical types to understand cardiac fibrosis. The fibrotic area must be subjected to a stretch force because of the beating of the heart. The microarchitecture and the fluid shear stress are the mechanical stress contained and transmitted by the solid phase and the liquid phase, respectively. Stiffness is defined as the ability of a material to resist deformation under external forces. The physical interaction between cardiac cells and ECM produces the physical features of cardiac fibrosis through different and interrelated mechanisms. The abnormal contraction and relaxation of the heart cause vascular stretch to increase blood fluid pressure within the site of fibrosis. Cell differentiation, increased fluid shear stress, and matrix deposition result in compressive microarchitecture. Cardiac stretch, matrix deposition, and cross-linking can respectively lead to increased stiffness at the fibrotic site. The microarchitecture leads to the stretching and alignment of the matrix, and tissue stiffening increases the differentiation of cardiac fibroblasts. Fluid flow and excessive strain activate fibroblasts, which then contribute to increased cardiac wall stress and stiffness values and changes in ECM structure.
2 STATIC BIOMECHANICAL TRAITS
2.1 Common static biomechanical traits during cardiac fibrosis
2.1.1 Increased stiffness
Biomechanical microenvironments are associated with heart attacks and may be the source of abnormal signals that drive cardiac cells to adapt to adverse changes. As a static biomechanical characteristic, stiffness refers to the ability of tissue structure to resist elastic deformation when subjected to a force (Levine et al., 2021). Increased stiffness of myocardial tissue (∼55 kPa) is an important feature of cardiac fibrosis, due to the excessive transformation of cardiac fibroblasts and accumulation of various components of the ECM, which can be three or four times stiffer than healthy myocardium (∼10 kPa) (Berry et al., 2006). In addition, cells can also generate traction to recruit the matrix to make the fibrotic ECM denser, resulting in a significant increase in the local stiffness.
Although the stiffness of fibrotic myocardium (∼55 kPa) (Huyer et al., 2015) exceeds the diastolic stiffness of healthy myocardium (∼8–10 kPa) (Wang et al., 2019), it is lower than that of systolic myocardium (>100 kPa) (Huyer et al., 2015). When the myocardium is partially stiffened during cardiac fibrosis, immune cells will be recruited and activated to abnormal locations, and then profibrotic factors (e.g., cytokines, growth factors, and chemokines) will be released (Halade and Lee, 2022). Subsequently, the release of these factors [e.g., transforming growth factor-beta (TGF-β), plateau-derived growth factor (PDGF)] leads to the conversion of cardiac fibroblasts into activated myofibroblasts, promoting collagen deposition (Zhang et al., 2015). It is found that mechanical stiffness and TGF-β can synergistically upregulate the deposition of collagen as well (Figure 2). Transformed myofibroblasts exhibit increased secretion ability of ECM proteins, which further stiffen cardiac tissue and activate fibroblasts, ultimately leading to long-term cardiac fibrosis (Boyle et al., 2021).
[image: Figure 2]FIGURE 2 | Signaling pathways associated with the biomechanical traits of cardiac fibrosis. With the changes of ECM mechanical properties during the process of cardiac fibrosis, myofibroblasts are activated . In classical signaling pathway, the TGF-β receptor’s activation induces phosphorylation of the C-terminus of SMAD. The phosphorylated SMADs then form a complex with the co-mediator SMAD, SMAD4, the complex is translocated into the nucleus, where it binds to the gene promoter. Upon myofibroblasts are activated, TGF-β is released from binding proteins in the ECM, leading to sustained activation and contraction of myofibroblasts, finally causing a vicious cycle of fibrotic progression. In addition, integrins which sense changes in external forces can also contribute to the remodeling of the cytoskeleton. Studies have shown that the activation of cell membrane surface mechanosensitive receptors (such as Piezo1, AT1R and TRPV4) are also key pathways in the vicious cycle of fibrosis. Correlational studies have shown that Piezo1 can be activated by shear stress, stretching and matrix microarchitecture. Ang, Angiopoietin; TGF-β, transforming growth factor-beta; PDGF, plateau-derived growth factor; α-SMA, Piezo1, piezo type mechanosensitive ion channel component 1; alpha-smooth muscle actin; TGFβR, transforming growth factor-beta receptor; TRPV4, transient receptor potential vanilloid type 4; YAP, YES-related proteins; TAZ, transcriptional coactivator with PDZ-binding motif; AT1R, angiotensin type 1 receptor; TEAD, TEA domain transcription factors; SMAD, drosophila mothers against decapentaplegic.
2.1.2 Abnormal microarchitecture
ECM is a common meshwork structure that is an important organizer of cell microenvironment. Structural features of the ECM can have profound effects on cell behaviors, which are closely related to the performances and functions of tissues. Cardiac ECM mainly consists of fibrillar collagen, fibronectin, glycosaminoglycans, and proteoglycans, which together provide a stabilized structure and viscoelasticity for cells. Pore size and density of cardiac ECM structure determine the available space and provide a physically confined microenvironment for cell growth (Huang et al., 2017; Frangogiannis, 2019b). Following heart injury, changes in the porosity and density of cardiac ECM will accelerate and regulate inflammation, repair, fibrosis and regeneration. Mainly, caused by the abnormal changes of collagen, the structural remodeling of cardiac fibrosis can affect the forces generated by cells and induce electromechanical transduction processes (Garoffolo and Pesce, 2019; Urbanczyk et al., 2020). The biomechanical properties of fibrotic myocardium are influenced by changes in the quality of collagen fibers, such as the shift in collagen types proportion, increased fibronectin polymerization and increased degree of collagen cross-linking (González et al., 2019). In addition, increased infarct stiffness can prevent left ventricle over-stretch by reducing collagen degradation and facilitating collagen assembly and cross-linking through preservation of the fibronectin network and activation of lysyl oxidase (Voorhees et al., 2015).
The ECM architecture can be rapidly and profoundly regulated by cross-linking reactions enzymatically or non-enzymatically, which can further alter cellular responses and drive disease progression. Collagen cross-linking is a main factor that influences collagen deposition and insolubility of ECM architecture (Neff and Bradshaw, 2021). Firstly, an enzymatically collagen crosslinking that catalyzed by Lysyl oxidase-like 2 (Loxl2) is essential for cardiac fibrosis and mechanical dysfunction of pathological site (Yang et al., 2016). In addition, excess synthesis and activation of the enzyme Lox significantly increases collagen resistance to the degradation by matrix metalloproteinases (MMPs) (El Hajj et al., 2018). Secondly, the imbalance between MMPs and their tissue inhibitors (TIMP) have important effect on the progress of cardiac fibrosis (Polyakova et al., 2011). Thirdly, growing evidence have indicated that transglutaminases (TGs) is involved in molecular responses underlying the pathogenesis of cardiac fibrosis including collagen cross-linking (Al-U'datt et al., 2022). For non-enzymatical collagen cross-linker, proteoglycan fibromodulin has anti-fibrotic effects through regulating collagen fibrillogenesis in cardiac fibroblasts (Andenæs et al., 2018). For example, Kalamajski et al. have documented a fibromodulin-modulated collagen cross-linking mechanism where fibromodulin binds to a specific part of the collagen domain and also forms a complexus with Lox (Kalamajski et al., 2016). Specifically, increasing collagen I:III ratio would provide additional rigidity to tissue structure, whereas decreasing this ratio would provide elasticity and flexibility to the tissue (Kisling et al., 2019). Furthermore, excessive collagen deposition will lead to ECM stiffening, while such stiffening is considered as a pathological change in cardiac fibrosis, which also impairs the compliance of ECM structure, finally altering cardiac tissue microarchitecture (Davis and Molkentin, 2014; Frangogiannis, 2017). Abnormal microarchitecture can affect signal transduction of cardiac cells, promoting cardiac fibrosis through altering the expression of alpha-smooth muscle actin (α-SMA) in cardiac cells (Kuehlmann et al., 2020; Dooling et al., 2022a). Similarly, the abnormal cross-linking of collagen fibers can inhibit the normal renewal of collagen and further promotes the progress of fibrosis.
2.2 Transduction mechanism of static biomechanical traits
Cell microenvironment regulates cellular mechanical responses by providing reaction forces to balance intracellular traction. The change of cell microenvironment will lead to the change of association mode and binding strength between cell-cell and cell-ECM, and thus change the cell function and phenotype (Figure 2) (D'Urso and Kurniawan, 2020). The increase in mechanical stiffness and the changes in ECM microarchitecture may affect cell behavior through receptor and signal transduction systems. With the changes in those two static properties, the conformation of structural proteins on the cell membrane becomes unstable, which will activate the signal transduction of biochemical factors and create conditions for changing the gene expression in cells. Increased stiffness and abnormal microarchitecture promote latent TGF-β captured by integrin on myofibroblast membranes and then activate TGF-β (Wipff et al., 2007). In addition, increased stiffness and changed microarchitecture also promote the activity of TGF-β receptor, which is a vital component of the TGF-β/SMADs signaling pathway. TGF-β can promote myofibroblasts to produce ECM proteins and collagen (Leask and Abraham, 2004; Vivar et al., 2013), especially in the process of pathological fibrosis after myocardial injury, which increase the stiffness of damaged myocardium.
Moreover, transient receptor potential (TRP) channels enable cells to convert mechanical signals into chemical signals to accommodate the microarchitecture of the fibrous collagen matrix through myosin contractility during myocardial remodeling (Ji and McCulloch, 2021; Jia et al., 2021). Components of the cardiac ECM can actively communicate with cells as well as the nucleus by binding to cell surface receptors (Kalukula et al., 2022; Miroshnikova and Wickström, 2022). For instance, when ECM is stiffened, active TRPV4 will promote the accumulation of Ca2+ in cardiac cells (Van den Bergh et al., 2019). The accumulation of Ca2+ can further affect Hippo-YAP signaling to promote cardiac fibrosis (Fukui et al., 2021), for example, promoting cytoskeletal tension and nuclear translocation of Yes-related proteins (YAP) in fibroblast cytoplasm exacerbates adverse cardiac remodeling and impairs cardiac function (Alsamman et al., 2020; Mia et al., 2021). Another factor involved in microarchitectural signal transduction is the myocardia related transcription factor, which relates mechanical stress to the transcription activity of α-SMA genes in various myofibroblast progenitor cells through the polymerization state of actin. Myocardia related transcription factor translocases to the nucleus in a RhoA/ROCK-dependent manner on the rigid substrate, accelerating the fibrosis process (Johnson et al., 2014). Integrin and mature focal adhesions are considered as the main molecular bonds between cells and the ECM microarchitecture, which transmit stiffness and para-tensile signals between cells and their microenvironment (Kechagia et al., 2019).
Huang et al. have found that matrix stiffness-induced cardiac myofibroblast differentiation can be mediated by angiotensin II type 1 receptor (AT1R) and Smad7 (Yong et al., 2016). Niu et al. (2020) have revealed that the YAP pathway is a vital signaling branch downstream of AT1R receptor in the mechanotransduction of cardiac fibroblast, which may benefit for the development of new treatment of fibrotic diseases. Moreover, Niu et al. (2022) have also discovered a mechanical positive feedback loop between integrin β1 and Piezo1 activation which is initiated by perturbations in matrix stiffness, finally caused the further stiffened environment by fibroblasts. A downstream mediator of mineralocorticoid receptors and insulin receptor activation, the endothelial cell Na+ channel (EnNaC), has recently been identified as a key molecular during cardiovascular fibrosis and tissue stiffening (Kleyman et al., 2018). Increased activity of EnNaC results in a number of negative consequences, including stiffening of the cortical actin cytoskeleton in endothelial cells, impaired endothelial NO release, increased oxidative stress-meditated NO destruction, increased vascular permeability, and stimulation of the inflammatory environment (Hill et al., 2022). Furthermore, Liu et al. (2017) have revealed that NIP3-like protein X (BNIP3L) is a novel mediator of ECM structure pressure through the [Ca2+]i-TGF-β-Smad2/3 pathway in cardiac fibroblasts.
2.3 In vitro engineering models to simulate static biomechanical traits
Matrix stiffness is considered to be a key static trait that affects not only the physiological development of the heart, but also the pathological state of cardiac fibrosis. Microarchitecture cue is a vital static trait in cardiac fibrosis as well. At present, many researchers have rebuilt various models mimicking those static traits like stiffness or microarchitecture in two-dimension (2D) or three-dimension (3D) to study the specific mechanism during the progression of cardiac fibrosis. These models can provide strong support for the studies of prevention and treatment of cardiac fibrosis (Kong et al., 2019; Jia et al., 2021).
2.3.1 2D models
The 2D cardiac fibrosis in vitro models are widely used to study the mechanism of cardiac fibrosis, as well as drug screening. Recently, the role of matrix stiffness in inducing myofibroblast activation can be studied by culturing cardiac fibroblasts with mechanically adjustable gelatin hydrogels (Zhou et al., 2019). For example, Lang et al. (2021) have constructed an in vitro cardiac fibrosis model by culturing cardiac fibroblasts on polyacrylamide gels with tunable stiffness to investigate the effect of substrate stiffness on the redox state of cardiac fibroblasts. To determine whether YAP is a modulator of perceived microenvironmental stiffness, Niu et al. (2020) made gelatin hydrogels with different stiffnesses (4–41 kPa) to mimic the stiffness of normal and infarcted cardiac tissue. Under the stimulation of different matrix stiffness, they characterized the ratio of nuclear YAP to cytoplasmic YAP and the expression of total YAP in cardiac fibroblasts (Niu et al., 2020).
Compared to in vivo kPa level, the stiffer GPa planar culture dish could not replicate the cardiac tissue stiffness well. The modified planar patterning and modifications create a 2D planar culture environment within controllable, single or multiple factors, morphology, and biomechanical stimulation for cell (Duval et al., 2017; Yang et al., 2021a). To make cell shape controllable and sense static microarchitecture, researchers have created micropatterned matrices in 2D planes to alter the shape of cells (Ma et al., 2017). For example, Yeh et al. (2021) have used decellularized ECM to mimic the native microenvironment and obtained more reliable results that better recapitulate in vivo fibrosis. With these models, researchers can focus on the effects of microarchitecture and stiffness perceived by cardiac cells on cardiac fibrosis.
2.3.2 3D models
3D microfluidic technologies have been widely used in all walks of life science, which can provide some new methods to simulate static characteristics of cardiac fibrosis in vitro (Marsano et al., 2016; Portillo-Lara et al., 2019). Through precisely positioning biomaterials and living cells in 3D biomimetic models, cardiac fibrosis processes can be simulated using tunable biomechanical models to mimic the diversification of stiffness and structures in cardiac fibrosis. In the 3D scale, researchers developed gels with adjustable stiffness to study the significance of stiffness change in fibrosis. For instance, researchers used tunable and biodegradable hydrogels with different concentrations of the modified HA and methacrylated gelatin to control mechanical stiffness to provide fibroblasts with gradient stiffness stimulations, mimicking the state of cardiac fibrosis in vitro (Duan et al., 2013). Mooney et al. have developed a modulated nanoscale architecture to tune the rate of stress relaxation of hydrogels for 3D cell culture to study how the architecture of hydrogels regulates stem cell fate and activity (Chaudhuri et al., 2016). Bhattacharjee and Datta (2019) have prepared a 3D porous architecture media and found that individual cells are intermittently and transiently trapped as they move through the pore spaces. This porous architecture media can provide the picture of bacterial motility in complex media, which can be used to predict cell migration. Bian et al. have reported a supramolecular hydrogel that can provide a controlled platform for investigations on cellular responses to dynamic biophysical cues in 3D environment, and they also found that such hydrogel network has impact on cell behaviors including mechanosensing and differentiation in 3D matrix (Yang et al., 2021b). Sadeghi et al. (2017) developed 3D co-culture in vitro model with mixed cardiac fibroblasts and cardiomyocytes in gelatin methacryloyl hydrogel. They proved that the fibroblasts can be kept at rest by imitating the physiology stiffness and cell-cell of natural cardiac tissue. And they have validated the practicability of this model by adding TGF-β1 to activate static cardiac fibroblasts in the model and by analyzing the expression of collagen markers.
Researchers have developed numerous decellularized ECM-based bioinks to construct biomimetic tissue microarchitecture, which provides optimal cell adhesion (Schwan et al., 2016; Jang et al., 2017; Yeh et al., 2021). Wang et al. (2018) developed a functional heart tissue that mimics the microarchitecture, physiological, and functional characteristics of natural heart muscle. This model can be used to regulate the phenotypic transformation of fibroblasts and to study fibrosis structure remodeling. Worke et al. have developed an in vitro bionic 3D platform to study cell-ECM interaction, which can help us to understand better how microarchitecture affects chemical signals thus affecting the development and deterioration of cardiac fibrosis (Maji and Lee, 2022). Liu et al. (2020) have studied the shape of fibroblasts by controlling the microarchitecture formed by the 3D hybrid hydrogels. This work showed how cell shape affects the cellular response to 3D mechanical and biochemical cues, and has implications for the development of cell shape modulation-specific approaches to treat fibrosis. Worke et al. (2017) have also explored the potential of compressed collagen matrix as a structure mechano-chemical and physiochemical related cardiac fibrosis model system by combining collagen with embryonic cardiomyocytes. In brief, these models provide us with strong support to study static biomechanics of cardiac fibrosis in vitro and test anti-fibrotic drugs in promoting real-time assessment of cardiomyocyte function.
3 DYNAMIC BIOMECHANICAL TRAITS
3.1 Common dynamic biomechanical traits during cardiac fibrosis
3.1.1 Stretch
The heart is a dynamic organ with the ability to contract and relax in a coordinated manner in space and time. On the organ scale, the dynamic stretch caused by the heartbeat is the predominant biomechanical feature of the myocardium. The progression from injury to fibrosis is a rigid process filled with aggressive immune cells and reconstructed sites, and delayed onset of ventricular stretch can be expected. On the cellular scale, the dynamic stretch originates from the beating of cardiomyocytes and partly from the contraction of myofibroblasts. Recent studies have shown that excessive dynamic stretch may be a powerful stimulator for continuous activation of myofibroblasts and remodeling of cardiac ECM, enabling fibrosis to progress (Kong et al., 2019; Walker et al., 2020). The loss of functional tissue and the reduction of myocardial elasticity and contractility lead to a vicious circle of low mechanical efficiency, which finally causes negative fibrotic remodeling, impaired stretch, and ultimately heart failure (Richardson et al., 2015; Long et al., 2022).
The dynamic contraction properties of cardiac tissue have a vitally biomechanical effect on cardiac fibrosis. Perception of external abnormal stretch signals by cardiac cells and the subsequent biomechanics of cell-ECM interactions can regulate downstream mechanotransduction events (Maurer and Lammerding, 2019), e.g., the differentiation of fibroblasts in healthy myocardium into pathological myofibroblasts in response to mechanical stretch overload of cardiomyocytes. Myofibroblasts are distinctive with the presence of a large number of contractile apparatuses containing actin filaments and related proteins (Mia et al., 2021). These contraction devices have a mechanical conversion function which allows myofibroblasts to convert the excessive stretch they perceived into chemical signals. In addition, actin filaments in myofibroblasts can alter cell shape, promote cell movement and transmit forces to the surrounding matrix environment resulting in ECM reorganization and contraction (Sandbo et al., 2016). Specifically, at the development of fibrosis, fibroblasts undergo phenotypic conversion into myofibroblasts by developing muscle-like features, including formation of contractile actin-myosin bundles (Hinz et al., 2019). Actin and myosin filaments work together to generate force to alter cell shape. It has been reported that the actin filaments may make cell shape more polarized. Due to the fibroblasts had long protrusions, the cells in 3D were stellate in shape, with numerous projections, and thus similar in shape to fibroblasts on 2D tissue culture plastic (Kalson et al., 2015; Yeung et al., 2015). Caused by the abnormal stretch, abnormal constriction of cardiac blood vessels increases and accelerates the progression of heart failure during cardiac fibrosis (Wu et al., 2021).
3.1.2 Fluid shear stress
The human cardiac is a marvelous fluidic system, which is very sensitive to biomechanical and biochemical. As a dynamic biomechanical trait, fluid shear stress is mainly derived from blood flow in the heart (Wang et al., 2022). Multiphasic fluid is contained about many parts. Such as, intracellular stress fibers filled with intracellular fluid at the molecule level, a fibrous network filled with tissue gel in the extracellular matrix at the cellular level, blood flow in capillaries at the tissue level (Feng et al., 2014). Among these types of matter, multiphasic fluids in cardiac show an orderly multiscale spatial flow that determines biological activities (Liu et al., 2022; Stine, 2022). Mechanical shear from blood flow has a major impact on endothelial cell physiology and a key role in initiating vascular regulatory signaling. Appropriate shear stress maintains endothelium homeostasis, while abnormal shear stress in the fibrotic microvascular system may elicit endothelial dysfunction. Endothelial cells do not normally experience the fluid shear of blood flow, but are activated by cytokines at sites of the fibrosis (Kreuger and Phillipson, 2016). In addition, shear stress can modulate the mechanical sensitivity of human blood mononuclear cells (Baratchi et al., 2020). Fluid shear changes at abnormal sites during cardiac fibrosis often cause a range of changes, such as affecting cardiac tissue and cellular morphology.
Caused by the abnormal contraction of the myocardium, the abnormal contraction of blood vessels can lead to higher fluid pressure, and causes abnormal fluid shear stress in the vascular endothelium. The shear stress on endothelial cells can be transmitted to other cells via cell-cell and cell-ECM interaction. Continuous blood flow shear loading is also thought to contribute to fibroblast proliferation, migration and differentiation. This process leads to fibrosis, which promotes the progression of many cardiac diseases by blocking myocardial excitation-contraction coupling and interfering with pulse propagation and ECM-dependent signaling pathways. Therefore, over-stretch and fluid shear loads regulate the function of many mechanosensitive ion channels and transmembrane proteins, which interact closely with the ECM to activate a range of signaling pathways to alter cellular function to affect the progression of cardiac fibrosis (Priya et al., 2020).
3.2 Transduction mechanism of dynamic biomechanical traits
From the biomechanical point of view, myocardial tissue can be regarded as an elastic material. Thus, we can explore the specific biomechanical transduction mechanisms caused by abnormal heart contraction in the process of fibrosis from the aspects of dynamic tension and fluid shear stress (Figure 2) (Dooling et al., 2022b; Villalobos Lizardi et al., 2022). Interestingly, the behavior of cells subjected to over-cyclic stretch on flexible substrate is similar to that on a rigid substrate, which indicates that over-cyclic stretch can replace rigid substrate in stimulating fibroblasts spreading, stress fiber formation and growth (Qian et al., 2013; Cui et al., 2015). The expression of α-SMA can make cells produce mechanical stress, which not only plays an important role in tissue reconstruction and contraction, but also can be used as a mechanical transducer to connect mechanical sensing factors and increase their expression in stretch induction (Balachandran et al., 2011; Zhao et al., 2022b). Myofibroblast contraction activates latent TGF-β from the ECM, which can promote fibroblasts to differentiate into myofibroblasts through inducing smooth muscle myosin and α-SMA expression (Walker et al., 2020). The dynamic contraction of matrix architecture can promote the activation of TGF-β as well, which adds new content to the complex “indirect mechanical induction” mechanism (Hanna et al., 2021). For example, besides promoting cell attachment to microstructure through adhesive spots, TGF-β can also facilitate the specific binding of integrin to the hidden domain (exposed under cyclic stretching) of fibronectin ligands (Zarubova et al., 2022).
Moreover, mechanical sensitive channels on the cell membrane also play an important role during cardiac fibrosis (Saucerman et al., 2019; Stewart and Turner, 2021a). Stretch-activated channels are non-selective cation channels that increase in activity in response to mechanical stress (Lorin et al., 2015). Some stretch-activated channels are thought to contain ion channel proteins from a large family of TRP channels, such as TRPV2 or TRPV4. In the vascular endothelium, local Ca2+ influx through TRPV4 plays a vital role in endothelial cell adaptation to hemodynamics (Baratchi et al., 2017). Mechanosensitive Ca2+ permeable ion channels are an important class of proteins expressed on circulatory blood cells, responding to mechanical stimuli and participating in the sensing of shear stress (Baratchi et al., 2020). The increase in stretch and fluid shear force caused by cyclic strain can promote the deformation of piezo-type mechanosensitive ion channel component 1 (Piezo1), which in turn promotes cytoskeletal remodeling (Chowdhury et al., 2021; Lai et al., 2021; Liao et al., 2021). In addition, fluid shear stress can also induce TGF-β and angiotensin Ⅱ type 1 receptor (AT1R) signals, thus promoting cardiac fibrosis (Stewart and Turner, 2021b; Yang et al., 2021c).
Calcium signaling is also fundamental to cardiac ECM microarchitectural contractility (Terrar, 2020). Due to the regular contraction and relaxation of the myocardium, both fibroblasts and myofibroblasts are affected by cyclic strain in both flexible and rigid microarchitecture. Researchers have found that RhoA is involved in regulating calcium release in response to cardiac stress (Lauriol et al., 2014; Mathiyalagan et al., 2019; Dridi et al., 2020). Studies have shown that dynamic mechanical stimulation can facilitate the release of the PDGF and Angiotensin II (Ang II) (Lisy et al., 2000; Lopez-Bellido et al., 2019). Over expression of PDGF and its receptors, including PDGFR-α and PDGFR-β, can lead to cardiac fibrosis and cardiac ECM protein deposition (Kong et al., 2014). Ang II, a key mediator of the renin-angiotensin-aldosterone system involved in cardiac remodeling (Schorb et al., 1993; Jong et al., 2016), is usually elevated after myocardial injury and causes cardiac fibroblast proliferation and collagen overexpression (Cai et al., 2019; Jana et al., 2021). However, the effect of cardiac ECM microarchitecture on Ang II-induced cardiac remodeling and heart failure remains unknown (Chen et al., 2021). Developing the methods of dynamic biomechanical traits and cardiac cells may find a new therapeutic target for fibrotic diseases.
Cadherin-11 has been described as a senescence-responsive molecular, its expression is suppressed in senescent endothelial cells and such suppression is greater when senescent cells are under shear stress (Mun and Boo, 2010). In addition, cilium of endothelial cells is abundant in regions subjected to low shear stress or disturbed blood flow, while absent in regions with high shear stress (Garoffolo and Pesce, 2019). Furthermore, mechanical deformation of focal adhesion proteins would elicit the activation of stretch-dependent signaling pathways (Riley and Merryman, 2021). For example, focal adhesion kinase is activated by cyclic stretch, which then activates the protein kinase B (AKT) and mitogen-activated protein kinases (MAPK) pathways to promote myofibroblast differentiation (Zebda et al., 2012).
3.3 In vitro engineering models to simulate dynamic biomechanical traits
Establishment of in vitro models in 2D or 3D allows for the integration of other relevant biomechanical stimuli important to the human myocardium, such as cyclic stretch and ECM structures (Rogers et al., 2019; Veldhuizen et al., 2020). Cardiac fibrosis biomechanical models have attracted extensive attention due to their inclusion of vital dynamic traits. By simulating dynamic stimulus on classic 2D models or stereoscopic 3D models (Bein et al., 2018; Yu and Choudhury, 2019; Vivas et al., 2022), we can mimic dynamic biomechanical traits of cardiac fibrosis in vitro well at the multiscale (Table 1).
TABLE 1 | Examples of modeling biomechanical traits in 2D or 3D cell culture.
[image: Table 1]3.3.1 2D models
Researchers have performed cell culture experiments on various stretchable 2D planes to simulate abnormal stretching that appears in cardiac fibrosis. For example, stretching the cellular structure can recapitulate part of the complex mechanical environment that cardiovascular cells experience in vivo (Figure 3A) (Cirka et al., 2016). Studies in which dynamic mechanical stress was applied to cardiac fibroblasts by stretching silicon films revealed a significant increase in fibrotic responses, including cardiac fibrosis, fibroblast proliferation, collagen expression and matrix metalloproteinase in vitro (Yuan et al., 2018). Grosberg et al. (2011) implanted cardiomyocytes on the surface of elastic films to form a layer of cell sheet, such films would deform regularly with the beating of cardiomyocytes. The chip can not only monitor the contractility and electrophysiological properties of cardiomyocytes in real time, but also can be used in pharmacological studies.
[image: Figure 3]FIGURE 3 | Schematic of several in vitro models simulating the change of biomechanical traits. Schematic diagrams were drew online using Figdraw. (A) A schematic diagram of a stretch system to apply long-term cyclic stretch to cells. (B) A schematic diagram of the equipment, which can generate shear force and rotational shear force respectively to simulate the fluid shear stress in vitro. (C) A scalable microarchitecture-cultivation platform for engineering cardiac tissues. (D) A schematic diagram of cells cultured in different matrix stiffness in 2D and 3D.
Microfabrication can generate shear and rotational shear forces to simulate fluid shear forces (Figure 3B) (Kouzbari et al., 2019). Such technology can provide us with a method to simulate the abnormal fluid shear forces generated in cardiac fibrosis. Chester et al. (2018) used microgel films with viscoelastic properties to explore the significant effect of material stretch on cell adhesion, migration, or myofibroblast differentiation. They found that stretch stimulation had a facilitative effect on early fibrotic response.
3.3.2 3D models
The construction of the 3D cardiac fibrosis pathological model in vitro is of great significance for the study of dynamic traits in cardiac fibrosis. For instance, through controlling the concentration of collagen quantitatively and the density of fibroblasts in the cardiac tissue models, van Spreeuwel et al. (2017) found that the increase in the number of fibroblasts significantly reduced myocardial contractility and altered the heart rate. Kong et al. (2019) studied the relationship between mechanical movement and cardiac fibroblast proliferation by applying cyclic compression of gradient amplitude and adjustable frequency on GelMA hydrogel containing cardiac fibroblast. They found an important correlation between stretch stimulation and phenotypic transformation of cardiac fibroblast, which provides new ideas for the prevention and treatment of cardiac fibrosis in the future.
At present, a variety of “cardiac tissue chips” have been developed to simulate and manipulate dynamic mechanical microenvironment of cardiac tissue at the micro-scale by combining with microfabrication or microfluidic technology, providing real-time insights into fibrosis events. Moreover, cardiac tissue chips can offer an extraordinary way to precisely manage different microenvironment signals (e.g., abnormal stretch or fluid shear stress) to construct biomimetic 3D in vitro cardiac fibrosis models (Duval et al., 2017; Soon et al., 2021). For example, Zhao et al. (2019) described a scalable tissue-cultivation platform that is cell source agnostic and enables drug testing under electrical pacing (Figure 3C). This controlled 3D platform with multiple cells enabled real-time recordings of cardiomyocytes’ active tension, passive shear force and dynamic stretch. Mainardi et al. (2021) developed an in vitro fibrosis model which could help to uncover new pathological aspects and to study the crosstalk between cyclic stretch and the most abundant cell types involved in fibrosis.
Additionally, 3D in vitro cardiac fibrosis models can better simulate natural myocardial tissue in vivo, and also can better mimic complex interactions of cell-cell and cell-ECM, complex mechanical traits and chemical signals (Figure 3D) (Marsano et al., 2016). Occhetta et al. (2018) constructed a 3D in vitro cardiac fibrosis model by cyclically stretching cardiac fibroblasts embedded in a 3D hydrogel to simulate an in vitro fibrosis-like microenvironment. They have reproduced some of the major fibrosis features within 7 days, and cyclic strain did increase fibroblast proliferation and ECM deposition, resulting in a higher quality scar-like tissue. 3D dynamic devices in vitro have provided futuristic platforms for elucidating cardiac ECM remodeling, fibrosis pathophysiology and dynamic contractile function (Savoji et al., 2019), which may provide direction for exploring the therapeutic targets for cardiac fibrosis.
4 CONCLUSION AND OUTLOOK
Besides those talked about above, other biomechanical properties in cardiac fibrosis also deserve our attention, like the viscoelastic and anisotropic of the cardiac tissues. Here we have only focused on the elastic enhancement of cardiac fibrosis (increased stiffness) and ignored the changes in viscosity, which adversely affect the understanding of the mechanism of cardiac fibrosis. Noteworthy, for the whole heart, the myocardial tissue is arranged in a spiral shape relative to the ventricular axis, and the forces on cells in different parts of the ventricular wall are anisotropic. The biomechanical behaviors of cardiac tissues at the macroscale are tightly coupled with cellular activities at the microscale, such as cardiac cell perception of external physical signals and subsequent dynamic regulation of cell-ECM interactions downstream of mechanotransduction events (Guo et al., 2022; Zuela-Sopilniak and Lammerding, 2022). Moreover, the connection between the whole cardiac mechanics and the mechanical traits of the fibrotic sites was not mentioned. A comprehensive understanding of the biomechanical features of cardiac fibrosis requires a rigorous and broad perspective on biomechanics and fibrosis. Future research should detail the biomechanical traits of cardiac fibrosis (Park et al., 2022), and more in-depth studies and explorations are needed.
Despite the remarkable progress so far, the comprehensive mechano-regulatory mechanisms of cardiac fibrosis remain elusive, which creates a great need to study cardiac fibrosis further. And finding effective anti-fibrosis therapy will make a significant contribution to the treatment of cardiac fibrosis as well as countless other fibrotic diseases. Because the cardiovascular system is constantly subjected to mechanical forces, increasing researchers have been taking the impact of changes in cardiac biomechanics on cardiac fibrosis seriously (Lyon et al., 2015). Cardiac fibrosis models in vitro simulating the process of fibrosis have been a crucial support for the study of effective anti-fibrosis therapy (Deddens et al., 2017), simulating these biomechanical traits in vitro may help to explore specific drugs for treating fibrosis. For example, Zhao et al. (2014) fabricated patterned hydrogels using photolithography to simulate the different stiffness of the ECM and the characteristics of matrix architecture, which can be used to test the anti-fibrotic efficacy of candidate drugs and has potential in the study of fibrosis pathology. Rogers et al. (2019) incorporated cardiomyocytes and fibroblasts into a fibrin gel to construct a 3D tissue in a cardiac tissue chip (which undergoes cycles of stretch, pressure, ejection, and relaxation similar to those observed during the cardiac cycle), to explore new drugs to treat cardiac fibrosis. Some investigators simultaneously controlled a variety of complex factors such as chemical cues, mechanical force stimulation, and biological fluids, thereby simulating the structure and functional characteristics of cardiac tissues. Many current models have been able to revolutionize biomedical applications by better mimicking natural tissues (Duval et al., 2017; Rodríguez‐Cabello et al., 2022). With these efficient and simulated biomechanical models, these in vitro models have broad prospects in studying the physiological and pathological mechanisms of cardiac fibrosis, as well as screening pro-fibrotic and anti-fibrotic drugs. Maybe we can have deeper research on the physiology and pathology of cardiac fibrosis and other diseases in the human body in the future.
Understanding the origin and consequences of the biomechanical characteristics of cardiac fibrosis is a key principle that is critical to improving treatment. Many of the concepts involved are non-intuitive and require a deep and broad understanding of the characteristics and biomechanics of fibrosis. In conclusion, the complexity of biomechanics in the cardiac fibrosis microenvironments requires further exploration using groundbreaking technologies for the exquisite recapitulation of mechanical crosstalk during fibrosis progression and prediction. We believe understanding these dynamic and static biomechanical traits should pave the way for effective anti-fibrosis strategies for clinical therapy.
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Percutaneous coronary intervention with stent implantation is one of the most commonly used approaches to treat coronary artery stenosis. Stent malapposition (SM) can increase the incidence of stent thrombosis, but the quantitative association between SM distance and stent thrombosis is poorly clarified. The objective of this study is to determine the biomechanical reaction mechanisms underlying stent thrombosis induced by SM and to quantify the effect of different SM severity grades on thrombosis. The thrombus simulation was performed in a continuous model based on the diffusion-convection response of blood substance transport. Simulated models included well-apposed stents and malapposed stents with various severities where the detachment distances ranged from 0 to 400 μm. The abnormal shear stress induced by SM was considered a critical contributor affecting stent thrombosis, which was dependent on changing SM distances in the simulation. The results illustrate that the proportion of thrombus volume was 1.88% at a SM distance of 75 μm (mild), 3.46% at 150 μm, and 3.93% at 400 μm (severe), but that a slight drop (3.18%) appeared at the detachment distance of 225 μm (intermediate). The results indicate that when the SM distance was less than 150 μm, the thrombus rose notably as the gap distance increased, whereas the progression of thrombogenicity weakened when it exceeded 150 μm. Therefore, more attention should be paid when SM is present at a gap distance of 150 μm. Moreover, when the SM length of stents are the same, thrombus tends to accumulate downstream towards the distal end of the stent as the SM distance increases.
Keywords: stent thrombosis, stent malapposition, dynamic thrombus formation, shear-induced thrombus aggregation, computational fluid dynamics, 3D continuum model
1 INTRODUCTION
Every year, approximately 5 million percutaneous coronary interventions (PCIs) with stent implantation are performed worldwide to treat coronary artery disease (Torrado et al., 2018; Gori et al., 2019). The complications that arise from PCI are a major concern for a small but significant number of patients even if the complications occur at a relatively low incidence. Among the complications, the greatest concern is stent thrombosis (ST), which has a 5–45% mortality rate and a 15–20% recurrence rate at 5 years post-intervention. Stent malapposition (SM) has been most frequently found both in early and late ST cases (Koskinas et al., 2012; Mori et al., 2016; Adriaenssens et al., 2017; Im et al., 2019).
SM is one of the inadequate stent deployments and is defined as at least one stent strut being detached from the innermost layer of the vessel wall (Souteyrand et al., 2016; Hudrea et al., 2018). The detachment distance is calculated as the distance between the abluminal face of the strut and the vessel wall and usually ranges from 100 to 500 μm (Foin et al., 2014). Many factors contribute to SM, encompassing procedure-related factors (stent under-expansion, undersizing), plaque-related factors (thrombus dissolution, positive vessel remodeling), and stent-related factors (delayed endothelization, chronic stent recoil) (Taniwaki et al., 2016; Wei et al., 2021). Well-apposed struts can be classified as embedded struts or protruding struts (Giglioli et al., 2020). Embedded struts are buried into the vessel wall and are regarded as “stable.” Although protruding struts are covered by neointima, they represent a foreign body interrupting blood flow near the vessel wall. Therefore, protruding struts and malapposed struts are both considered “vulnerable.”
To investigate the effect of protruding stents on thrombus formation, an in vitro experiment using a step model found that thrombus deposit increased when the protruding part of the struts became larger (Corbett et al., 2010). In other in vitro experiments with stents employments, the protruding strut produced less thrombus than in a malapposed situation (Ng et al., 2022) and for the malapposed stents thrombogenicity of the stent rose in tandem with larger SM distances (Foin et al., 2017; Perry-Nguyen et al., 2020).
The hemodynamic mechanism underlying this phenomenon has been studied using computational fluid dynamics (CFD). Some 2D and 3D CFD models have been used to understand how SM distance affects blood flow and thrombogenicity. The protruding and malapposed stent struts disturbed the blood flow and created micro-recirculation, which reduced the flow rate and shear stress, leading to higher blood viscosity and promoting the stagnation of platelets and coagulation factors (Poon et al., 2018). This led to the assumption that SM might be a trigger for the thromboembolic events (De Santis et al., 2013; Rikhtegar et al., 2013). In addition, it has been found that the size and position of the micro-recirculation are related to the SM distance (Chen et al., 2017) and that disturbances in the flow tend to worsen with increasing detachment distance, resulting in enhanced thrombogenicity (Foin et al., 2014; Hudrea et al., 2018). Interestingly, some studies have argued that SM distances might not necessarily produce a greater hemodynamic disturbance when compared to smaller SM distances (Chesnutt and Han, 2016; Gori et al., 2019). According to a patient-specific coronary artery model, the area of adverse wall shear stress in cases of SM is smaller than well-apposed cases (Wei et al., 2021). Other researchers have utilized SM models with different detachment distances to simulate the aggregation of platelets and found that the relationship between detachment distances and thrombogenicity is not always positively correlated (Chesnutt and Han, 2016).
In the aforementioned studies, the correlation between SM distance and ST was generally inferred by comparing the results of CFD simulations and clinical observations or in vitro experiments. Most studies were based on qualitative analysis without the process of thrombus formation, which makes it difficult to investigate differences in the severity of thrombus induced by various degrees of SM. Most studies have focused on the effect of SM on flow stagnation as opposed to the biomechanical association between blood flow and thrombus growth. As ST is correlated with platelet activation and coagulation, it is necessary to include blood substances in fluid simulations (Zhang et al., 2022).
Therefore, it is necessary to simulate the dynamic thrombus formation in a SM model in order to precisely clarify variations in ST attributed to different SM distances. The objective of this study is to delineate the biomechanical reaction mechanisms underlying ST induced by malapposition and to quantify the effect of various malapposition severities on thrombosis. We simulated deposition of thrombus in 3D stent-vessel models with different levels of SM and compared the data with previous in vitro experiments on ST to validate our simulation results.
2 METHODOLOGY
Idealized well-opposed and malapposed models were developed. Blood flow was simulated using CFD and was integrated with the continuous thrombus calculation model. Regions with high probability of thrombus formation were determined by calculating local wall shear stress, residence time, and shear rate. In this section, the details of the thrombus model and the dynamic calculation procedures are described.
2.1 3D SM models
According to the European Association of Percutaneous Cardiovascular Interventions (EAPCI), when more than half of the stent strut thickness is buried into the vessel wall, this is defined as an embedded strut, while a protruding strut refers to a strut where less than 50% of the strut thickness is buried into the vessel wall. A stent with a SM distance of more than 400 μm is considered a severe SM (Foin et al., 2014; Naganuma, 2020). Based on the struts scenarios of several types of stents, vessels in this study were assumed as a rigid circular pipe with a diameter of 3.5 mm. The stent model employed was generated as a circular equal-diameter stent with a strut thickness of 0.15 mm. Cases 1 and 2 were modeled as embedded struts and protruding struts, respectively, under the well-apposed category, as shown in Figure 1F. The detachment distances in malapposed models, ranging from 75 μm (Case 3) and 225 μm (Case 5) to 400 μm (Case 7), were classified as mild, intermediate, and severe SM, respectively. Figures 1D,E illustrated the stent-vessel model of case 2 and case 5, respectively. Some researchers have simplified the stent into circular rings to mimic SM (Poon et al., 2018) and only investigated blood flow patterns located in a single strut. The length of the stent extended to 8 mm in our models, enabling us to investigate longitudinal hemodynamic changes and thrombus growth. All stent and vessel models were constructed using the 3D computer aided design software SOLIDWORKS 2016.
[image: Figure 1]FIGURE 1 | (A) Pulsatile coronary blood flow is applied at the inlet of the computational domain for CFD analyses and a meshed computational domain inside an idealized straight vessel; (B) tetrahedron elements on the lumen surface; (C) increase in mesh density near the inflation layers; (D) and (E) represent the well-apposed and malapposed idealized stent-vessel model and their cross-sections, respectively; (F) stent struts in seven cases categorized as well-apposed and malapposed, the struts in case 1 are simulated as embedded stents and the detachment distances increase from case 2 to case 7.
2.2 Numerical simulation approaches
2.2.1 Thrombus formation
The thrombus model used in this simulation was developed by Menichini and Xu (2016). Low shear rate tends to induce the deposition of platelets and coagulation factors. Hence, shear rate, relative residence time (RRT), and time-averaged wall shear stress (TAWSS) were adapted as hemodynamic parameters to characterize the distribution of stagnancy and shear rate level in the flow. Thrombus formation was simulated by solving the advection–diffusion equation, which describes the transport process of coagulation (C), resting platelets (RP) and activated platelets (AP), shear rate, and RRT with their switching functions determining accumulation of bound platelets (BP). Thrombus is represented by BP concentration. In the model, C represents a series of coagulation factors that participate in the thrombosis reaction, although its concentration does not directly represent a specific coagulation factor. With this thrombus simulation framework, the formation of C was promoted by low TAWSS (<0.2 Pa) and high RRT (>0.9). In the local hemodynamic environment, AP and high concentration of C promoted thrombus formation, while local high concentrations of BP on the vessel wall depressed the formation of C, as in Figure 2. The governing equations of user-defined scalars were provided in the study of Menichini and Xu (2016). In this study, a number of important changes were made to this thrombus model, which are illustrated in the following paragraphs.
[image: Figure 2]FIGURE 2 | Schematic depiction of the thrombosis model. RP, resting platelets; AP, activated platelets; C, coagulation; BP, bounding platelets; RRT, relative residence time; WSS, wall shear stress.
The present thrombus model only considered low shear stress as a reaction term to control the flux input of coagulation and as a factor to increase stagnancy. It is commonly known that high shear stress induced by malapposed struts can activate platelets, which contributes to thrombus aggregation (Chesnutt and Han, 2016). Hence, the reaction source term Si of AP and RP was altered to a sum of two terms as follows (Eq. 1):
[image: image]
where the first term on the right represents the activation effect of RP by AP, the second term on the right represents the activation by high shear stress, [image: image] is blood viscosity, [image: image] is the time average shear rate, and [image: image] and [image: image] equal 0.5 [image: image].
For the initial CFD simulation, blood was treated as shear-thinning fluid as described by the viscosity model developed by Quemada (Marcinkowska-Gapińska et al., 2007), which was adapted to incorporate the reported hematocrit of 35%. In order to simulate the resistance to blood flow after thrombus development, local elements that corresponded to “thrombus formation” were defined as viscoelastic, which was determined using the viscosity function related to flow shear rate and BP (Eq. 2):
[image: image]
where [image: image] = 3.45cp and [image: image] = 56cp, representing blood viscosity at the infinite shear rate and zero shear rate, respectively, [image: image] = 3.313 s represents the relaxation time, and n = −0.3216 (Qian et al., 2020). [image: image] was set at 20 nmol and the higher the BP concentration, the greater the viscosity of local elements in order to imitate the resistance to blood flow.
2.2.2 Calculation procedures
Numerical simulations of blood flow in the stented vessel were carried out by solving the Naiver–Stokes equations and transport equations using the volume-based algorithm Fluent (v19.0, ANSYS) with user-defined functions (UDF) and user-defined scalar (UDS). Blood was assumed to be an incompressible non-Newtonian fluid with a constant density of 1050 kg/m3. In each simulation, blood flow CFD was first run over three cardiac cycles, with a cardiac cycle of 0.8 s and time-step increment of 0.01 s. The third cycle was used to calculate RRT, TAWSS, and shear rate over one cycle. The thrombus model was subsequently introduced to simulate formation of thrombus for 1 s. The aforementioned calculation procedure was repeated over five rounds in all the models and the thrombus was accumulated for 5 s in total. After each formation of thrombus, the renewed viscosity coefficient was adapted in the next round of simulation to imitate the resistance present during thrombus growth. The higher the concentration of BP in a local area, the greater the obstruction of blood flow.
The fluid domain was discretized into tetrahedral elements, as in Figure 1B. Figure 1C shows the meshes on the cross section where the mesh density increases near the inflation layers. The computational domain had approximately 4,446,653 elements, and the tetrahedral mesh had a maximum face size of 0.08 mm. Finer meshes with 5,462,027 elements were created to assess mesh sensitivity. Differences in TAWSS peak values between meshes were less than 3%, indicating that mesh independence had been achieved.
2.2.3 Boundary conditions
A transient velocity waveform that imitated the coronary blood flow was applied at the model inlet, as shown in Figure 1A, while the outlet pressure was set as constant zero. A rigid wall was imposed on the fluid domain with a no-slip condition. The coagulation factors and platelets boundary conditions used were similar to those previously described by Menichini and Xu (2016).
3 RESULTS
3.1 Blood flow characteristics
Velocity streamlines were assessed in the longitudinal section of cases 1 to 7 at two time points, t1 and t3, representing inlet velocities at nadir diastole and peak systole, respectively (Figures 3A,B). In case 1, streamlines are smooth over the embedded struts at both time points. However, in case 2, disturbed flow was found near protruding struts with the appearance of a small micro-recirculation on the backward step of the struts, as shown in Figure 3A. In case 3, the recirculation region is larger and surrounds the malapposed struts. With an increasing detachment distance, the malapposed struts separate the blood flow but without micro-recirculation, as seen in cases 4 and 6. In case 5, a slight micro-recirculation is present adjacent to the vessel wall rather than the stent struts. In case 7, two recirculation regions located both proximal and distal to the struts joined to form a large region of disturbed flow enveloping the stent. The distribution of flow velocity in mid-stent cross-sections of the stented area at time point t3 is shown in Figure 3C. Figure 1D shows the location of the cross-sections. A low-velocity region is seen around the stent struts in malapposed cases and moves inwards with increasing SM distances, which is the result of the viscous effect of blood between the stent struts and vessel wall. Overall, fluid perturbations in all stents are greater under the minimum velocity compared to the maximum velocity (Figure 3B). The most pronounced disturbances are observed in the maximum detachment distance, as in case 7. Flow field patterns were significantly affected by various malapposition degrees.
[image: Figure 3]FIGURE 3 | Blood flow streamlines at two time points of the cardiac cycle: t1, nadir diastole; t3, peak systole. The flow near the stents was evidently more disturbed at (A) (t1) than (B) (t3). (C) Mid-stent cross-sections of all cases with the regions of low velocity near the struts having migrated from the vessel wall to the interior.
3.2 Wall flux properties and RRT distributions
The histogram in Figure 4 presents the areas of low and high TAWSS on the vessel wall for all cases, which are arranged in order of increasing SM distance. In the thrombosis model, coagulation factors were produced within the area of low TAWSS (≤0.2 Pa) and platelets were activated upon high shear stress (≥6 Pa). In TAWSS contours (Figure 4), regions subjected to low and high TAWSS were isolated and colored blue and red, respectively, and the full range of contour colors is displayed on the stent surfaces. For apposed stents, in case 1 and case 2, low TAWSS surrounded the stent struts and the area within a protruding stent was twice that of an embedded stent. For cases 3 and 4, low TAWSS was localized downstream of the stent connectors. As the detachment distances increased, low TAWSS was gradually concentrated at the distal ends of the vessel wall. The area of low TAWSS exhibited continuous reduction from cases 2 to 7, while high TAWSS emerged at the proximal region in case 4 and increased with the enhancing severity of malapposition. The area of high TAWSS is about nine times larger than that of low TAWSS in severe SM, as reflected in case 7. In this study, low TAWSS tended to occur in the well-apposed and intermediate SM cases where the detachment distance is relatively small; the values of TAWSS on the entire stent surface increased from case 1 to case 7.
[image: Figure 4]FIGURE 4 | Right panel illustrates the complete TAWSS contours on the stent surface and the region of low TAWSS (≤0.2 Pa) and high TAWSS (≥6 Pa) on the vessel wall are colored blue and red, respectively. The histogram shows the area of adverse TAWSS from case 1 to case 7 with the increasing SM distance. The areas correspond to the highlighted region of TAWSS on the vessel wall. TAWSS, time-averaged wall shear stress.
The distribution of RRT in longitudinal sections, stent surfaces, and mid-stent cross-sections is shown in Figure 5. In Figure 5A, regions with high RRT gradually moved downstream along the boundaries with the increasing SM distances and a similar pattern was observed in the movement of low TAWSS on the vessel wall. Figure 5B shows the stent struts at the middle position of the stent segment. The smallest SM distance of case 3 in malapposed cases had the highest RRT on stent surfaces, with the RRT on the stent surfaces gradually decreasing from case 3 to case 7. High RRT implies an increase in concentration of coagulation factors that is linked to thrombus formation. For the cross-sections in Figure 5C, the region with high RRT was consistent with the region of low flow velocity for case 1 to case 4 and was mainly distributed around the stent struts and vessel wall. For cases 5 to 7, regions with high RRT moved from stent struts to the vessel wall and were eventually distributed between the adjacent struts, while low RRT was distributed around the struts. The combination of high RRT and low TAWSS might increase the likelihood of platelet deposition surrounding the malapposed struts.
[image: Figure 5]FIGURE 5 | Distribution of RRT over the local area in the longitudinal sections (A), stent surface (B), and mid-stent cross-sections (C) (locations are illustrated in Figure 6). RRT, relative residence time.
3.3 Thrombus formation
BP is regarded as a sign of thrombosis and, in this study, the threshold of BP was fixed at 8 nmol/L. Figure 6 shows the distribution of thrombus for all cases as calculated from the hemodynamic data. Thrombus on the stent surface and vessel wall is shown in Figure 6A and thrombus on the longitudinal sections, mid-stent cross-sections, and distal cross-sections are depicted in Figures 6B–D, respectively. For well-apposed cases 1 and 2 in Figure 6A, only a small degree of thrombus was observed around the stent connectors and thrombus covered a small area on the longitudinal sections and cross-sections (Figures 6B,C). In case 3, thrombus was observed on every strut of the stent, and the cross-section showed that the thrombus grew inward and filled the space between the vessel wall and stent struts and a small amount of thrombus shows on the distal end of the stent. With increasing SM distance, thrombus tends to accumulate on the downstream side of stent segment for case 4 to case 7. Decreasing RRT could be responsible for the reduction in thrombus at the middle position of the stents and the pattern of thrombus movement was in agreement with the distribution of low TAWSS (Figure 4). In case 4, thrombus tended to deposit downstream of the stent strut and covered the whole cross-section of the struts. For case 5 in Figure 6A, the region on the vessel wall covered by thrombus is smaller, while the extent of thrombosis as viewed from both longitudinal sections and cross-sections remained mostly unchanged compared to case 4. As in Figure 6D, for cases 6 and 7, thrombus was only generated at the distal half rather than the middle of the stent. SM distances not only affect the thrombus area on cross-sections bus also the location of thrombus in the longitudinal direction.
[image: Figure 6]FIGURE 6 | Distribution of thrombus at the end of simulation: (A) thrombus on the overall perspective; (B) thrombus on the longitudinal sections and locations of two cross-sections; (C) middle location of the stents; (D) distal end of the stents.
Figure 7A shows the area percentage of thrombus on the five cross-sections (a–e) for all cases. For case 1 to case 4, there was little difference in the distribution of thrombus from upstream to downstream of the stent, where the larger the SM distance, the higher the thrombus amount. For cases 5 to 7, a higher amount of thrombus tended to accumulate on the distal end of the stent rather than being uniformly distributed, as can be seen from the slope of the graph (the longer the distance, the more significant the trend). Figure 7B shows the thrombus area proportions in mid-stent cross-section (b) and the thrombus volume proportions with increasing degree of SM. The thrombus volume increased greatly from case 2 to case 4; case 4 had severe thrombosis with the proportion of thrombus volume at 3.46%, which is 35 times that measured for case 2. The proportion of thrombus volume showed a slight downward drop in case 5, with a 3.18% thrombus volume. From case 4 to 7, the severity of the thrombus continued to grow but was less significant; it increased by 14% from case 4 to case 7. The thrombus area proportions in cross-section (b) keep rising from case 1 to case 5, then dropping to zero for cases 6 and 7, most likely because the thrombus deposit moves downstream to the distal end. Overall, there was a rising trend of thrombus presentation in the entire stented segment; in severe malapposed cases, thrombus proportions still increased but were mostly concentrated on a location downstream of the stented segment, which is technically a non-stented area.
[image: Figure 7]FIGURE 7 | Thrombus accumulation amount at the end of simulation: (A) thrombus proportions in five cross-sections (a–e) of all cases; (B) thrombus area proportions in the mid-stent cross-section (b) and thrombus volume proportions in the fluid domain.
3.4 Relationship between viscosity and thrombus
The method for simulating resistance in blood flow of the thrombus has been explained previously. According to Eq. 2, the viscosity of blood flow was associated with shear rate and the concentration of BP, where the local elements presented more viscoelasticity with higher BP values. Figure 8 illustrates the variation in viscosity and growth of thrombus for case 2 and case 4 over the accumulated simulation time. Prior to calculating the time of initial thrombus formation, blood was treated as shear-thinning fluid. As shown in Figure 8A, initially, higher viscosity appeared on the corners of both sides of the protruding struts. Meanwhile, for case 4, lower viscosity was noted at the location around the struts and near the vessel wall and a thin layer of higher viscosity was found closer to the malapposed struts. The viscosity contours at 3 s showed that viscosity increased dramatically with high BP values (Figures 8A,C). In the next simulation, viscosity distribution and hemodynamic characteristics affected thrombus accumulation, as seen in Figures 8B,D, where regions of high viscosity were consistent with the formation of thrombus at 3 s and 5 s. For case 2, thrombus was localized to both sides of the protruding struts. On the other hand, in case 4, thrombus presented on the vessel wall first and then grew inward between the adjacent struts, eventually attaching the malapposed struts.
[image: Figure 8]FIGURE 8 | Viscosity and thrombus distribution on the longitudinal sections of case 2 and case 4 at three time points of simulation. (A) Viscosity distribution of Case 2 after 1 s, 3 s and 5 s of thrombus calculation. (B) Thrombus distribution of Case 2 after 1 s, 3 s and 5 s of thrombus calculation. (C) Viscosity distribution of Case 4 after 1 s, 3 s and 5 s of thrombus calculation. (D) Thrombus distribution of Case 4 after 1 s, 3 s and 5 s of thrombus calculation.
4 DISCUSSION
In this study, we simulated the formation of thrombosis based on the diffusion-convection response of blood substance transport. We investigated variation in the amount of thrombus formed under the different degrees of SM and discussed the association between ST and hemodynamic patterns. The formation of BP is directly influenced by the transport of C and AP, whose values depend on the distribution of shear stress and residence time. Higher residence time and low shear stress both directly contributed to a higher thrombosis value. According to a reported hemodynamic analysis based on patient-specific CT scans, areas with TAWSS less than 0.2 Pa corresponded to the location of thrombosis (Menichini et al., 2016), where coagulator input occurred in our simulation. A lower or higher threshold would cause slower thrombus growth or overestimate the amount of thrombus formed. To a certain extent, high shear stress could indirectly lead to thrombus formation by activating platelets. For example, shear stress of more than 6 Pa has been found to be more likely to induce platelet activation compared to normal shear stress (Chesnutt and Han, 2016). We illustrated the distribution of high and low shear stress in Figure 4 to indicate the potential regions of thrombus formation under different SM distances.
It has been suggested that an increase in local blood viscosity may be a significant contributor to ST near malapposed struts (Poon et al., 2018). Thus, it is necessary to consider blood as a shear-thinning fluid with a dynamic viscosity when performing CFD. According to Anand et al. (2003), clot viscosity is much greater than blood viscosity; therefore, in our study, thrombus was included as one of the factors affecting viscosity. Viscosity acted as a marker of the changing hemodynamic characteristics influenced by growing thrombus. The greater the concentration of BP in a specific position, the greater the obstruction in fluid flow. Together, these parameters enabled the imitation of blood resistance caused by thrombus.
Some studies have proposed that a malapposed stent usually has a smaller area of adverse wall shear stress (WSS) than a well-apposed stent (Wei et al., 2021). Although our study observed that the region with low WSS decreased as the degree of SM increased, the area with high WSS increased with the increasing SM distance, as noted in cases 4 to 7. In the preliminary simulation, when we did not take into account high shear-induced platelet activation, due to the decreasing region of low WSS, we observe that the amount of thrombus continued to decline as the SM distance increased, which is contradictory to most clinical observations and in vitro experimental results. Taking into consideration the shear-induced platelet activation process, some modifications were included when simulating thrombus formation. In our study, low shear stress promotedthe accumulation of platelets and stagnation of blood flow, while high shear stress activated RP in the local area. We found that the area of thrombus generally increased with the increasing degree of SM but the thrombus volume of a protruding stent was not larger than that of an embedded stent and a slight decrease was noted for case 5 (225 μm). The trend in thrombus development was much more remarkable within a gap distance of 150 μm compared to distances that exceeded 150 μm. Thus, more attention should be paid to situations where the SM gap distance is of 150 μm, which is equal to the thickness of the stents in our models.
Previously, it has been shown that strut size could affect the local hemodynamic environment whereby thinner struts tend to cause smaller turbulence to the flow and lead to less thrombus (Beier et al., 2016). Chesnutt and Han (2016) simulated SM with a stent thickness twice as small as ours but the trend in thrombus variation was similar. A drop in the degree of thrombus formed appeared at the intermediate SM distance. The largest detachment distance (200 μm) produced more thrombi than the smallest detachment distance (10 μm) but less thrombus than an intermediate detachment distance (25 μm). This similarity in thrombus was attributed to the range of SM distances and the strut size in their simulation being proportionally smaller. Therefore, we assume that both detachment distance and stent thickness could influence ST. The amount of thrombus decreased at intermediate SM because the platelets did not experience more adverse shear stress (both high and low shear stress) around struts with the intermediate detachment distances (225 μm). This suggests that a large detachment distance does not necessarily reflect enhanced thrombogenicity. Even though larger SM distances may not produce a higher degree of thrombus, intermediate or severe SM should be avoided at the clinical level as it would otherwise induce stenosis and delayed neointimal healing (Wei et al., 2021).
A previous in vitro experiment simulated thrombus deposition using an artificial step model (Corbett et al., 2010). The investigators found that more thrombus was formed in parallel with the higher steps and this aligns with the data for the embedded case and protruding case in our study where thrombus formation within the cross-sections in case 2 was slightly more than case 1 because of the larger recirculation created by larger steps. The in vitro experiment also identified more thrombi on the backward step rather than the forward. In our study, more thrombi were deposited on the downstream side of the stent struts in cases 3 and 4 where the thrombi tended to accumulate downstream to the distal end of the entire stented segment as SM distances increased. Though the steps and malapposed stents are not identical, a foreign stent in the flow creates a larger recirculation vortex on the backward side, thus leading to more flow stagnation. As the detachment distance increases, the region of flow disturbance becomes larger and causes more thrombi deposit downstream. Figure 4 illustrates the same trend for low TAWSS.
Another previous in vitro experiment investigated ST with an incomplete stent apposition (Perry-Nguyen et al., 2020). The thrombus amount was indicated by the stent occlusion of the luminal area and the results of our study and the previous in vitro experiment were compared and are displayed in Figure 9. The experimental results were acquired by optical coherence tomography after 15 min perfusion through stents with varying degrees of malapposition relative to the lumen wall. Thrombus burden increased tremendously from well-apposed (0.00 mm) to malapposed (0.25 mm) from the lumen wall; a similar trend can be found in case 1 to case 5. The largest SM distance in our simulation was 0.4 mm in case 7 with a thrombus volume proportion of 3.93% and deposited on the distal non-stented location. With the in vitro experiment, stent thrombus almost completely occluded the tube at a SM distance of 0.5 mm; thus, a distance of >500 μm was defined as the severest degree of SM (Foin et al., 2014). This may be due to differences between stents of various diameters and straight stents. The stents used in the experiments only had a larger detachment distance at the proximal end, while the stent in our simulation had a longer area with large detachment distances; thus, the struts near the wall did not restrict the downstream blood flow. This indicates that the detachment distance and also the length of malapposed stents together influence the amount of thrombus on a certain cross-section. When the stents feature a similar length of SM segment, the larger the detachment distance, the greater the accumulation of thrombi downstream to the distal end of the stent.
[image: Figure 9]FIGURE 9 | Comparison of thrombus amounts between numerical simulation and previous in vitro experiments. This illustrates the thrombus proportions of the luminal area with the increasing detachment distance. The two sets of results share the same axial coordinate.
Differences in the in vitro environment are partly responsible for the observed error between the simulation results and in vitro results. The perfusion was carried out without the formation of coagulators on the tube and heparin was administered in the device to avoid coagulation; moreover, the running velocity was lower than the average blood velocity in a cardiac cycle. The focus of this study was to investigate the effect of the local hemodynamic environment surrounding malapposed stents on ST. To some extent, the experimental conditions still provide a relatively realistic environment to support our simulation results. Our study provides an idealized model that could eliminate some irrelevant factors such as stenosis vessel or curved stents, which, in addition to SM distances, would influence the blood flow.
The present study has some limitations; for example, we considered the effect both of high shear and low shear on thrombus formation, but the proportion of these two parameters within a clinical environment is unclear. In future work, we will investigate and validate the proportion of the adverse shear impact on thrombus formation to accurately simulate ST. A further limitation is that, based on the idealized model with a single variable, the model does not adequately reflect the realistic and various physiological in vivo environments, while the factors affecting thrombosis include differences in individual blood components and vascular morphology as well as postoperative stent conditions.
5 CONCLUSION
To understand the biomechanical association between SM and the development of thrombus, our study integrated the thrombosis calculation method into SM models. Under the shear-induced thrombus aggregation mechanism, we simulated the transport and activation of blood substances and dynamic thrombus formation through a 3D continuous model with different SM distances to investigate the quantitative association between the severity of SM and the degree of thrombus formation. The framework of thrombus growth took into account the updated fluid domain after thrombus formation and this made it possible to involve not only the effect of disturbed flow on thrombus induced by SM but also their interaction. The results revealed that the thrombogenicity of malapposed stents increased with the growing degree of SM overall but a slight drop in thrombus volume appeared at the intermediate SM (0.225 mm). Because the thrombus tended to accumulate to the distal end as the detachment distance increased, the thrombus located on the stented area did not grow larger despite the increasing thrombogenicity. Our study provides further knowledge by comparing our findings with previous in vitro studies to show that SM affects ST differently depending on the severity of SM and also on multiple factors related to flow velocity, stent thickness, and the length of the malapposed segment.
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Chirality and frequency measurement of longitudinal rolling of human sperm using optical trap
Zhensheng Zhong1, Can Zhang1, Rui Liu1, Jun He1, Han Yang1,2, Zijie Cheng3, Tao Wang1, Meng Shao1, Shu Fang1, Shengzhao Zhang1, Hui Shi1, Rufeng Xue2, Huijuan Zou2, Zeyu Ke1, Zhiguo Zhang1,2* and Jinhua Zhou1*
1School of Biomedical Engineering, Anhui Provincial Institute of Translational Medicine, Anhui Medical University, Hefei, China
2Reproductive Medicine Center, Department of Obstetrics and Gynecology, The First Affiliated Hospital of Anhui Medical University, Hefei, China
3School of Science & Technology City, University of London, London, United Kingdom
Edited by:
Guang-Kui Xu, Xi’an Jiaotong University, China
Reviewed by:
Domna Kotsifaki, Duke Kunshan University, China
Mohamed Omar Abdelgawad, American University of Sharjah, United Arab Emirates
* Correspondence: Zhiguo Zhang, zzg_100@163.com; Jinhua Zhou, zhoujinhua@ahmu.edu.cn
Specialty section: This article was submitted to Biomechanics, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 30 August 2022
Accepted: 28 November 2022
Published: 12 December 2022
Citation: Zhong Z, Zhang C, Liu R, He J, Yang H, Cheng Z, Wang T, Shao M, Fang S, Zhang S, Shi H, Xue R, Zou H, Ke Z, Zhang Z and Zhou J (2022) Chirality and frequency measurement of longitudinal rolling of human sperm using optical trap. Front. Bioeng. Biotechnol. 10:1028857. doi: 10.3389/fbioe.2022.1028857

Motility is one of the most critical features to evaluate sperm quality. As longitudinal rolling of human sperm has long been ignored until recently, its detailed dynamics and cellular biological mechanisms are still largely unknown. Here we report an optical-tweezers-based method to evaluate the chirality and frequency of sperm rotation. According to the intensity distribution patterns of off-focus micron-size particles, we established a method to judge the orientation of the sperm head along the optical axis in the optical trap. Together with the rotation direction of the projection of the sperm head, the chirality of longitudinal rolling of sperm can be measured without the application of three-dimensional tracking techniques or complex optical design. By video tracking optically trapped sperm cells from different patients, both rolling chirality and rolling frequency were analyzed. In this study, all the vertically trapped human sperm cells adopt a right-hand longitudinal rolling. The orientation and rolling frequency but not the rolling chirality of sperm in the optical trap are affected by the trap height. The rotation analysis method developed in this study may have clinical potential for sperm quality evaluation.
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1 INTRODUCTION
Infertility is a global health issue, which affects about 1/6 of couples worldwide (Sharlip et al., 2002). About 2.5%–12% of male population are infertile (Agarwal et al., 2015). As a result, evaluation of sperm quality plays important roles in both diagnosis of infertility and assisted reproductive technology. When sperm pass through the female reproductive tract, both the cervical mucus and the uterotubal junction served as barriers to filter out sperm with poor motility. Therefore, motility is considered as one of the most critical parameters to quantify the sperm quality, and poor motility is a common symptom of male infertility.
As sperm swims in three dimensions with relatively large velocity, it is a challenge to image the details of sperm moving trajectory. Currently in most sperm motility studies, conventional microscopy techniques, including bright-field, dark-field, and epifluorescence microscopy, have been applied to provide 2D or semi-quantitative 3D information (Bukatin et al., 2015; Hansen et al., 2019). Holographic microscopy and lens-free imaging technique allow quantitative three-dimensional tracking of sperm swimming (Su et al., 2012; Su et al., 2013; Gong et al., 2021). However, these techniques require precise interferometric optical path and the quality of the reconstructed 3D trajectories of swimming sperm depends on the imaging processing algorithm applied. Moreover, clinical sperm sorting technique require viscous solvent such as polyvinylpyrrolidone to reduce the swimming velocity of sperm. Nevertheless, in solutions with high viscosity or viscoelasticity, the rolling probability of bull sperm head is suppressed and the probability of asymmetry flagellar beating is increased, suggesting that the head rolling is potentially involved in sensation to different rheological properties in the female reproductive tract (Zaferani et al., 2021). These two problems can be solved by optical tweezers technique, which has been wildly applied in manipulation of microorganisms and particles (Kotsifaki et al., 2007; Kotsifaki et al., 2013; Serafetinides et al., 2017; Armstrong et al., 2020). By using optical tweezers, the swimming trajectory of a sperm is localized in a small region in the focal plane, which enables long-time recoding of sperm rotations with high temporal resolution without using viscous or viscoelastic solvents (Chow et al., 2017; Schiffer et al., 2020).
Early optical-tweezers based studies of sperm motility mainly focus on the power and force loaded onto the trapped sperm when it escapes the optical trap (Tadir et al., 1989; Tadir et al., 1990; Araujo et al., 1994; Dantas et al., 1995; Konig et al., 1996). By combining optical tweezers and fluorescent microscopy techniques, Nishimura et al revealed that the active digestion of sperm mitochondrial DNA is a two-step process: the mitochondrial nucleoid numbers are decreased gradually during spermatogenesis, and they are eliminated rapidly immediately after fertilization. (Nishimura et al., 2006). Previous studies demonstrated that the pre-trapping and post-trapping swimming speeds of a sperm does not change apparently, so that optical trapping enables quantitatively evaluation of sperm motility (Tadir et al., 1989; Nascimento et al., 2006). Since 2006, several optical trapping techniques were applied to achieve automatic and high-throughput sperm motility analysis (Nascimento et al., 2006; Shao et al., 2007a; Shao et al., 2007b; Nascimento et al., 2008; Shi et al., 2008; Dasgupta et al., 2010). Using optical tweezers, Hyun et al analyzed the effects of viscosity on sperm motility, discovered that with the increasing of solution viscosity, the curvilinear velocity of sperm decreases but the minimum laser power for trapping the sperm increases (Hyun et al., 2012).
Despite the great achievement of sperm motility studies using optical tweezers, investigation on rotation of optically trapped sperm was not reported until recently. Chow et al unraveled that the traces of sperm head in the optical trap is a ‘rose curve’ like trajectory in the focal plane (Chow et al., 2017), and Schiffer et al discovered that the head of optically trapped human sperm displayed longitudinal rolling with full 360° rotations at a frequency of about 4–8 Hz, no matter it is CatSper-deficient or not (Schiffer et al., 2020). Nevertheless, without characterizing the orientation of the sperm in the optical trap, these studies did not focus on the longitudinal rolling chirality of sperm.
In this study, we established a method to analyze the longitudinal rolling dynamics of single sperm based on optical trapping technique (Figure 1). The chirality of longitudinal rolling was determined by recognizing both the rolling direction of the projection of the optically trapped sperm head and the orientation of the head along the optical axis. We also analyzed the rolling frequency of sperm cells of different rolling direction. This method may simplify the sperm rolling research, and may have potential clinical values on single-sperm quality examination, which is crucial in intracytoplasmic sperm injection (ICSI) treatment.
[image: Figure 1]FIGURE 1 | Principle of determination of the flagellar orientation of optically trapped sperms. (A) Experimental setup. The upper panel is the scheme of experimental setup. Here ‘+’ indicates the orientation that is away from the objective lens and ‘-’ indicates the orientation that is towards the objective lens. The lower panel is the photograph of the optical tweezers device. The optical path is indicated by the red lines. (B) Series of images of a 3 μm polystyrene bead stuck at the glass surface. The displacement of the microscope stage was labeled in yellow. (C) Scheme of optically trapped sperm with downward, upward, and horizontal flagellum, respectively. (D) The typical images of optically trapped sperms. The left, central and right panels showed optically trapped sperms with downward, upward, and horizontal flagellum, respectively. The scale bar of each graph is 3 μm in length.
2 MATERIALS AND METHODS
2.1 Sample preparation
The human semen samples were collected from five individual patients seeking in vitro fertilization treatment at the Reproductive Medicine Center, the First Affiliated Hospital of Anhui Medical University. All patients gave their informed consents prior to their inclusion in this study. The semen sample was diluted in fertilization medium (Cook Medical, United States) and stored in 4°C before the optical trapping experiment in the same day. The sperm samples were further diluted in 10 to 50 folds using fertilization medium before loading on the observation chamber of the home-built optical tweezers instrument (Figure 1A).
2.2 Single-sperm manipulation using optical tweezers
The single-sperm manipulation experiments were performed in a temperature (25 ± 1 °C) controlled room. The optical trap was generated using a fiber laser with a power of ∼400 mW (Amonics Ltd. AFL-1064–37-R-CL, Hong Kong, China) (Figure 1A). The laser beam was expanded by a telescope setup of two lenses (L1 and L2 in Figure 1A), and focused by a water immersion objective (×60, NA 1.20, Olympus, Japan). The sperm samples of Patient A, B and C were loaded on a coverslip-made chamber with internal height of ∼280 μm. To explore the effect when the optical trap is close to upper surface of the chamber, a coverslip-made chamber with internal height of ∼140 μm was also used. The optical trap was 10–80 μm above the lower surface of the chamber. Each sperm was trapped for no longer than 20 s. The chamber position was adjusted by a servo-controlled, three-dimensional piezoelectric stage (P-563.3CD, Physik Instrumente, Karlsruhe, Germany). The videos of sperm rotation were recorded by a CMOS camera (MV-SUA231GM-T, MindVision, China) at a frequency of 90 frame per second (for samples from Patient B and C) or 200 frame per second (for samples from Patient A). For each video, a region of interesting (ROI) with a typical size of 90 × 90 pixel was selected using ImageJ, and the rolling direction and rolling frequency of the projection of each sperm head was determined via manually frame-by-frame analysis.
3 RESULTS
3.1 Determination of longitudinal rolling charity of sperm head in the optical trap
As the camera records only 2-dimension trajectory of the 3-dimension movement of sperm, to determine the longitudinal rolling charity of sperm, both the relative location between head and tail, as well as the rotation direction of the projection of the sperm head on the camera, should be recognized. The lengths of the head, midpiece and tail of a typical sperm cell are 4–6 μm, 5–7 μm and 50–60 μm, respectively (Cummins and Woodall, 1985), while the focal plane is about 1 μm in depth. If a motile sperm is vertically trapped, most part of its tail should be off-focus. As the fraction of sperm tail adjacent to the midpiece is slightly off-focus, the orientation of sperm tail along the optical axis can be determined by observation of the diffraction pattern of its projection.
By imaging a 3 μm polystyrene bead (ThermoFisher) stuck in the glass surface at difference focal depths (Figure 1B), we determined the relation between the diffraction pattern and the off-focus distance of a micron-size transparent particle. When the particle is 1–4 μm above the focal plane (i.e., it is 1–4 μm more far away from the objective lens than when it is within the focal plane), its central area is brighter than that when the bead center is in the focal plane. Inversely, when the trapped object is 1–4 μm below the focal plane (i.e., it is 1–4 μm closer to the objective lens), its central area is darker.
As the centroid of head of a trapped sperm cell is in the focal plane, whether the sperm tail is above or below the focal plane can be determined according to the relation between the diffraction pattern and the off-focus distance of micron-size object. Once the relative position between the head and tail of the trapped sperm is determined, the orientation of the sperm cell in the optical trap can be determined. Specifically, if the tail of a vertically trapped sperm is downward, it should be beneath the focal plane (i.e., closer to the objective lens) (Figure 1C, left panel). In this situation, the axial part of the tail projection is darker than its edge part as well as the center of projection of the sperm head (Figure 1D, left panel). Inversely, when the sperm tail is downward, it should be above the focal plane (Figure 1C, middle panel). In this case, the axial part of the tail projection is brighter than its edge part as well as the center of projection of the sperm head (Figure 1D, middle panel). By contrast, if the sperm is horizontally trapped (Figure 1C, right panel), the intensity distribution pattern of the tail projection is close to that of the sperm head (Figure 1D, right panel). As a result, by comparing the diffraction pattern of the sperm head with that of the tail, the orientation of the sperm head along z axis can be determined. Combining with the rotation direction of the projection of the sperm head from the video, the chirality of the longitudinal rolling of vertically trapped sperm can be further recognized (Figure 2 and Supplementary Videos S1, S2). In detail, a vertically trapped sperm rolls right-handedly along the longitudinal axis, if its tail is upward and the projection of the head rotates counterclockwise, or its tail is downward and the projection of the head rotates clockwise (Figure 2A, upper left and lower left panels). In contrast, a vertically trapped sperm rolls left-handedly if its tail is upward and the projection of the head rotates clockwise, or its tail is downward and the projection of the head rotates counterclockwise (Figure 2A, upper right and lower right panels). Interestingly, we also recorded motion of a morphologically abnormal sperm in previous study, whose trapping position was the midpiece (Supplementary Video S3), and its projection is obviously different from those of morphologically normal spern cells in the trap.
[image: Figure 2]FIGURE 2 | The longitudinal rolling chirality of vertically trapped sperm. (A) Scheme of vertically trapped sperm with left-hand and right-hand longitudinal rolling chirality. The relations are showed among the orientation of vertically trapped sperm, the rotation direction of the sperm head projection, and the longitudinal rolling chirality of the sperm. Here the red arrow indicates the propagation direction of illimitation light, ‘+’ indicates the orientation of the sperm tail that is away from the objective lens, and ‘−’ indicates the orientation that is towards the objective lens. Noticed that the images of the rolling sperm are recorded by the camera in bottom view. (B) A right-handed rolling sperm from Patient A with an upward tail and a counter-clockwise rolling head projection. (C) A right-handed rolling sperm from Patient A with a downward tail and a clockwise rolling head projection. (D) A right-handed rolling sperm from Patient B with an upward tail and a counter-clockwise rolling head projection. (E) A right-handed rolling sperm from Patient C with an upward tail and a counter-clockwise rolling head projection. The yellow triangles indicate the rotation direction of the projection of each sperm head.
3.2 Effect of optical trap height on the longitudinal rolling of human sperm
As the full length of normal human sperm is 60–70 μm, the height of the optical trap, i.e., the distance between the optical trap center and the lower surface of the chamber, may affect the orientation and rolling behavior of the trapped sperm. To evaluate this effect, 11 sperm cells donated by Patient A were arrested by optical trap when the trap height is 10 μm, and the rolling movement of each sperm was recorded by the camera. Then, the optical trap height was adjusted by controlling the piezo stage, and the rolling movement of the same sperm was also recorded when the trap height was increased to 30, 50, and 80 μm, respectively (Table 1). When the trap height is 10 μm, 9 sperm cells are horizontally oriented and two sperm cells are with upward tail, and no obvious pausing observed during the rolling movement of the sperms. With the trap height increasing, the ratio of horizontally oriented sperm decreased and ratio of sperm with downward tail increased. Moreover, the ratio of sperm with pausing and stuck events also increased. Here, ‘pausing’ is defined as the longitudinal rolling stops but it restarts later, and ‘stuck’ is defined as the longitudinal rolling stops and did not restart during the observation. Worth mentioning, those stuck sperm cells without obvious longitudinal rolling exhibit swinging-like movement (Supplementary Video S4). With the trap height increasing, the averaged rolling frequency of the vertically trapped sperm cells decreased. However, when the sperm cells with pausing and stuck events are excluded, the averaged rolling frequency of the vertically trapped sperm cells did not change significantly with different trap heights (Table 1).
TABLE 1 | Summary of rotation and orientation of optically trapped sperm cells with different trap heights.
[image: Table 1]3.3 Human sperm from each patient rolls right-handedly
Interestingly, sperm cells with upward tail exhibited counterclockwise rotated projection of the head (Figure 2B), and sperm cells with downward tail exhibited clockwise rotated projection of the head (Figure 2C), i.e., all the vertical trapped sperm cells from Patient A adopted right-handed longitudinal rolling.
To further confirm the longitudinal rolling charity of human sperm, 190 motile sperm cells from two more patients were trapped and analyzed using optical tweezers with the trap height of 10 μm (Table 1). Briefly, 162 and 28 sperm cells were trapped with horizontal and upward tail, respectively. No sperm cells with downward tail were observed. For all sperm cells from both patient B and C, all those sperm cells with upward tail exhibited counterclockwise rotated projection of the head (Figures 2D,E), i.e., all the vertical trapped sperm cells adopted right-handed longitudinal rolling, which are the same as those from Patient A.
To explore the effect when the optical trap is close to upper surface of the chamber, we performed the optical trapping experiment of sperm cells from two more patients (D and E) in a thinner chamber (internal height ∼140 μm), and the trap height was set to 120 μm, i.e. ∼20 μm away from the upper surface (Table 1). Interestingly, in this experimental condition, for each patient, 1, 1 and 28 sperm cells are with horizontal, upward and downward tail, respectively. All the vertical trapped sperm cells from Patient D and E adopted right-handed longitudinal rolling, further indicating the right-handed chirality of longitudinal rolling of human sperm. The asymmetry of the optical force along the z axis may be the major factor leading to the less horizontally oriented sperm cells when the trap is close to the upper surface than to the lower surface, as the maximum restoring force along the negative half of z axis is larger than along the positive half of z-axis (Zhou et al., 2012).
The head rolling frequencies of optically trapped sperm cells with different orientation were also summarized in Table 2. The head rolling frequencies of trapped sperm cells with horizontal, upward and downward tail are 8.3 ± 0.3, 6.7 ± 0.6 and 6.9 ± 0.4 Hz, respectively. The frequencies we observed are in consistent with previous reported values of 4–8 Hz (Schiffer et al., 2020).
TABLE 2 | Head rolling frequencies of optically trapped sperm cells with different orientation.
[image: Table 2]4 DISCUSSION
When the sperm head is deviated from the trap center, a torque on the sperm head around the trap center is exerted by the optical field. The sperm head in an optical trap can be considered as a triaxial ellipsoid, and the torque exerted by the optical field automatically regulates the orientation of the ellipsoid to its longest axis parallel to the optic axis, according to our previous theoretical calculations (Zhou et al., 2012; Shao et al., 2019). Because the longest axis of sperm head is parallel to the longitudinal axis of the sperm, sperm cells tend to be vertically trapped. Another torque generated by the beating of sperm tail leads to the longitudinal rolling of the sperm head. These two torques are not in balance, resulting in the rolling of sperm head in the optical trap.
In this study, we unraveled the effect of optical trap height on the rolling behavior of the trapped sperm. Our study indicates that, when the optical trap is close to the lower surface of the chamber, the tail of the trapped sperm is compelled to adopt horizontal or upward orientation, resulting in less interaction with the surface of the chamber. With trap height increasing, the probability of the sperm tail interacts with the surface increases and the pausing and stuck events increase. Noticed that although the normal sperm cell is 70 μm in length, the sperm cells we investigated in the experiment are donated from patients asking for IVF treatment. It is possible that the tail of the trapped sperm is abnormally long, so it may interact with the lower surface of the chamber, even when the trap height is 80 μm above the lower surface. The uncertainty of the trap height may also contribute to the possibility of the interaction. We measured the axial shifting of the optical trap (∼1.6 μm/min) by recording the image of a bead stuck in the lower surface of the chamber. These results indicate that the interaction between the sperm tail and the surface of the glass chamber may bring tortional constraint to the sperm and pause the longitudinal rolling of sperm.
In this study, the frequencies of longitudinal rolling of optically trapped sperm were measured manually. The averaged rolling frequencies of sperm cells for five patients are close, and are consistent with previous reports (Smith et al., 2009; Subramani et al., 2014; Schiffer et al., 2020). Besides the longitudinal rolling, the optically trapped sperm may display other rotation motions, such as the precession of the rolling axis around the optical trap center, which increases the complexity of intensity pattern of the rolling sperm by algorithm. Interestingly, it is likely that the right-handed rolling human sperm prefers a left-handed presession (Supplementary Video S5), whose projection of the head on the camera is in accordance with the ‘rose curve’ like trajectory reported previously (Chow et al., 2017). To achieve automatic measurement of longitudinal rolling frequency in bright-field, physical parameters, such as the coordination of the sperm centroid may be considered in the future.
Previous studies have been reported that counterion and viscosity of medium may significantly affect the rolling behavior of human sperm. Chiffer et al. reported that the rotation frequency of human sperm increases with increasing of bicarbonate concentration, but not with increasing of calcium concentration (Schiffer et al., 2020). Viscosity as well as viscoelasticity of the medium also play complicated roles in the motion of sperm (Schiffer et al., 2020; Zaferani et al., 2021). In this study, to avoid uncertain effects on sperm motion as well as on the optical trap causing by the medium, a standard sperm dilution medium for in vitro fertilization (Cook Medical, United States) was used. In the future, using the method developed in this study, we will explore how chemical and physical properties of medium affect the motion and optical trapping of human sperm.
In current clinical practice of ICSI, the single sperm cell for injection is picked manually by trained technicians, which is laborious and the fertilization rate relies on the experience of the technician (Oseguera-Lopez et al., 2019). On the other hand, optical tweezers have been demonstrated as an efficient tool for spermatozoa isolation (Shao et al., 2007b; Auka et al., 2019). Combining the optical-tweezers based single-cell manipulation technique with the sperm rotation characterization method established in this study, automatic evaluation and isolation of single sperm may be achieved in the future, which may reduce the manual subjective error and increase the efficiency of sperm preparation during the ICSI procedures.
5 CONCLUSION
In summary, we established an optical-tweezers based method to determine the chirality of sperm rotation using optical tweezers, in which three-dimensional tracking technique is not required. Without using complex optical design or data analysis algorithm, the method we established in this study may simplify the research on sperm rotation. Our study indicates that human sperm prefers right-hand longitudinal rolling. The effect of optical trap height on the sperm longitudinal behavior was also investigated in this study.
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Objectives: This study aimed to investigate the morphological and mechanical changes in articular cartilage and subchondral bone during spontaneous hip osteoarthritis in guinea pigs.
Materials and methods: Hip joints of guinea pigs were investigated at 1, 3, 6, and 9 months of age (hereafter denoted as 1 M, 3 M, 6 M, and 9 M, respectively; n = 7 in each group). Morphological and mechanical alterations during spontaneous hip osteoarthritis in guinea pigs were investigated. The alterations included the micromechanical properties of articular cartilage (stiffness and creep deformation), microstructure of the subchondral bone (bone mineral density, bone volume fraction, trabecular thickness, trabecular number, and trabecular separation), micromorphology of the articular cartilage, and surface nanostructure (grain size and roughness) of the articular cartilage and subchondral bone.
Results: Micromechanical properties of articular cartilage in 1 M showed the lowest stiffness and highest creep deformation with no significant differences in stiffness or creep deformation amongst 3 M, 6 M, and 9 M. Articular cartilage thickness decreased with age. The earliest degeneration of articular cartilage occurred at 6 months of age, characterised by surface unevenness and evident chondrocytes reduction in micromorphology, as well as increased grain size and decreased roughness in nanostructure. No degeneration at micro- or nanostructure of subchondral bone was observed before 9 months.
Conclusion: Morphological degeneration of cartilage occurred before degeneration of mechanical properties. Meanwhile, degeneration of cartilage occurred before degeneration of subchondral bone during hip osteoarthritis. The current study provided novel insights into the structural and micromechanical interaction of hip osteoarthritis, which can serve as a theoretical basis for understanding the formation and progression of osteoarthritis.
Keywords: hip osteoarthritis, cartilage, subchondral bone, morphology, mechanical properties
INTRODUCTION
Osteoarthritis is a disease of whole joints and characterised by cartilage degradation, joint inflammation, and abnormal bone remodeling in subchondral bone. The occurrence and development of osteoarthritis are closely related to trauma, overload, and aging (Castaño-Betancourt et al., 2013; Richmond et al., 2013; Barr et al., 2015; Glyn-Jones et al., 2015). Osteoarthritis is a complex condition affecting whole joints, in which degenerations of cartilage and subchondral bone play a pivotal role (Wang et al., 2011; Glyn-Jones et al., 2015; Cucchiarini et al., 2016).
Changes in cartilage morphology and mechanical properties can be used to evaluate the progression of osteoarthritis (Franz et al., 2001; Kraus et al., 2010; Rutgers et al., 2010; Iijima et al., 2014; Zuo et al., 2016; Gatti et al., 2022). Ongoing cartilage destruction may lead to progressive loss in joint function. The characteristic features of articular cartilage degeneration include phenotypic changes in cells, chondrocyte hypertrophy, apoptosis, and progressive fibrillation (Aizah et al., 2019; Harlaar et al., 2022; Salucci et al., 2022). Cartilage covering the whole joint surface is the tissue that directly bears the load. Mechanical failure of articular cartilage may lead to wear of the articular surfaces, pain, and eventual loss of joint function. The cartilage elastic modulus reportedly declines with osteoarthritis progression (Wilusz et al., 2013; Harlaar et al., 2022). The reduction in cartilage compressive stiffness is considered to be one of the first detectable signs of articular cartilage degeneration, that is, changes in mechanical properties occur prior to alterations in the composition of the cartilage matrix (Franz et al., 2001). Thus, evaluating the mechanical properties of the cartilage is important to investigate the degeneration process of osteoarthritis (Iijima et al., 2014; Zuo et al., 2016). Limited by small sample sizes and sample thicknesses, indentation technique is considered to be adequate to characterise the stiffness variation in the articular cartilage for the quantitative assessment of early articular cartilage degeneration (Franz et al., 2001).
Although osteoarthritis was once considered a primary disorder of articular cartilage, the subchondral bone structure is now generally accepted to play an important role in the pathological changes of osteoarthritis. Subchondral bone is particularly associated with cartilage degeneration and is thus a tissue of great interest in the investigation of osteoarthritis. The microstructure of subchondral bone determines its capacity to absorb, distribute, and transfer mechanical loading (Huebner et al., 2002; Barr et al., 2015; Zuo et al., 2016; Finnilä et al., 2017; Peters et al., 2018). Abnormal bone remodeling could be observed during the degeneration process of osteoarthritis. The subchondral bone shows thicker subchondral plate, increased bone density and trabecular bone volume fraction, and decreased trabecular separation and structural model index (SMI) with aggravation of osteoarthritis (Carlson et al., 1996; Ding et al., 2006; Wang et al., 2013; Finnilä et al., 2017), which are considered to result from abnormal mechanoregulated bone adaptation (Iijima et al., 2014).
Osteoarthritis alters the structures of joints at the macro- and microscales and influences the nanostructures of subchondral bone and cartilage. To determine the surface nanostructure of biological tissue (such as grain size and roughness), the use of atomic force microscopy (AFM) is feasible because of its ultrahigh spatial resolution, fine force sensitivity, and versatility under various conditions (Dufrêne, 2002; Hsieh et al., 2008; Stolz et al., 2009; Darling et al., 2010; Wen et al., 2012; Ghosh et al., 2013; Han et al., 2017; Danalache et al., 2019; Plaut et al., 2019). AFM could be used to investigate changes in the morphological properties of chondrocytes and collagen fibrils, as well as topographical variations that may occur in osteoarthritis (Hsieh et al., 2008; Wen et al., 2012), thereby providing a reliable basis for in-depth studies on the osteoarthritis process.
Numerous studies have investigated the mechanical properties and morphology of cartilage and subchondral bone for knee osteoarthritis in different ways, but few studies have been conducted on hip osteoarthritis (Li et al., 2013; Finnilä et al., 2017; Fang et al., 2018; Aizah et al., 2019; Gatti et al., 2022). The hip is the largest weight-bearing joint of human body. Hip osteoarthritis is a disease of whole joints and considered to be one of the main causes of chronic pain and disability in the elderly (Castaño-Betancourt et al., 2013). Investigations on morphological and biochemical changes in hip during the process of osteoarthritis, as well as the relationships between cartilage degeneration and subchondral bone degeneration, is important to understand the causation of osteoarthritis and to select targets for osteoarthritis prevention and treatment. In the current work, we hypothesize that the morphological and mechanical alterations in cartilage and subchondral bone are the main factors inducing hip osteoarthritis. Accordingly, in the current work, hip joints of guinea pigs at 1, 3, 6, and 9 months were investigated to enable a systematic analysis on the morphological and mechanical alterations of articular cartilage and subchondral bone during naturally occurring osteoarthritis, including the microstructure of subchondral bone, surface nanostructures of cartilage, and subchondral bone, as well as the micromechanical properties of articular cartilage, which may provide a basis for the prevention and treatment of osteoarthritis.
MATERIALS AND METHODS
Sample preparation
A total of 28 male Dunkin–Hartley guinea pigs aged 1, 3, 6, and 9 months old (hereafter denoted as 1 M, 3 M, 6 M, and 9 M; seven rats in each age group) were sacrificed via intraperitoneal injection of 100 mg/kg pentobarbital. Bilateral proximal femurs were harvested. The right proximal femurs were fixed with 4% paraformaldehyde (PFA) at room temperature for 24 h and then prepared for micro-computed tomography (micro-CT) scanning and morphological analyses. The left proximal femurs were stored at −20 °C prior to micromechanical test and AFM analyses. All procedures were approved by the Ethics Committee of The First Hospital of Jilin University (No. 2020–010).
Bone mineral density and microstructural analysis of subchondral bone
Radiographic images of the proximal femur were obtained with a high-resolution micro-CT system (Skyscan 1,076, Skyscan, Belgium) and then used to determine the microstructure of subchondral bone and assess the radiographic images of the proximal femur. The spatial resolution for proximal femur scanning was set to 18 μm, and the specimens were scanned at 70 kV and 142 μA with Al 1.0 mm filter. The region of interest of subchondral trabecular bone was selected as the region between the subchondral plate and growth plate. Bone mineral density (BMD), bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp) were calculated based on the micro-CT image data sets by using CTAn software (CTAn, Skyscan, Belgium).
Micromorphological analysis of cartilage
After micro-CT scanning, the right femoral heads were fixed in 4% PFA for 3 days and decalcified in ethylenediaminetetraacetic acid for 2 weeks. The samples were then dehydrated in a series of alcohol baths (80%, 90%, and 100%, each for 12 h) before embedding in paraffin. Serial sagittal sections (6 μm thick) were obtained using a rotary microtome (Leica RM2255, Germany). Safranin O/Fast green staining was performed to assess the articular cartilage micromorphology.
Micromechanical test of articular cartilage
Samples were thawed for 6 h at room temperature and attached with cyanoacrylate cement to a testing chamber filled with phosphate buffered saline. An electronic universal testing machine (AG-X plus, Shimadzu, Kyoto, Japan) with a 0.5 mm diameter flat-ended indenter was used, and the indentation test of articular cartilage was performed as described by Iijima et al. (Iijima et al., 2014; Iijima et al., 2015; Iijima et al., 2017). A preload of 0.01 N was applied and equilibration was conducted for 100 s, followed by loading at a strain rate of 0.005 mm/s up to 0.1 N, which was maintained for 300 s. Dynamic stiffness (0.01 N load divided by displacement in the load–displacement curve; Iijima et al., 2017) and creep deformation (deformation of the cartilage from before to after the application of the test load for 300 s at 0.1 N) were obtained (Iijima et al., 2014; Iijima et al., 2015; Iijima et al., 2017).
Nanostructure analysis of articular cartilage and subchondral bone
Proximal femoral bone specimens with a thickness of 2 mm were cut perpendicular to the femoral neck axis. The samples were then dehydrated in a series of alcohol baths (80%, 90%, and 100%, each for 24 h), ultrasonically cleaned in alcohol for 5 min, and naturally dried at room temperature (Ren et al., 2018).
Each sample was attached horizontally onto the sample disk and imaged with an AFM system (Agilent 5,500, Agilent Technologies, United States). Imaging was performed under ambient conditions in standard AFM tapping mode using a commercial Silicon AFM probe (Tap300AI-G, Budget Sensors Instruments, Bulgaria) with a 125 μm cantilever length, a 40 Nm−1 constant force, a 300 kHz resonant frequency, and a tip radius less than 10 nm. Articular cartilage and subchondral bone were scanned and the images were obtained (positions of articular cartilage and subchondral bone for AFM scanning are shown in Figure 1). The size of mineral grains and roughness were measured using NanoScope Analysis version 1.4.0. (Milovanovic et al., 2011).
[image: Figure 1]FIGURE 1 | AFM scanning ((A): bone sample; (B) scanning positon of subchondral bone; (C) scanning positon of cartilage; blue circle: AFM tip).
Statistical analysis
Data analysis was performed with SPSS 19.0 software (SPSS statistics, IBM Inc., United States). For each group the median and interquartile ranges (IOR, 25th-75th percentile) were calculated. The differences of all the age groups were analysed by the Kruskal–Wallis H test of K independent-sample non-parametric test. Subsequently, Dunn’s multiple comparisons test was performed to determine the differences between groups. The significance level of P was selected as 0.05.
RESULTS
BMD and microstructural changes in subchondral bone with age
Figure 2 shows the typical radiographic images of the proximal femurs at different months of age. Open growth plates were observed at the femoral heads of 1 M and 3 M. The growth plate was fully closed at 6 M.
[image: Figure 2]FIGURE 2 | Typical radiographic images of the proximal femurs at 1 M, 3 M, 6 M and 9 M (red arrow: growth plate).
BMD and microstructural parameters of the subchondral bone varied obviously with the animal age (Table 1). Increased BMD, BV/TV, and Tb.Th were observed at 3M, 6 M and 9 M with significant difference from 1M (p < 0.05). No difference amongst the groups was observed with respect to Tb.N and SMI (p > 0.05).
TABLE 1 | BMD and microstructural parameters of the subchondral bone.
[image: Table 1]Micromorphological changes in articular cartilage with age
Figure 3 shows the typical histology images of articular cartilage with Safranin O/Fast green staining. The thickness of articular cartilage decreased from 1 M to 9 M with the tidal line formed at 3 M. The earliest degeneration of articular cartilage occurred at 6 months of age, characterised by surface unevenness and evident chondrocyte reduction. The degeneration of collagen staining was obvious at 9 months of age.
[image: Figure 3]FIGURE 3 |  Typical histology images of articular cartilage with Safranin O/Fast green staining at 1 M, 3 M, 6 M and 9M.
Changes in micromechanical properties of articular cartilage with age
The 1 M group showed the lowest stiffness and the highest creep deformation (p < 0.05; Table 2). No significant differences in stiffness or creep deformation amongst 3 M, 6 M and 9 M were observed (p > 0.05; Table 2). Typical load–displacement curves at 1 M, 3 M, 6 M, and 9 M are shown in Figure 4, and the articular cartilage of 1 M had the largest displacement under the same load.
TABLE 2 | Micro-mechanical properties of the articular cartilage at 1 M, 3 M, 6 M and 9 M.
[image: Table 2][image: Figure 4]FIGURE 4 | Typical load-displacement curves of articular cartilages at 1 M, 3 M, 6 M and 9 M.
Nanostructure changes in articular cartilage and subchondral bone with age
Typical AFM images of the subchondral bone are shown in Figure 5. In the images, a continuous phase of bone material was found, and obvious mineral crystallinity was observed. Neither grain size nor roughness showed any age-related differences amongst groups (p > 0.05; Table 3).
[image: Figure 5]FIGURE 5 | Typical AFM images of the subchondral bone at 1 M, 3 M, 6 M and 9 M ((A): height images, (B) phase images; 1 μm × 1 μm scan area).
TABLE 3 | Grain size and roughness from AFM image analysis.
[image: Table 3]Figure 6 shows the typical AFM images of the cartilage. Obvious particles were observed on the cartilage surface. More particles could be observed in 6 M and 9 M. The 1 M group showed the highest grain size and the lowest roughness with significant differences from 6 M to 9 M (p < 0.05; Table 3). Grain size obviously decreased from 1 M to 3 M (p < 0.05; Table 3). The roughness values of 6 M and 9 M were significantly higher than that of 1 M (p < 0.05; Table 3).
[image: Figure 6]FIGURE 6 | Typical AFM images of the articular cartilage at 1 M, 3 M, 6 M and 9 M ((A): height images, (B) phase images; 1 μm × 1 μm scan area).
DISCUSSION
In this study, hip joints of guinea pigs at 1, 3, 6, and 9 months of age were selected to investigate the morphological and mechanical changes in articular cartilage and subchondral bone during spontaneous hip osteoarthritis. The results obtained in the current study showed that, the morphological and mechanical degenerations of cartilage occurred before those of subchondral bone during the progression of spontaneous hip osteoarthritis. In addition, the morphological degeneration of cartilage occurred before degeneration of mechanical properties.
Osteoarthritis can occur spontaneously in guinea pigs (Kraus et al., 2010; Cucchiarini et al., 2016; Samvelyan et al., 2021). Owing to the strong histological similarities between spontaneous osteoarthritis and human primary osteoarthritis, guinea pigs are commonly used in osteoarthritis studies (Cucchiarini et al., 2016; Samvelyan et al., 2021). In the current study, no obvious characteristics of osteoarthritis were found in the hip joints of guinea pigs at the macro level. However, obvious chondrocyte degeneration and surface structural degeneration related to the development of osteoarthritis were observed at the micro- and nanoscales at 6 months of age, indicating the onset of cartilage degeneration, which were considered to be the early markers of the spontaneous osteoarthritis.
Osteoarthritis is far from being a static disease. It has very distinct characteristics during the different stages of disease progression. Subchondral bone is generally believed to play a substantial role in the degeneration process of osteoarthritis; nevertheless, whether the initial change in osteoarthritis occurs first in bone or in articular cartilage is still controversial. Numerous studies have suggested that subchondral bone changes occur before any signs of degradation in the overlying cartilage emerge. Such changes are characterised by subchondral bone nanostructure changes and acceleration of bone turnover (Radin and Rose, 1986; Li et al., 2013; Wang et al., 2013; Fang et al., 2018; Aizah et al., 2019). However, many researchers still believe that bone changes occur following the degeneration of articular cartilage, or at least at the same time as the degradation of articular cartilage (Li et al., 2013; Finnilä et al., 2017). In the current study, the growth plates of the femoral heads were found to be fully closed at 6 M, indicating skeletal maturity and cessation of longitudinal bone growth. Age-related increases in BMD, BV/TV, and Tb.Th were observed from 1 M to 6 M, with no significant difference of BMD or any microstructural parameter observed between 6 M and 9 M, that is, no obvious degeneration of femoral subchondral bone in guinea pigs existed before 9 months of age. Different from the earliest degeneration of articular cartilage on the medial tibial plateau in guinea pigs observed at 3 months of age (Bendele and Hulman, 1988), the earliest degeneration of articular cartilage on the proximal femur occurred at 6 months of age (characterised by unevenness of cartilage surface and evident chondrocytes reduction, as well as increased grain size and decreased roughness in nanostructure) in the present study. Thus, based on the results obtained herein, the degeneration of articular cartilage may have preceded the subchondral-bone changes in hip osteoarthritis in guinea pigs. Cartilage repair may be an available treatment modality for early osteoarthritis. Physical therapy, such as muscle-strengthening exercises (Bartholdy et al., 2017; Yuenyongviwat et al., 2020); aerobic exercises (Iijima et al., 2015; Kabiri et al., 2018); pulsed electromagnetic field (Ciombor et al., 2003; Yang et al., 2021); extracorporeal shock wave therapy (Chen et al., 2020); ultrasound therapy (Dantas et al., 2021); as well as drug therapy, such as Glucosamine and chondroitin (Fransen et al., 2015), may potentially delay or treat cartilage degeneration effectively. Meanwhile, the molecular mechanism of cartilage degeneration should be further investigated (Ni et al., 2021; Sun et al., 2021; Liu et al., 2022) in order to find targeted drugs that can inhibit cartilage degeneration and delay or prevent disease progression.
A previous study has shown that the mechanical properties of tibial articular cartilage are affected by meniscus (cartilage covered by menisci differs in mechanical properties from that uncovered) (Harlaar et al., 2022). Different from tibial articular cartilage, the proximal femoral articular cartilage has a smooth surface and no tissue coverage that affects its mechanical properties. Decreased mechanical properties are considered to be a remarkable sign of articular-cartilage degeneration (Franz et al., 2001; Fang et al., 2018; Harlaar et al., 2022). In the current work, significantly increased stiffness and decreased creep deformation of the proximal femoral articular cartilage were found from 1 M to 3 M (p < 0.05), with no significant changes observed from 3 M to 9 M (p > 0.05). This finding indicated that the proximal femoral articular cartilage matured at 3 months. Although no significant differences were found, 6 M and 9 M showed lower stiffness than 3 M which may be related to the degeneration of articular cartilage morphology that occurred at 6 months of age.
Based on its capacity of acquiring 3D surface topographical data at sub-micro- and nanoscales, AFM is extensively used to evaluate the surface characterisations of biological tissues at the nanoscale (Dufrêne, 2002; Stolz et al., 2009; Ghosh et al., 2013; Iijima et al., 2015; Iijima et al., 2017; Ren et al., 2018; Plaut et al., 2019). In the current study, nanostructure changes in articular cartilage and subchondral bone were observed by AFM. Roughness and grain size of trabecular bone were closely related to bone remodeling activity. Large roughness and grain size are considered to be due to delayed bone remodeling and can decrease the mechanical properties of bone at the macroscale (Milovanovic et al., 2011; Milovanovic et al., 2012). However, the present work showed no significant changes in grain size and roughness of subchondral bone amongst different groups, i.e., no degeneration (or at least no abnormal bone remodeling) of subchondral bone occurred.
Observation of nanoscale cartilage-surface characterisations can provide new insights into the initiation and progression of osteoarthritis. Articular cartilage changes due to aging and osteoarthritis could be clearly demonstrated in nanostructure before their morphological changes can be observed, and these architectural changes are then extended to the micro- and macroscales to inflict progressive and irreversible structural and functional damages (Stolz et al., 2009). The present study showed that the roughness of articular cartilage surfaces increased continuously from 1 M to 9 M with the degeneration of articular cartilage, which was consistent with previous ones (Ghosh et al., 2013; Wang et al., 2013). Moreover, the presence of particles on the surface of articular cartilage was obvious from 3 M to 9 M. These changes in the micromechanical properties of articular cartilage may be associated with the changes in nanostructure, thereby further confirming the degeneration of articular cartilage.
The current study should be considered in light of two limitations. First, only hip joints were investigated. In guinea pigs, the mechanical properties and morphological changes in knee articular cartilage and subchondral bone during the development of spontaneous osteoarthritis differ from those of the hip joint. Thus, whilst investigating osteoarthritis, in-depth investigation on knee cartilage and subchondral bone during the development of osteoarthritis and comparison with the hip joint are highly significant in elucidating the mechanism of osteoarthritis occurrence and development. Second limitation of this study is that no degeneration of the hip subchondral bone occurred before 9 months of age. Considering the important role of subchondral bone in the occurrence and development of osteoarthritis, further studies on the mechanical properties and morphological changes in subchondral bone in guinea pigs over the age of 9 months are required. Nevertheless, although restricted by these limitations, changes in articular cartilage and subchondral bone of the hip joint in guinea pigs were carefully investigated. Thus, the results may provide insights into the means of preventing and treating hip osteoarthritis.
CONCLUSION
Morphological and micromechanical properties changes in hip cartilage and subchondral bone of guinea pigs at 1, 3, 6, and 9 months were investigated. No degeneration of subchondral bone was observed before 9 months. The earliest degeneration of articular cartilage was observed at 6 months of age and characterised by structural changes at the micro- and nanoscales. Micro- and nanostructural degeneration of cartilage in hip joint occurred before the degeneration of mechanical properties. Structural and mechanical degenerations of cartilage occurred before those of subchondral bone during the progression of spontaneous hip osteoarthritis in guinea pigs. Age-related changes in articular cartilage and bone properties can serve as a theoretical basis for further research on osteoarthritis formation and progression.
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Periodontitis is a chronic inflammatory condition triggered by oral bacteria. A sustained inflammatory state in periodontitis could eventually destroy the alveolar bone. The key objective of periodontal therapy is to terminate the inflammatory process and reconstruct the periodontal tissues. The traditional Guided tissue regeneration (GTR) procedure has unstable results due to multiple factors such as the inflammatory environment, the immune response caused by the implant, and the operator’s technique. Low-intensity pulsed ultrasound (LIPUS), as acoustic energy, transmits the mechanical signals to the target tissue to provide non-invasive physical stimulation. LIPUS has positive effects in promoting bone regeneration, soft-tissue regeneration, inflammation inhibition, and neuromodulation. LIPUS can maintain and regenerate alveolar bone during an inflammatory state by suppressing the expression of inflammatory factors. LIPUS also affects the cellular behavior of periodontal ligament cells (PDLCs), thereby protecting the regenerative potential of bone tissue in an inflammatory state. However, the underlying mechanisms of the LIPUS therapy are still yet to be summarized. The goal of this review is to outline the potential cellular and molecular mechanisms of periodontitis-related LIPUS therapy, as well as to explain how LIPUS manages to transmit mechanical stimulation into the signaling pathway to achieve inflammatory control and periodontal bone regeneration.
Keywords: low-intensity pulsed ultrasound, periodontal inflammation, alveolar bone, mechanism, bone regeneration, mechanotransduction
1 INTRODUCTION
Periodontitis is one of the most common chronic inflammatory non-communicable diseases among humans. The local inflammatory state caused by periodontitis leads to the progressive destruction of the periodontal supporting structures (gingiva, alveolar bone, and periodontal ligament), which may even lead to the loss of teeth (Kinane et al., 2017). Periodontitis is the inflammatory outcome of dysbiosis of the oral microbiota (dental plaque) and the interaction of such microorganisms with the host’s immune defense system (Pihlstrom et al., 2005; Pan et al., 2019a). According to recently developed clinical practice guideline by the European Federation of Periodontology, the treatments of periodontitis aim at controlling the supragingival and subgingival biofilm and calculus, local or systemic anti-inflammatory treatment, or further regeneration of periodontal loss or resection of lesions to minimize the complexity of periodontitis treatment (West et al., 2021; Herrera et al., 2022). As periodontitis develops, the balance between bone formation and bone resorption in the alveolar bone is disrupted by the state of chronic inflammation (Usui et al., 2021). Cell populations such as PDLCs, which contain stem cells with multiple differentiation capacities, experience prolonged ischemia, and hypoxia, depriving the periodontium of its regenerative microenvironment (Wang et al., 2020; Liu et al., 2021). GTR and bone grafting are currently the more commonly used methods to address periodontal bone loss. However, GTR remains unpredictable and clinical outcomes vary depending on the challenge of the host’s intraoral microbial biofilm, multiple risk factors (e.g., diabetes, smoking, dental plaque, and contact between the bone graft and non-vascular tooth surface), and the skill and experience of the practitioner (Vaquette et al., 2018; Liang et al., 2020). If there was a treatment strategy that targeted the pathogenesis of periodontitis, it could more effectively address the tissue loss due to inflammation.
The growth of new tissue and organs requires mechanical signals (Vining and Mooney, 2017; Steppe et al., 2020; Guo et al., 2021). Ultrasound stimulation appeared as a safe and non-invasive mechanical stimulation and has shown promise as a treatment for tissue regeneration (Daeschler et al., 2018; de Lucas et al., 2020; Liao et al., 2021). LIPUS is already widely used both in various clinical applications and fundamental research (Xin et al., 2016; Xie et al., 2019; Elvey et al., 2020). It has been acknowledged as a non-invasive physical stimulation for therapeutic purposes, delivering acoustic energy to the targeted tissue (de Lucas et al., 2021; Ichijo et al., 2021; Watanabe et al., 2021). Unlike high-intensity ultrasound, LIPUS has drawn attention for its minimal thermal effects (Xin et al., 2016). LIPUS is usually generated by a piezoelectric sensor, which converts electrical energy into mechanical force. The periodic acoustic waves that LIPUS generated can cause vibration and collision in the target tissue through the medium. In the process, cavitation, acoustic flow, and mechanical stimulation, as the main non-thermal effects of LIPUS, generate microbubbles and microjets to achieve the results (Lin et al., 2016). This non-thermal mechanism may also be explained by the influence of acoustic streaming during the action of LIPUS on the tissue. This acoustic flow may alter the local microenvironment of the cells, affecting the potassium content and calcium content of the cells after ultrasound exposure (Tanaka et al., 2015). Generally, the output frequencies of LIPUS range from 1 to 3 MHz. The ultrasound intensity of LIPUS therapy is within the range of 0.02–1 W/cm2 spatial average temporal average (SATA) and the treatment duration is 5–30 min per day (Kaur and El-Bialy, 2020; Al-Dboush et al., 2021).
LIPUS has also been used in clinical trials for fracture healing, and compelling clinical data demonstrate its effectiveness in bone fracture healing, especially in some high-risk non-union cases that are not suitable for surgery (Zura et al., 2015a; Rutten et al., 2016; Leighton et al., 2017; Bhan et al., 2021). Former studies have demonstrated that LIPUS is responsible for accelerating bone reparations through both upregulating osteogenic-specific genes and downregulating osteoclast differentiation (Costa et al., 2018; Meng et al., 2018). LIPUS also effectively provides the mechanical force beneficial to soft tissue regeneration (Lai et al., 2021), regulating inflammation and neuromodulation (Xu et al., 2021; Song et al., 2022). Studies have shown that LIPUS has several positive effects on dentofacial remodeling, especially in root and alveolar bone resorption after orthodontic treatment. Kasahara et al. (2017) found in a controlled experiment that LIPUS stimulation decreased the atrophic alterations of periodontal structures associated with the lack of functional occlusion after orthodontic treatment. Interestingly, LIPUS produces opposite impacts on osteoblasts and osteoclasts during orthodontic movements, thus significantly reducing root resorption without compromising tooth movement (Inubushi et al., 2013; Feres et al., 2016). Diabetes also harms the effectiveness of orthodontic treatment, including a reduction in bone regeneration on the tension side and a decrease in the number of PDLCs. However, LIPUS can ensure the efficacy of orthodontic treatment by increasing the bone remodeling on the tension side and the number of bone resorption traps on the compression side (Alshihah et al., 2020).
Prolonged inflammation and periodontal bone destruction are the most severe consequences of periodontitis. LIPUS provides optimization for the existing advanced tissue regeneration technology in some experimental cases and also provides a new prospect for alveolar bone reconstruction in periodontitis (Figure 1). The mechanical stimulation provided by LIPUS can convert into biochemical signals and trigger downstream cascade reactions (Carina et al., 2018). Many studies have concentrated on the positive results and efficiency of LIPUS activation. However, before LIPUS therapy can be used in clinical periodontitis, the complete mechanism of its action in experimental periodontitis needs to be elucidated. In recent years, with the increasing attention to the treatment of LIPUS, more and more studies have focused on clarifying its therapeutic mechanism through its biological effects. The research of LIPUS in tissue regeneration as well as inflammation regulation has laid the foundation for studying its mechanism in periodontal tissue reconstruction. In light of the latest information available, the biological effects of LIPUS typically comprise the regulation of cell proliferation, migration, and differentiation via activating various molecular pathways. The precise mechanism by which mechanical stimuli are perceived and integrated into the periodontal regeneration process is not yet fully elucidated. Filling this vacancy can lead to enhanced treatment strategies for periodontitis and significantly shorten the duration of treatment. Therefore, this review aimed at summarizing and discussing the therapeutic mechanism of LIPUS and placing emphasis on how LIPUS manages to transfer mechanical stimulation into the signaling pathway to achieve inflammatory regulation and alveolar bone regeneration in experimental periodontitis. To push forward the progress of the mechanism study, we also point out the potential signaling pathways for further exploration.
[image: Figure 1]FIGURE 1 | The schematic illustration of the function of LIPUS treatment in periodontitis.
2 THERAPEUTIC MECHANISMS OF LIPUS TREATMENT
LIPUS has the potential for a wide range of applications, including bone healing, soft-tissue regeneration, inflammatory response inhibition, and neuromodulation, among others. The high-frequency pressure waves generated by LIPUS can produce mechanical stimulation in the targeted tissue and trigger biochemical events for tissue healing and regeneration. The involved therapeutic mechanisms for LIPUS-stimulated tissue healing have not been fully elucidated. Nevertheless, mechanical stress and/or fluid microfluidics are likely to be responsible for the biophysical effects of LIPUS (Tanaka et al., 2015). And when these events impact the cell plasma membrane, they trigger intracellular signal transduction and subsequent gene transcription.
2.1 LIPUS in bone regeneration therapy
As an active and dynamic tissue, bone is undergoing constant remodeling with proper biochemical and mechanical stimulations (Rowe et al., 2022). Appropriate mechanical stimulation of the bone is of crucial importance to preserve both the volume and structural stability of the bone. When the bone is subjected to mechanical loading, it promotes bone remodeling by enhancing the production and metabolism of osteoclasts and osteoblasts (Wang et al., 2022a). Various cellular activities, including those of cell proliferation, differentiation, gene expression, and protein synthesis, are activated and maintained by mechanical stimulation (Qin et al., 2020). Since the U.S. FDA approved the first LIPUS device for bone healing in 1994, extensive research has been carried out regarding fracture healing and presented desirable outcomes (Zura et al., 2015b). In 2018, Yusuf et al. reported a retrospective observational study that was conducted on clinical patients diagnosed with delayed or non-union, and 12 out of 18 patients successfully achieved full radiological union (Mirza et al., 2019). Subsequently, in 2019, Michael and his team performed a retrospective cohort study on non-unions of the distal upper limb treated with LIPUS (alone, or in conjunction with surgery). All patients underwent a low-intensity (30 mW/cm2) pulsed ultrasound treatment for 20 min/day over the fracture site for at least 3 months resulting in a final union rate of 62% overall (Elvey et al., 2020). These early studies provided the basis for in-depth research on LIPUS in the field of bone regeneration.
The use of LIPUS in bone fracture treatment appears to be successful at all phases of the fracture healing process, including regulating inflammation, accelerating vascularization, ossification, and eventually bone remodeling (Zhang et al., 2017a). The ability of LIPUS to influence different stages of bone healing indicates that LIPUS works through multiple mechanisms. As extensively shown in vitro studies, LIPUS increases the expression of genes related to bone formation, such as Runx-2, osteocalcin, TGF-β, collagen type I, and X, alkaline phosphatase (ALP), aggrecan, Insulin-like growth factor-1 (IGF-1) and bone sulfur protein (Pan et al., 2019b; He et al., 2021; Maung et al., 2021). Apart from that, LIPUS has also been described to promote protein synthesis and calcium absorption in different osteoblast cell lines (Tassinary et al., 2018). Mechanotransduction is the mechanism that has been put forward to explain the process where the mechanical signal is converted into a biological signal. This signal conversion is normally accomplished through mechanosensitive cells within the tissue. Notably, the main regulators of bone mechanosensation and mechanotransduction are osteocytes (Uda et al., 2017; Jiang et al., 2019; Shimizu et al., 2021). Osteocytes are the main moderators of bone homeostasis. They directly regulate local calcium concentration and indirectly control the osteoblasts and osteoclasts’ activities via the secretion of important regulatory factors. Shimizu et al. (2021) discovered that LIPUS stimulation alters gene expression patterns in osteoblasts. Osteoblasts promote the LIPUS-facilitated fracture healing through transcriptional regulation of the early growth response protein 1 and 2 (Egr1, and Egr2), forkhead box Q1 (FoxQ1), JunB, and nuclear factor of activated T-cells c1 (NFATc1). When mechanical stimulation induces fluid shear stress around osteocytes, integrins and kinase pathways act as mechanosensory to promote a series of cascade reactions (Geoghegan et al., 2019; McCarthy and Camci-Unal, 2021). Integrins activation results in the establishment of focal adhesions or focal contacts. Focal adhesions consist of several proteins including talin, paxillin, focal adhesion kinase (FAK), p130Cas, and vinculin (Stewart et al., 2020). According to research, LIPUS can phosphorylate FAK (Sang et al., 2021). As a consequence of the activated FAK, phosphor-inositol 3 kinase (PI3K) and protein kinase B (AKT) is subsequently phosphorylated, which triggers the integrin/phosphatidylinositol 3-OH kinase/Akt pathway (Zhang et al., 2016). In addition, the researchers revealed that the integrin/phosphatidylinositol 3-OH kinase/AKT pathway causes the formation of cyclooxygenase-2 (COX-2), which consequently raises prostaglandin-E2 (PGE2) level (Wang et al., 2018c), resulting in enhanced mineralization effect of osteoblasts (Harrison et al., 2016). Another major effect of LIPUS during bone healing progress is improved vascularization. Jacqueline et al. have proved that LIPUS upregulates the expression of vascular endothelial growth factor (VEGF) (Crossman et al., 2019).
2.2 LIPUS-induced anti-inflammatory effects
Inflammation plays a significant role in the tissue repair process, including timely activation and diminution. However, the prolonged inflammatory state will eventually cause destructive outcomes. In the last few decades, physical therapy has been used mostly in the field of rehabilitation. The outcomes of several studies in recent years have shown that physical therapy is also a promising anti-inflammatory approach (d’Agostino et al., 2015; Gardner et al., 2019). LIPUS functions in the regulation of inflammation by modulating the behavior of different cell types. Leukocytes play a critical role in the process of tissue healing. The inflammatory response is triggered immediately after injury, and leukocytes aggregate to clean up foreign material for inhibiting bacterial infection, which is beneficial to the subsequent tissue repair (Eming et al., 2017). As reported, this process can be regulated by mechanical stimulation like LIPUS by affecting the inflammatory infiltration stage (Rai et al., 2017). LIPUS has a bi-directional effect on leukocytes. LIPUS promotes the infiltration of white blood cells in the early stage of inflammation in repair, which helps clean the wounded area. While during the final phase of inflammatory repair, LIPUS reduces leukocyte infiltration, which will help prevent further tissue destruction (da Silva Junior et al., 2017). Feltham established the post-traumatic osteoarthritis (OA) model by creating an intra-articular fracture (IAF) in the right knee of rats and performed an experimental study. They reported a major decline in synovial leukocyte infiltration in the LIPUS-treated group in comparison to the control group (Feltham et al., 2021). In addition, LIPUS treatment decreased the infiltration of CD68+ macrophages in the synovium and the level of interleukin (IL)-1β in the joint fluid. Acoustic pressure waves have also been documented to affect the cell behavior of macrophages. For instance, in a rat model of hypothermic injury, da Silva Junior et al. (2017) showed that LIPUS lessened the number of inflammatory macrophages M1 after 1 day of treatment and increased the number of anti-inflammatory or reparative macrophages M2 after 2 days. We can conclude that LIPUS could alleviate persistent inflammatory responses by a decrease of M1 macrophages and enhancing tissue repair by increasing the M2 macrophages. These results well indicated the potential application of LIPUS in inflammatory diseases, while more research is required to explore the full mechanism.
Lipopolysaccharide (LPS) is associated with the pathogenesis of multiple diseases, such as osteoarthritis (Huang and Kraus, 2016), Alzheimer’s disease (Kim et al., 2021), coronary artery disease, and periodontitis (Liljestrand et al., 2017; Xu et al., 2020). And macrophages are among the target cells of LPS. In 2017, Zhang et al. (2017b) studied U937 macrophages and observed that LIPUS suppressed the expression of inflammatory factors induced by LPS, such as tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and IL-8. They also discovered that this inhibition effect was activated by suppressing the toll-like receptor 4 (TLR 4)-nuclear factor κB (NF-κB) signaling pathway. Furthermore, LIPUS inhibited LPS-induced expression of nucleus pulposus (NP) inflammatory factors TNF-α and IL-1β also by obstructing the NF-κB signaling pathway. Fei et al. investigated the inflammatory response of an OA model developed in a C57BL/6 mouse with the anterior cruciate ligament transaction method. They discovered that as a consequence of activating focal adhesion kinase (FAK) signaling, LIPUS induced a decline in the expression of inflammatory cytokines TNF-α, IL-6, and IL-8 in the synovial fluid of OA mice (Sang et al., 2021). Zhang et al. (2020) also showed that LIPUS ameliorated synovial inflammation by inhibiting the secretion of mature IL-1β production in macrophages. And this process was achieved through the sequestosome-1 (SQSTM1) dependent autophagic degradation of pyruvate kinase isoenzyme type M2 (PKM). They also reported that LIPUS treatment attenuated the LPS-induced inflammatory response in RAW264.7 macrophages and reduced the LPS-induced increase in pro-inflammatory cytokines (TNF-α and IL-6) (Zheng et al., 2019). Their study was the first to demonstrate that LIPUS diminishes the active inflammatory response in acute viral myocarditis by activating caveolin-1 and suppressing the stimulation of mitogen-activated protein kinase (MAPK) signaling. LIPUS regulates inflammation by inhibiting inflammatory factors, however, LIPUS activates or suppresses different signaling pathways in different cell types.
2.3 Soft-tissue regeneration
It is reported that LIPUS treatment accelerates soft tissue regeneration, including tendon healing, ligament healing, intervertebral disc resorption, and cartilage recovery (Chen et al., 2019a; Li S. et al., 2021). This is especially because tissues such as tendons, ligaments, and cartilage have to bear a huge mechanical load in the body, and the application of LIPUS in the process of healing or tissue development can provide beneficial mechanical force. LIPUS has been reported to have beneficial effects on bone tendon healing by promoting fibroblast synthesis, collagen formation, and angiogenic, chondrogenic, and osteogenic activities (İnceoğlu et al., 2021). In a controlled study, an animal model of Achilles tendon injury has shown a more significantly increased in mature collagen fibers formation, improved biomechanical properties, and increased tissue regeneration rates under LIPUS treatment as opposed to the non-stimulation group (Lai et al., 2021). Human periodontal ligament cells (HPDLCs) play a fundamental role in periodontal regeneration. Low-intensity ultrasound had a similar effect on the activation of connective tissue cells, such as human osteoblast-like cell lines and HPDLCs (Jiang et al., 2019). There is also evidence from a recent study on a porcine model that the application of LIPUS on the oral mucosa expedites the repair of the masticatory mucosa (Chauvel-Picard et al., 2021). However, soft-tissue healing remains less studied than bone healing area. Like bone-healing research, LIPUS in soft tissue research still requires more randomized human clinical trials with controlled uniform parameters to obtain more systematic data to support alone and in combination with other stimulation methods.
2.4 Neuromodulation
The non-thermal neuro-modulatory effects of LIPUS were first reported by Tyler et al. (2008) demonstrating that LIPUS can remotely modulate neuronal circuits by activating action potentials and synaptic transmission. Many groups have established neuroprotective and reversible neuromodulation of LIPUS in vitro and in vivo since Tyler et al. (2008) published their results. Low-intensity ultrasound, like traditional pharmaceutical, electrical, magnetic, and optical treatments, can be used for functional neuromodulation. However, as distinguished from them, with a task-specific design ultrasound allows reversible, non-invasive neuromodulation with millimeter-level spatial resolution, without thermal effects (<0.01°) (Fini and Tyler, 2017). Lu et al. have successfully proved the positive role of LIPUS in preventing neuron degeneration in Parkinson’s disease (PD) by suppressing 1-Methyl- 4-phenylpyridinium (MPP+) evoked neurotoxicity and mitochondria malfunction (Zhao et al., 2017). They argued that pretreatment of PC12 cells with LIPUS would make contributions to protecting the cells from MPP + exposure (a major neurotoxic metabolite of PD) via modulating the antioxidative proteins to alleviate oxidative stress. They also pointed out several pathways as the underlying mechanism, for instance, the K2P channel and stretched-activated ion channel-mediated downstream pathways. The protective and regulatory effects of LIPUS on dopaminergic neurons were discussed in the most recent research (Chen et al., 2021). They developed PD models induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and MPP+ and explored the neuroprotective effect of LIPUS. This resulted that LIPUS exerts its neuroprotective effect by attenuating the central neurotoxicity of MPTP in mice, reducing the loss of tyrosine hydroxylase positive neurons in the substantia nigra pars compacta, and decreasing the apoptosis in the substantia nigra section. In addition, LIPUS was able to suppress MPP + -induced inhibition of dopaminergic neuronal activity and increase apoptosis and control the accretion of reactive oxygen species (ROS) and MPP + -induced decreases in membrane potential.
3 THE MECHANISMS OF LIPUS IN TREATING EXPERIMENTAL PERIODONTITIS
Based on the global burden of disease study in 2019, from 1990 to 2019, the global prevalence of periodontitis increased by 99.0% (Wu et al., 2022). The global burden of periodontitis has dramatically increased. Without adequate intervention, the chronically activated inflammatory state can lead to the progressive destruction of periodontal bone. Besides, periodontitis has been associated with diverse systemic diseases, including cardiovascular disease, diabetes, respiratory disease, and rheumatoid arthritis, according to several studies (Nazir, 2017). In recent decades, there are various treatment modalities available for periodontal regenerative therapy. Among them, regenerative surgery such as GTR has become the preferred solution to bone loss caused by periodontitis. However, infections due to foreign body reactions caused by bacteria or the implant material at the wound site continue to limit the clinical effectiveness of GTR technology (Lin et al., 2019). In addition, the success rate of the GTR procedure depends to a large extent on the operator’s surgical experience (Vaquette et al., 2018). Therefore, it is imperative to develop a method to accelerate periodontal regeneration. LIPUS has been increasingly studied in the field of tissue regeneration in recent years, and its mechanisms in bone regeneration and inflammation control have been considerably explored. Wang et al. (2022b) observed through an in vivo experimental study that LPIUS promotes new bone formation in the setting of periodontitis. In addition, they found that LIPUS is also effective in reducing inflammation and promoting angiogenesis, thus providing a favorable microenvironment for periodontal regeneration. Currently, LIPUS has shown advantages in both periodontal inflammation control and periodontal bone regeneration studies. However, there is still a lack of mechanism summarization and clarification in this area. In order to achieve more effective and precise clinical translation, it is necessary to fill this gap.
Previous studies have indicated that LIPUS can increase the proliferative activity of cells and enhance osteogenic differentiation (Baehni and Tonetti, 2010; Jiang et al., 2019). In terms of the periodontal field, studies have pointed out that LIPUS stimulation inhibits various inflammatory gene expressions and upregulates osteogenic differentiation-related genes (Tan et al., 2021). To elucidate the underlying mechanism of LIPUS in periodontitis, the periodontal cells were subjected to a specific ultrasound stimulation; however, loading parameters and time schedules varied among the studies (Table 1). Periodontal bone tissue originally possesses endogenous regenerative potential. There is evidence that a subpopulation subset of gingival fibroblasts (GFs), gingival mesenchymal stem cells (GMSCs), exhibit surface markers of mesenchymal stem cells (MSCs) and share an osteogenic differentiation potential similar to that of osteoprogenitor cells (Jin et al., 2015; Diar-Bakirly and El-Bialy, 2021). There has also been successful induction of osteogenic differentiation of GFs, which fully demonstrates the tissue regenerative potential of periodontal tissues (Mostafa et al., 2011; Liu et al., 2017). Another major cell type in periodontal connective tissue is periodontal ligament cells (PDLCs). PDLCs are a heterogeneous cell population inclusive of osteogenic progenitor cells and MSCs that can develop cementum, bone, and the periodontal ligament tissue itself (Yamamoto et al., 2018). Like bone marrow stromal cells, PDLCs can give rise to mesodermal and skeletal tissue regeneration. In the meantime, PDLCs also provide a beneficial microenvironment for bone deposition through the synthesis and release of growth factors, cytokines, colony-stimulating, and factors neurotransmitters (Chang et al., 2020). MSCs in the periodontal ligament, periodontal ligament stem cells (PDLSCs), also serve an important purpose in periodontal tissue regeneration (Zhai et al., 2019). Several in vitro studies have revealed the effect of varying intensities of LIPUS on the behavior of cementoblasts (Inubushi et al., 2008) and PDLCs, GFs, and osteoblasts (Inubushi et al., 2008). Nesrine et al. concluded that LIPUS can contribute to the osteogenic differentiation of GFs by upregulating the expression of osteogenic genes such as ALP and OCN (Mostafa et al., 2009). Studies have shown that LIPUS can improve the vitality, proliferation, migration, and multilineage differentiation of PDLSCs, and these effects of LIPUS may be regulated via various signaling pathways (Tan et al., 2021). In addition to this, LIPUS also exhibited a positive effect in enhancing the pluripotency of periodontal ligament cells. These characteristics have also motivated the study of LIPUS in periodontitis (El-Bialy et al., 2012). However, the related mechanisms still lack a systematic overview for a more effective clinical translation.
TABLE 1 | Biological effects of LIPUS on periodontal ligament cells.
[image: Table 1]3.1 LIPUS induces stem cells migration
The mechanical stimuli in the process of bone remodeling realize the balance of regeneration and absorption of bone tissue through mechanotransduction (Ascolani et al., 2021). The role of mechanotransduction in periodontal regeneration was reflected in regulating cell migration (Wang et al., 2018b), proliferation (Huelter-Hassler et al., 2017), differentiation (He et al., 2019; Papadopoulou et al., 2020), and suppressing inflammatory factors via mechanosensory elements within cells. Restorative cell migration is a critical step in periodontal tissue repair. Endogenous MSCs have been shown to enhance tissue healing by homing to the site of injury (Lin et al., 2017). Previous studies have shown that BMSCs are motivated by a specific chemotactic factor released at the fracture site, thus migrating to the damaged area, and differentiating into osteoblasts to repair the fracture (Zhang et al., 2018). In addition, the mobilization of MSCs is involved in the homeostasis of periodontal tissues. Thus, the homing of stem cells from the surrounding healthy periodontal tissue into remodeling sites would presumably play an important role during in situ periodontal bone regeneration.
Research has gathered evidence that homing of PDLSCs is a potential mechanism of LIPUS-mediated periodontal tissue regeneration. PDLSCs are mechanosensitive cells and have an essential effect on tissue homeostasis and repair (Men et al., 2020). Previous studies showed that LIPUS possesses the ability to accelerate fracture healing by activating the migration of osteogenic progenitors to the damaged sites. Also, stromal cell-derived factor 1 (SDF-1), a type of chemokine that is vital for stem cell homing, is upregulated in the fracture site under LIPUS stimulation. To further investigate, WANG et al. conducted experiments on PDLSCs and revealed that LIPUS treatment facilitates the gene and protein expression of SDF-1 in PDLSCs (Wang et al., 2018b). Blocking SDF-1 or its receptor, C-X-C motif chemokine receptor 4 (CXCR4), significantly inhibits the secretion of SDF-1 and LIPUS-induced cell migration. These results indicate that the SDF-1/CXCR4 pathway is an important molecular mechanism underlying the LIPUS-induced stem cell migration. However, how mechanical signals are sensed and thus cause the activation of this signaling pathway? Recently, twist family bHLH transcription factor 1 (TWIST1) is regarded as having a fundamental role in the remodeling of the alveolar bone-periodontal ligament interface. Besides TWIST1 was reported to increase SDF-1 expression in a dose-dependent modality. WANG et al. further verified the role of TWIST1 in PDLSCs. They discovered that the knockdown of TWIST1 not only suppressed the LIPUS-induced SDF-1 expression but also blocked the LIPUS-induced stem cell migration. Therefore, we have concluded that TWIST1 acts as a mechanical stress sensor during mechanotransduction. When periodontal defects are treated with LIPUS stimulation, TWIST1 in PDLSCs will be activated and induce SDF-1 secretion. Eventually, LIPUS promotes PDLSC homing via the SDF-1/CXCR4 pathway to achieve periodontal bone regeneration (Figure 2). Naturally, cell migration is dependent on the involvement of adhesion proteins such as integrins and FAK activation. There is also strong evidence that LIPUS can regulate the migration of BMSCs by activating the FAK-ERK signaling pathway (Chen et al., 2019d). However, studies of this pathway in LIPUS-promoted migration of PDLCs are still absent.
[image: Figure 2]FIGURE 2 | LIPUS promotes PDLSCs migration through SDF-1/CXCR4 signaling pathway.
However, the migration of PDLCs was not completely abolished by the blockade of TWIST1, suggesting that the existence of compensatory mechanisms may be possible. MSC migration is enhanced by the expression of additional chemokine receptors such as CCR1, CCR4, and CCR7, according to a previous study. As a result, the processes by which MSCs are mobilized to periodontal tissues in response to LIPUS are yet to be fully explored.
3.2 LIPUS promotes stem cells osteogenic differentiation
Human periodontal ligament cells (HPDLCs) possess various differentiation abilities and can facilitate the regeneration of periodontal tissues by differentiating into osteoblasts and cementoblasts (Zhu and Liang, 2015). The osteogenic differentiation capacity of HPDLSCs plays an essential role in the process of periodontal bone tissue reconstruction. The application of LIPUS can enhance the osteogenic differentiation of HPDLSCs by regulating related signaling pathways (Li H. et al., 2021). MAPK signaling pathway is an important mechanism underlying the osteogenic differentiation of HPDLSCs (Wang et al., 2018a). Mammalian MAP kinases are comprised of the extracellular signal-regulated kinase (ERK) family, the p38 kinase family, and the c-Jun N-terminal kinase family (JNK, also known as stress-activated protein kinase or SAPK) (Roskoski, 2012). Ren et al. (2013) confirmed that the p38 MAPK signaling pathway participates in the LIPUS-induced osteogenic differentiation of HPDLCs through the significant increase in LIPUS-induced ALP secretion, osteocalcin production, and calcium deposition (Huang et al., 2018). In a similar study, Gao et al. (2016) used specific MAPK inhibitors that further confirmed the role of specific MAPK pathways in the PDLSC proliferative response to ultrasound. They found that JNK and p38 may be both involved in the stimulation of PDLSC proliferation. Later in 2017, they also confirmed that phosphorylated JNK and p38 MAPK were increased mainly in PDLSCs over 24 h after LIPUS stimulation (Gao et al., 2017).
It is understood that LIPUS generates mechanical stresses, which can affect specific cellular mechanical transduction components, such as integrins, focal adhesion complexes, membrane receptors, ion channels, and cytoskeleton components. Integrins, which connect the cytoskeleton to the extracellular matrix and mediate a variety of signaling cascades, are also involved in the transduction of mechanical stimuli to biochemical signals (Kechagia et al., 2019). When LIPUS signals are delivered to integrins, the binding of varied adhesion junction proteins is triggered. One of the crucial focal adhesion proteins in the conversion of LIPUS signaling from mechanical to biochemical signals is focal adhesion kinase (FAK), which regulates integrin-mediated signaling triggered by LIPUS (Zhang et al., 2017a). Integrin β1 is implicated in the remodeling of the periodontium in response to mechanical stimulation as a mechanoreceptor on the cell membrane (Molina et al., 2001). Hu et al. (2014) proved that integrin β1-dependent signaling transduction was included in the LIPUS-induced osteogenic differentiation of HPDLCs. When the mechanical signals from LIPUS reach the HPDLCs, the integrin β1-dependent signaling pathway will be activated and presumably activates the MAPK pathway. Finally, LIPUS facilitates Runx2 expression, ALP secretion, osteocalcin production, and calcium deposition in HPDLCs.
HPDLCs can initiate osteogenic differentiation via stimulation of cytokines and growth factors such as platelet-derived growth factor (Yang et al., 2022), epidermal growth factor, transforming growth factor (Li and Zhang, 2015), and bone morphogenetic protein (BMP) (Khanna-Jain et al., 2010). Of those factors, BMP has been identified as a key mediator in osteoblast differentiation regulation. It was shown that LIPUS plays a significant role in the BMP-induced osteogenic differentiation of PDLCs. Yang et al. (2014) discovered in their early study that BMP-2 and BMP-6 expression in HPDLCs increased after daily LIPUS treatment. They also explored that this process is achieved through the BMP-Smad signaling pathway. As an early response to mechanical signals generated by LIPUS, Smad transcription factors in PDLCs are phosphorylated on serine residues by the BMP receptor complex. Smads are categorized into 3 classes: receptor-regulated Smads, common Smads, and inhibitory Smads, and each of them has a particular function (Miyazawa and Miyazono, 2017). Once the receptor-regulated Smads (Smad1/5/8) are phosphorylated, receptor-regulated Smads dissociate from the receptor, connect to common Smad (Smad4), and enter the nucleus. In the nucleus, heteromeric Smad complexes function as effectors of BMP signaling by mediating transcription-related genes to upregulate multiple osteogenic differentiation makers.
In bone tissue, FOXO (Forkhead box O), a large family of forkhead transcription factors plays a crucial role in osteogenesis (Chen et al., 2019b). Some scholars have also investigated the mechanism of FOXO1 involvement in LIPUS-promoted osteogenic differentiation of HPDLCs. By knocking down the FOXO1, Chen et al. (2019c) discovered a major decrease in the level of osteogenic differentiation markers (like ALP, and Runx2) in HPDLCs. A collection of FOXO1-sensitive miRNAs, including miR-182, miR-183, and miR-705, have been revealed to be important regulators of osteogenic differentiation (Pitto et al., 2008; Wang et al., 2016). On this basis, Chen et al. (2019c) also found that LIPUS stimulation could inhibit miR-182 and thus attenuate its inhibitory effect on FOXO-1 accumulation. PI3K/Akt signaling pathway is another basic and traditional level of FOXO1 activity regulation, in addition to miRNA-mediated post-transcriptional regulation (Xing et al., 2018). LIPUS was discovered to induce Akt phosphorylation, which prevented active FOXO1 excessive accumulation by driving nucleus FOXO1 translocation to the cytoplasm and helping to maintain the balance of FOXO1 activity. Phosphorylated-Akt produced two 14-3-3 protein binding sites on FOXO1, and the FOXO1-14-3-3 binding complex was transported from the nucleus to the cytoplasm, where the bound 14-3-3 protein inhibited FOXO1 from returning to the nucleus. In osteoblasts, FOXO1 was revealed to be phosphorylated at Thr-24, Ser-256, and Ser-319 via the PI3K/Akt pathway (Fukunaga et al., 2005), while the phosphorylation sites in HPDLCs subject to LIPUS were unknown. In addition, miR-182 was discovered to retain FOXO1 in the nucleus in human hepatic cells by reducing Akt phosphorylation, indicating the intricacy and potential balance capacity of miR-182 on FOXO1 activity. Taken together, Chen et al. have concluded that miR-182 converts LIPUS stimulation into the biochemical signal FOXO1 and contributes to enhanced osteogenic differentiation in HPDLCs. Besides, LIPUS increases cytoplasm translocation of FOXO1 via PI3K/Akt pathway. However, the potential role of miR-182 in LIPUS-mediated Akt phosphorylation within HPDLCs is subject to further study. The mechanism by which LIPUS regulates the osteogenic differentiation of PDLCs is elucidated in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic illustration of LIPUS enhancing osteogenic differentiation in periodontal tissue. LIPUS promotes FAK phosphorylation through integrin β1 and subsequently activates MAPK signaling, enabling the transcription of osteogenic-related signaling factors. Meanwhile, LIPUS can reverse the inhibitory effect of miR-182 on FOXO1 by inhibiting it, and prevent the overexpression of FOXO1 through PI3K/Akt pathway. The BMP receptor complex is also activated by LIPUS stimulation and promotes the expression of RUNX-2, ALP, OCN and other osteogenic genes through the BMP-Smad signaling pathway.
3.3 LIPUS modulates inflammatory response in periodontitis
Dental plaque biofilm is the initiating factor of periodontitis, host inflammatory and immune responses to microorganisms inside the biofilm can leave the subgingival environment in a state of ischemia and hypoxia. The anaerobic environment causes Porphyromonas gingivalis (P. gingivalis), the key pathogen underlying progressive periodontitis and severe periodontitis, to become the dominant bacterium in the biofilm. As an important virulence factor in (P. gingivalis), lipopolysaccharide (LPS) is able to stimulate signaling factors such as Toll-like receptor-4 (TLR4) leading to unwanted host inflammatory responses. An inflammatory state will greatly weaken the self-renewal and multiple differentiation ability of periodontal tissue. NF-κB pathway has an important part in the TLR-mediated secretion of pro-inflammatory signals (cytokines, chemokines, and adhesion molecules) (Xu et al., 2020). As a major pathogenic factor in exacerbating periodontitis, LPS can increase periodontal inflammation by activating the intracellular NF-κB signaling pathway through TLR4. Activation of the NF-κB signaling pathway, on the other hand, impairs the osteogenic differentiation of PDLSCs. The microenvironment of periodontitis has a great impact on the osteogenic differentiation ability of cells. The persistent inflammatory condition arrests the differentiation of osteoblasts and increases the numbers and activity of osteoclasts. Oxidative stress is considered one of the pathophysiological mechanisms driving periodontitis, according to numerous research (Sczepanik et al., 2020). Oxidative stress hinders the osteogenic differentiation of PDLCs and reduces their regenerative potential (Kuang et al., 2020). Furthermore, the inflammatory state imposes endoplasmic reticulum stress (ERS), a pathological state that invokes an intracellular unfolded protein response (UPR), on PDLSCs leading to decreased osteogenic differentiation (Qiao et al., 2021; Tan et al., 2022). ERS is actuated by the accretion of unfolded and misfolded proteins in the endoplasmic reticulum (ER) (Wang et al., 2016). During ERS, cells react to changes in protein folding by activating a response called UPR. Up until now, UPR is initiated through three ER transmembrane transducers, including protein kinase R-like ER kinase (PERK), activating transcription factor 6 (ATF6) and inositol acquisition enzyme 1 (IRE1) (Ghemrawi and Khair, 2020; Read and Schröder, 2021). However, LIPUS provides more targeted inhibition of these pro-inflammatory mechanisms. LIPUS suppresses lipopolysaccharide (LPS)-induced inflammatory chemokines, diminishing oxidative stress and UPR, protecting periodontal osteogenic differentiation potential while regulating inflammation-related signaling pathways (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic illustration of the mechanism by which LIPUS regulates periodontal inflammation. LIPUS can release UPR and reduce the secretion of chemokines such as IL-6, IL-8, and CXCL1/10 by inhibiting TLR4-mediated NF-κB signaling pathway and specific transmembrane signaling transducers on the endoplasmic reticulum surface. LIPUS can also activate the PIS/Atk signaling pathway to further upregulate antioxidant genes and alleviate oxidative stress.
NF-κB signaling pathway is closely involved in periodontal inflammation. TLR4/MyD88/NF-κB signaling played an important role in the LPS-induced inflammatory response of periodontal tissue. Nakao et al. (2014) showed that LIPUS interferes with the TLR4-MyD88/TIRAP signaling pathway in osteoblasts, thereby inhibiting the gene expression of the LPS-induced chemokines CXCL1 and CXCL10. And Liu et al. suggested that LIPUS reduces the inflammatory factors of U937 and potentiated the viability and osteogenic differentiation of PDLC in vitro (Zhang et al., 2017b). A recent study conducted by Liu et al. (2020) demonstrated with persuasive evidence that LIPUS inhibits the NF-κB signaling pathway by preventing the phosphorylation of IκBα and translocation of p65 into the nucleus. Therefore, LIPUS inhibits the secretion of IL-6 and IL-8 and modifies the osteogenic differentiation potential of hPDLCs in an inflammatory environment. However, the results of this experiment do not clarify whether LIPUS has a time-dependent effect on anti-inflammation, which needs further improvement. However, the results of this experiment did not elucidate whether LIPUS has an anti-inflammatory time-dependent property, which needs further improvement. Also, whether the duration of the LIPUS application plays a role in the alteration of signaling pathways needs further experimental validation. In addition, (Kusuyama et al. (2019) have also discovered that LIPUS treatment significantly suppressed LPS-induced mRNA expression of IL family cytokines, RANKL, and chemokines in periodontal ligament fibroblasts (PDLFs). And they explored that ROCK1, a molecule that mainly participated in cytoskeletal rearrangement after Rho activation, is involved in the suppression of inflammatory response by LIPUS.
As an effective treatment, LIPUS can effectively regulate inflammation, thus providing an improved microenvironment for the osteogenic differentiation of cells. It was found that LIPUS stimulation was effective in reducing oxidative stress in periodontitis and alleviating the inhibition of osteogenic differentiation and alveolar bone destruction caused by oxidative stress. (Ying et al. (2020) demonstrated that LIPUS acts to protect alveolar bone from oxidative stress by upregulating and activating nuclear factor erythroid 2-related factor 2 (Nrf2). Nrf2, as a redox-sensitive transcription factor, derives upregulation of a series of antioxidant genes that protect tissue against oxidative stress (Leewananthawet et al., 2019; Li et al., 2019). PI3K/Akt is a widely recognized upstream regulator of Nrf2, and activation of PI3K/AKT directly reduces the degradation of Nrf2 by facilitating its phosphorylation and accelerating its translocation to the nucleus (Li et al., 2018). By utilizing a pharmacological inhibitor of the PI3K/Akt pathway, Ying et al. (2020) also exhibited that the PI3K/AKT pathway promotes LIPUS-mediated upregulation of nuclear Nrf2. Therefore, it can be understood that LIPUS can effectively protect against tissue damage due to oxidative stress in experimental periodontal inflammation.
PDLSCs are a set of MSCs with multidirectional differentiation potential. They can serve an important purpose in the reconstruction of periodontal bone tissue in a healthy periodontal state. However, the intracellular ERS state caused by the inflammatory microenvironment severely affects the osteogenic differentiation potential of stem cells, thus leading to increased bone loss after periodontitis. Li et al. (2020a) demonstrated that through the inhibition of ERS, LIPUS reduces inflammation and facilitates osteogenesis in the LPS-induced inflammatory environment. And the UPR-related genes IRE1α, GRP78, and ATF4 were also downregulated after LIPUS treatment. LIPUS treatment also suppressed the expression of XBP1u and XBP1s, the target genes of IRE1α in the UPR pathway. Meanwhile, LIPUS increased the expressions of RUNX2 and ALP, indicating that LIPUS improves the osteogenic differentiation potential of PDLSCs via inhibiting UPR. While the specific pathway included in the use of LIPUS and the regulation of the UPR still need so further investigation.
Autophagy is a catabolic process in which cells decompose their unneeded proteins, macromolecular complexes, and organelles, passing them into lysosomes so and enabling them to survive (Saha et al., 2018). Clinical studies show that autophagy is a requirement in the inflammatory microenvironment to protect PDLSCs from apoptosis (An et al., 2016). Li et al. (2020b) have demonstrated that LIPUS stimulation can induce mRNA and protein expression of the autophagy pathway related-proteins, such as LC3 and Beclin-1, in LPS-pretreated HPDLCs. LIPUS pretreatment significantly reduces IL-6 release in lipopolysaccharide-stimulated HPDLCs. However, the autophagy inhibitor, 3-Methyladenine, causes an increase in the level of IL-6, which indicates the involvement of autophagy in the LIPUS anti-inflammatory mechanism in HPDLCs.
4 SUMMARY AND PROSPECTS
Periodontitis is a widespread oral disease that causes alveolar bone destruction. If properly contained, early-state periodontitis has a good prognosis. However, severe bone loss, a complication of more advanced periodontitis, is still a puzzle for clinicians. LIPUS provides a new inspiration for tissue regeneration. In contrast to high-intensity ultrasound applied for tissue heating, LIPUS provides mainly non-thermal effects, including microbubbles and microjets caused by cavitation, acoustic flow, mechanical stimulation, etc. and in this article, we thoroughly discussed the underlying mechanism of LIPUS-mediated periodontal bone regeneration. As a mechanical signal, LIPUS activates different signaling pathways via mechanotransduction and subsequently regulates cell behavior. LIPUS can activate the homing of endogenous MSCs as well as osteogenic progenitor cells to the defected area by activating the TWIST/SDF-1 signaling pathway. When LIPUS reaches the damaged tissue, intracellular TWIST1 is activated to promote the expression of SDF-1, which in turn serves to promote the expression of genes related to cell migration through its corresponding receptors. However, studies on how periodontal ligament cells perceive mechanical signals from LIPUS and translate them into the expression of signaling molecules that promote migration remain imperfect. Besides, LIPUS regulates the osteogenic differentiation of PDLCs through the involvement of signaling pathways such as MAPK, BMP-Smad, and cytokines such as FOXO. In periodontal tissue, integrin β1 functions as a sensory transducer of mechanical stimulation from LIPUS, promoting FAK phosphorylation and thereby activating a series of downstream cascade responses. MAPK signaling pathway activated by phosphorylation of FAK increases the expression of ERK1/2, p38 MAPK, and JNK and thus contributes to the transcription of osteogenic differentiation genes. LIPUS increases the expression of Runx2, ALP, and the mineralized bone nodule formation by promoting the transcriptional function of FOXO1. By inhibiting the FOXO1-sensitive miRNA miR-182, LIPUS ensured the normal transcription of FOXO1 in the nucleus. In this process, the translocation of FOXO1 from the nucleus to the cytoplasm can be achieved through the PI3K/Akt signaling pathway thus avoiding the excessive accumulation of FOXO1 in the nucleus. In addition, LIPUS upregulates osteogenic differentiation gene markers in periodontal cells by enabling the nuclear transport of the Smad complexes through the BMP-Smad signaling pathway. In the meantime, LIPUS generates mechanical signals that inhibit the release of inflammatory factors, oxidative stress, and UPR activated by periodontitis, and modulates periodontal inflammation by regulating cellular autophagy. When exposed to LIPUS, the signaling pathway promoting antioxidant gene transcription was activated, while the TLR-mediated NF-κB and UPR-related signaling pathways associated with pro-inflammation were inhibited. LIPUS phosphorylates transcription factor Nrf2 through PI3K/Akt signaling pathway and promotes antioxidant genes to reduce oxidative stress and periodontitis-induced tissue damage. LIPUS also suppressed the TLR-mediated NF-κB signaling pathway, while interfering with the TLR4-MyD88-TIRAP complex to reduce the release of LPS-induced chemokines. In addition, LIPUS could inhibit UPR-induced inflammatory response by suppressing the ER transmembrane transducers and their downstream genes.
Nevertheless, the mechanism of LIPUS-induced periodontal bone tissue regeneration remains incomplete. Although the current study can describe the general mechanism of the effect of LIPUS on periodontal bone regeneration, however, many details need to be refined. The current research had not proposed the optimal LIPUS stimulation parameters corresponding to various cells. Different intensities and stimulation durations may reveal different signaling pathways of mechanotransduction, so we believe that the research on LIPUS needs to be further improved on this aspect to obtain more rigorous results. LIPUS gradually possesses a more significant place in the field of regeneration medicine. And a thorough knowledge of the molecular mechanism behind LIPUS-related treatments will pave the way for better clinical application.
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The liver is a complicated organ within the body that performs wide-ranging and vital functions and also has a unique regenerative capacity after hepatic tissue injury and cell loss. Liver regeneration from acute injury is always beneficial and has been extensively studied. Experimental models including partial hepatectomy (PHx) reveal that extracellular and intracellular signaling pathways can help the liver recover to its equivalent size and weight prior to an injury. In this process, mechanical cues possess immediate and drastic changes in liver regeneration after PHx and also serve as main triggering factors and significant driving forces. This review summarized the biomechanics progress in liver regeneration after PHx, mainly focusing on PHx-based hemodynamics changes in liver regeneration and the decoupling of mechanical forces in hepatic sinusoids including shear stress, mechanical stretch, blood pressure, and tissue stiffness. Also discussed were the potential mechanosensors, mechanotransductive pathways, and mechanocrine responses under varied mechanical loading in vitro. Further elucidating these mechanical concepts in liver regeneration helps establish a comprehensive understanding of the biochemical factors and mechanical cues in this process. Proper adjustment of mechanical loading within the liver might preserve and restore liver functions in clinical settings, serving as an effective therapy for liver injury and diseases.
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1 INTRODUCTION
The liver is the largest substantive organ in the mammalian body and undertakes many key physiological activities within the body. It is mainly responsible for the absorption, storage, metabolism, and redistribution of substances including sugars, lipids, sterols, proteins, and vitamins. The liver also has functions in immune regulation and defensive response, detoxification, biotransformation, and bile synthesis and secretion (Michalopoulos, 2007; Powell et al., 2021). As a unique organ, the liver has a powerful regenerative capability to guarantee its mass, structure, and stability of broad hepatic functions (Michalopoulos, 2007). Recently, liver-related diseases such as hepatitis, fatty liver, cirrhosis, and liver cancer have become one of the main causes of death worldwide (Sallberg and Pasetto, 2020; Powell et al., 2021). The resection of liver lesions is a vital treatment and effectively exploring the potential of liver regeneration is the key to the survival of postoperative patients. Living donor liver transplantation utilizes the ability of liver regeneration to alleviate the problem of recipient insufficiency and donor shortage. However, challenges still remain in keeping the liver outside the body and maintaining its metabolic activity (Giwa et al., 2017; de Vries et al., 2019). Therefore, understanding the regeneration mechanisms of the liver yields both biological significance and potential applications for the treatment of liver injury and diseases (Campana et al., 2021).
Liver regeneration refers to the process of proliferation, migration, and differentiation of various hepatic cells by the combined regulation of various factors to restore the normal size and function of the liver. In contrast to the regrowth of limbs in lower vertebrates containing stem cells at the cut surface, the resected parts of the liver do not grow back from the cut surface, but instead, expand the tissue mass from the remaining lobes to compensate for the lost tissues (Fausto et al., 2006; Cordero-Espinoza and Huch, 2018), suggesting that liver regeneration is a compensatory process of liver growth regulated by the requirements of functional recovery rather than morphological regeneration. Depending on the characteristics of liver injury, liver regeneration can be classified into two patterns, acute liver regeneration and chronic liver regeneration. Acute liver regeneration is initiated after PHx or a high concentration of chemical injury in a short time, during which all the existing mature cells proliferate to replenish the liver mass. Chemical injury not only causes a regenerative response but also induces an inflammatory response. The degree of liver injury is related to the time and dose of administration. However, chronic liver regeneration is activated by inflammation, viruses, or toxins in continuous time, which yields adverse effects and hinders optimal liver function, leading to cirrhosis and even liver cancer (Forbes and Newsome, 2016; Michalopoulos, 2017; Michalopoulos and Bhushan, 2021). Hepatocyte self-replication mainly contributes to liver regeneration after PHx, while liver progenitor cells (LPCs), which can differentiate into either liver cells or bile duct cells, serve as an alternative pathway for acute regeneration when the tissue injury is too severe to initiate sufficient proliferation of hepatocytes (Li et al., 2020; Zhu et al., 2020). Furthermore, LPCs also appear in hepatic fibrosis and the amount is correlated with the severity of fibrosis in chronic liver diseases (Williams et al., 2014; So et al., 2020).
At present, the protocols for liver injury induction and regeneration mainly include surgical operation and chemical induction (Forbes and Newsome, 2016; Huang et al., 2021). Chemicals are usually toxic to the liver and will cause an inflammatory response, massive necrosis, and high mortality if the dose, frequency, and method of administration are not well controlled. In contrast, PHx serves as the commonly used model in liver regeneration, mainly due to the exact removal of the hepatic mass, the precise timing of stimuli, the minimized hepatocytes damage, and the pure regenerative response without an inflammatory response (Higgins and Anderson, 1931; Michalopoulos and DeFrances, 1997). PHx was primarily invented by Higgins and Anderson in 1931 (Higgins and Anderson, 1931). Since then, this method has been gradually accepted as the commonly used model in rats and a standard procedure has been formed for rodents (Mitchell and Willenbring, 2008). The PHx model completely retains the structure of the main portal vein, inferior vena cava, common bile duct, and hepatic artery, presenting both mechanical and perfusion damage to the liver. It is close to the clinical liver transplantation procedure with valuable experimental results for reference. The characteristics of the liver regeneration model constructed by PHx are as follows: 1) Since a single liver lobe is removed and the process does not lead to a large amount of necrosis of residual liver tissue, the initiation of residual liver regeneration is relatively independent of the inflammatory response, which helps to better explore the direct initiation factors of liver regeneration. 2) The model has good repeatability and stability, and the operation can be completed in approximately 20 min by a skilled surgeon. 3) The regeneration reaction caused by PHx is immediate and can be used as the starting point of the whole regeneration process when the surgery is completed. After PHx, the peaks of DNA synthesis and mitosis in hepatocytes vary depending on different species (24 h in rats and 36–48 h in mice) (Michalopoulos, 2013). Furthermore, PHx has high accuracy in quantifying the degree of liver resection, low complication rate, high surgical success rate, and good repeatability (Forbes and Newsome, 2016; Christ et al., 2021). Based on the above advantages, liver regeneration after PHx is a suitable model to help understand the complexity of signaling pathways for tissue growth, and is widely used in the treatment of clinical liver diseases (e.g., living donor liver transplantation, liver cancer).
Biochemical cues-based liver regeneration theory related to PHx has been extensively investigated, covering the cell proliferation dynamics (Michalopoulos and DeFrances, 1997), the morphologic changes (Michalopoulos, 2007), the extracellular matrix (ECM) reconstruction (Michalopoulos and Bhushan, 2021), and the complete or auxiliary mitogens-mediated signaling pathways (Fausto et al., 2006; Michalopoulos, 2017). Indeed two main signaling pathways, complete mitogens-dependent and auxiliary mitogens-dependent, are found to interact with each other (Taub, 2004). All the events during liver regeneration are finely tuned in time and space (Michalopoulos, 2007). Briefly, the hepatocytes are the first to proliferate with DNA synthesis peaking at 24 h in rats, while DNA synthesis occurs later in the nonparenchymal cells (NPCs). Major complete mitogens include hepatocyte growth factor (HGF) and its receptor c-Met, together with epidermal growth factor (EGF), transforming growth factor-α (TGF-α), as well as heparin-binding EGF-like growth factor (HB-EGF) and their receptor epidermal growth factor receptor (EGFR) (Kimura et al., 2023). Several auxiliary mitogens, such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and bile acids can orchestrate and optimize the timing and intensity of intracellular signals essential for controlling hepatocyte proliferation and paracrine cell interactions (Michalopoulos, 2013; Michalopoulos, 2017; Tao et al., 2017). These signaling molecules are mainly derived from the paracrine of NPCs, the deposition in ECM and the portal circulation (Michalopoulos and Bhushan, 2021; Shu et al., 2022). After PHx in rodents, liver histology gradually starts to restore at 3–4 days, most of the liver mass is restored within 7–8 days, and the complete restoration is achieved within 3 weeks (Michalopoulos and DeFrances, 1997; Michalopoulos, 2007; Michalopoulos, 2017; Michalopoulos and Bhushan, 2021).
Elucidating those priming factors is one of the hot topics in the field of liver regeneration. There are three broad categories of recognized triggers: biochemical factors, endothelial cell stretch, and sinusoidal shear stress. Studies on the triggering mechanism of liver regeneration after PHx and partial liver transplantation cannot ignore the role of mechanical forces. For example, mechanical stretch on portal vein endothelial cells promotes the release of IL-6 from endothelial cells. After right hepatic portal vein embolization, the diameter of intrahepatic portal vein branches in the residual liver is increased by 150% compared with that in the control group, accompanied by a significant increase in IL-6 secretion (Kawai et al., 2002). Meanwhile, applying the same amount of mechanical stretch to cultured vascular endothelial cells significantly increases the release of IL-6 within 6 h (Kobayashi et al., 2003). On the other hand, after partial liver transplantation or PHx, the volume of the residual liver decreases relatively due to the unchanged total portal blood flow, leading to increased portal perfusion in liver tissue per unit volume and increased portal pressure which results in enhanced shear stress in hepatic sinusoid space. A hepatic sinusoid is a double-barrel structure composed of sinusoid space and Disse space, and hepatocytes are exposed to portal pressure directly through fenestrae on liver sinusoid endothelial cells (LSECs). Therefore, hepatocytes, LSECs, and vascular endothelial cells are all affected by shear stress caused by high portal pressure. Various cell surface receptors found in regulating shear stress on the surface of vascular endothelial cells (Yee and Revel, 1978; Koch and Leffert, 1979) may serve as candidates for liver regeneration. The increased shear stress in the sinusoids due to portal hyperperfusion after PHx or partial liver transplantation may result from the release of regeneration-related factors acting on these receptors. In addition, excessive shear stress after major liver resection leads to liver failure, while the decreased portal shear stress after portal shunt surgery may atrophy the liver until it reaches the new portal pressure and shear stress equilibrium point (Sato et al., 1997; Abshagen et al., 2008). Shear stress also increases the diameter of blood vessels, affects the expression of c-jun, c-myc, c-fos, and other regenerative early genes, and induces the increase of nitrogen oxide synthase (eNOS) expression in LSECs, thereby inducing liver regeneration (Sato et al., 1997; Niiya et al., 1999; Lalor et al., 2006). Recently, hepatocyte heterogeneity has been shown to appear after PHx (Chen et al., 2020), segregating hepatocytes into different functional subgroups based on distinct gene expression patterns including both resting hepatocytes and those with high expression of specific function-related and proliferation-related genes (Walesky et al., 2020; Chembazhi et al., 2021). However, the mechanisms of how resting hepatocytes can transform into a proliferative state and how liver regeneration is initiated still need to be further clarified based on those hemodynamic factors. While attention has been focused on the signaling molecules that promote liver regeneration, the triggers and initiation that induce these changes are not fully understood. Evidently, the mechanism of liver regeneration is extremely complex with highly coordinated proliferative responses of various effector cells, involving several pathways and multiple factors, and the loss of function from a single gene rarely leads to the complete abolition of liver regeneration (Michalopoulos and Bhushan, 2021). Specifically, considering the complex mechanical microenvironments within the liver, mechanical factors may serve as additional candidates playing a direct role in this process. In this review, biomechanical regulation in liver regeneration was discussed specifically in PHx, together with underlying mechanical signaling pathways.
2 MECHANICAL ENVIRONMENTS IN LIVER REGENERATION
2.1 Hemodynamics in liver regeneration
The liver is a highly vascularized organ that has a unique blood supply. Blood pumped from the heart supplies oxygen to the liver through the hepatic artery, accounting for 1/3 of the total blood volume, while blood from the intestines and spleen converges through the portal vein to metabolize and detoxify substances, accounting for 2/3 of the total volume (Lautt and Greenway, 1987; Eipel et al., 2010). Under physiological conditions, blood pressure in the hepatic artery is close to that of the aorta at approximately 90 mmHg (Balogh et al., 2004; Eipel et al., 2010) but much lower in the portal vein varying from 3 to 10 mmHg (Kumar et al., 2008; Eipel et al., 2010). The blood flow from the portal vein and hepatic artery intersects at the hepatic sinusoids and slowly flows from the edge of the hepatic lobule into the central vein, inferior lobule vein, collecting vein, hepatic vein, and finally into the inferior vena cava. When blood flows into the hepatic sinusoids, where the pressure declines from the periportal to the pericentral region, and the average pressure within sinusoids is estimated to be 1–5 mmHg for the gradient from the portal vein to the inferior vena cava (Kumar et al., 2008; Feng et al., 2014). The hepatocytes take up oxygen from the hepatic arteries and the nutrients brought in by the hepatic portal vein are absorbed, synthesized, and processed in the hepatocytes and the new substances generated are circulated in the body. The blood flow velocity through the hepatic sinusoids is slow, approximately 200–330 μm/s measured by the distance-time image of red blood cells using a two-photon laser scanning microscope, which is positively correlated with low blood pressure within the sinusoids (Cantre et al., 2008; Fan et al., 2019). Low blood pressure and low flow velocity within the sinusoids facilitate the exchange of oxygen, nutrients, and waste products between the circulating blood and the liver (GroSse-Segerath and Lammert, 2021).
On the other hand, 2/3 PHx causes significant perfusion and hemodynamics alterations within the liver remnants, presented on both the macrovascular (portal vein) and the microvascular (sinusoids) scales. After 2/3 PHx, the entire flow needs to traverse through a capillary bed whose cross-section is mathematically down to one-third of the original, a threefold increase in portal vein flow per liver volume (Michalopoulos, 2007; GroSse-Segerath and Lammert, 2021). Compared with those physiological cases, the number of vessels is decreased in the remaining liver and the vessels dilate to allow the same amount of blood to pass through the reduced liver tissues, leading to an increase in portal vein flow rate per liver mass, from 120 to 300 mL/min·g liver tissue (Cantre et al., 2008; Rabbany and Rafii, 2018). In this case, the average blood flow velocity within the hepatic sinusoids increases to 450–500 μm/s in rats and 600 μm/s in mice (Cantre et al., 2008; Marlini et al., 2016; Ishikawa et al., 2021). Intravital fluorescence microscopy reveals that the diameter of sinusoids increases from 6.4 to 7.1 μm in rats after PHx because of the increased pressure within the sinusoids, while liver sections in mice before and 1 h after PHx show a more significant increase in sinusoidal diameter (Lorenz et al., 2018).
A body of evidence indicates that the early hemodynamic changes after PHx are critical, and these alterations induce an overall series of events throughout the entire organ that resembles a wound-healing response (Sato et al., 1997; Michalopoulos, 2007; Yagi et al., 2020). To verify the effect of hemodynamics on liver regeneration after PHx, several methods have been subsequently developed to assess its effect on liver regeneration by altering hemodynamics. The portohepatic shunt (PHS) procedure is targeted at diverting the blood flow surrounding the liver to bypass and split the blood flow directly into the inferior vena cava (Marubashi et al., 2004). Portal pressure and liver weight index are relatively stable in the PHS group compared with the PHx model, illustrating the necessity of the portal hyperdynamic state for liver regeneration. Another method, PHx with partial portal ligation (PHPL) is performed by suturing the vessel to reduce the portal diameter and the blood flow (Balogh et al., 2004). Liver tissue blood flow and liver/body weight recovery ratios are significantly lower in the PHPL group than in the PHx group. There are also some methods to alter hemodynamics without removing the lobes. Portal vein embolization (PVE) is performed to embolize the right portal vein with fibrin glue (Eipel et al., 2010). The diameter of the left anterior portal branch is significantly larger and the volume of the non-embolized hepatic lobe is significantly larger after embolization. The selective portal vein branch ligation (PVL) is the same as those described for PHx, except that those liver lobes are ligated instead of resected (Lautt and Greenway, 1987). Portal venous pressure after PVL increases to the same extent following PHx, which is positively correlated with the shear stress in the liver. These models suggest that decreasing portal venous flow on the basis of PHx attenuates liver regeneration while increasing blood flow by embolization, and ligation has the same effect as liver regeneration (Gock et al., 2011).
Early hemodynamics studies considered increased shear stress to be responsible for the increased portal venous pressure after PHx (Schoen et al., 2001). Unfortunately, the effect of blood flow after PHx is quite complex, and the hemodynamic and biochemical factors in blood cannot be decoupled in vivo. The increase of portal blood flow per liver mass also causes an increase in the availability per hepatocyte of biochemical factors derived from the intestine and pancreas. These biochemical factors include EGF and insulin, as well as nutrients derived from the food supply. In this regard, in vivo studies done by altering blood flow make it hard to determine whether liver regeneration is induced by hemodynamic effects or the effects of biochemical factors in the blood (Michalopoulos, 2007; Michalopoulos and Bhushan, 2021; Pibiri and Simbula, 2022). To explore whether hemodynamic effects or biochemical factors in the blood are critical for hepatocyte proliferation and liver regeneration, a cell-based mathematical model is developed, which shows that both biochemical factors and hemodynamic effects are important during liver regeneration (Hohmann et al., 2014). Furthermore, complicated hemodynamic changes at the sinusoidal scale can be further translated into mechanical microenvironments acting on the cells within the hepatic sinusoids. Thus, it is important to quantify the mechanical microenvironment within hepatic sinusoids and explore the underlying roles of various mechanical factors in the liver regeneration process by decoupling the complex mechanical environment in vitro.
2.2 Mechanical environments within hepatic sinusoids during liver regeneration
The liver is composed of different lobes (Figure 1A) that are further divided into numerous hexagonal lobules (Figure 1B), as the basic architectural unit of the liver demarcated by the “portal triad” consisting of the portal vein, bile duct, and hepatic artery. In each lobule, a central vein runs through the lobule center and liver plates formed by hepatocytes are radially aligned (Figure 1C). Hepatocytes constitute 80% of the liver to implement most of the hepatic functions, and the remaining 20% consists of NPCs mainly including LSECs, hepatic stellate cells (HSCs) and Kupffer cells (KCs) (Taub, 2004). The wall of hepatic sinusoids is lined with LSECs. HSCs are in the space of Disse and KCs are in the hepatic sinusoids (Lautt and Greenway, 1987). The existence of permeable fenestrae in sinusoidal endothelium probably enables blood flow to get through the space of Disse underneath the endothelium (Hu et al., 2017). With this complex and dynamic microenvironment, hepatic cells are continuously exposed to mechanical stimuli (Nishii et al., 2018).
[image: Figure 1]FIGURE 1 | Multiscale microstructures of the liver and its mechanical microenvironment in the normal liver and the liver after PHx. (A–C) Plotted are the human liver (A), hepatic lobule (B), and portal triad (C). (D, E) Schematics of hepatic sinusoids in the normal liver (D) and the liver after PHx (E). In the former, hepatocytes are mitotically quiescent. Physiological blood flow applies shear stress and mechanical stretch on LSECs, and physiological interstitial flow applies shear stress and mechanical stretch on HSCs. In the latter, enhanced blood flow induces high shear stress and stretch on LSECs and HSCs. Those remaining hepatocytes enter the cell cycle to promote cell proliferation.
Under physiological conditions, the portal vein continues to carry the entire outflow from the intestine, spleen, and pancreas to each hepatic lobule (Figure 1D). As the main cells lining the sinusoids, LSECs are subjected to blood flow that generates two major forces (Rabbany and Rafii, 2018). First, radial blood pressure is applied to the wall of the hepatic sinusoids which, in turn, leads to cyclic stretch and elongation of LSEC layers both perpendicular and parallel to the blood flow, respectively (Anwar et al., 2012). Second, the friction force arising from viscous blood flow over LSEC layers causes axial shear stress (Marubashi et al., 2004). Adjacent HSCs are also likely subjected to cyclic stretch generated by the change in sinusoidal pressure as well as the interstitial blood flow-induced shear stress in the space of Disse (Yi et al., 2015; Wang et al., 2021; Chen et al., 2022). In addition, HSCs persistently produce ECM and the varied ECM stiffness, in turn, manipulates the behaviors of hepatic cells (Long et al., 2022). Finally, hepatocytes are subjected to hydrostatic pressure and interstitial flow within the liver parenchyma (You et al., 2019).
Specifically, after PHx, there are immediate and drastic mechanical changes in the liver (Figure 1E). This hemodynamic change affects the microstructures of hepatic sinusoids, including the increased sinusoidal diameter, the increased blood flow velocity, the enlarged fenestration, the disappearance of sieve-plate appearance, and the widening of inter-cellular spaces, which takes almost 10 days until the entire structure returns to the normal (Morsiani et al., 1998). This vasodilation generates high shear stress and circumferential or axial stretch on LSECs, subsequently inducing the expression and secretion of proteases that degrade and remodel the ECM, thus altering the ECM stiffness and the mechanics of cell-matrix interactions (Song et al., 2017). The threefold increase in portal vein flow also enhances the shear stress and cyclic stretch applied on HSCs in the space of Disse (Rohn et al., 2020). All of these cues suggest that mechanics may serve as one of the earliest events which provide the initiating signals for liver regeneration. Unfortunately, the mechanisms involved in the increased portal vein flow and other mechanical cues as early signals for liver regeneration are not fully understood (Michalopoulos, 2011). Considering the rapid mechanical alterations during liver regeneration, the pronounced changes within hepatic sinusoids, the direct act on LSECs or HSCs, and the fast and direct transcriptional regulation (Tajik et al., 2016) of mechanotransductive signaling, it seems to be particularly important to clarify the roles in differential mechanical cues in liver regeneration after PHx.
3 LIVING DONOR LIVER TRANSPLANTATION AND MECHANICAL REGULATION
Liver transplantation is the only effective method and plays an important role in the treatment of end-stage liver disease. However, the shortage of donor livers is always the main problem plaguing its clinical application. A variety of strategies have been developed, including living donor liver transplantation, xenotransplantation, hepatocyte transplantation, increasing the sources of cadaver donor livers, using marginal donor livers, and multiple recipients of one liver. Living donor liver transplantation (LDLT) is highly regarded and has gradually become an effective solution to deal with this challenge. Since the first orthotopic liver transplantation was performed by Starzl in 1969 (Starzl et al., 1969), liver transplantation has developed rapidly. In 1984, reduced-size liver transplantation (RLT) was first proposed to expand the sources of donor livers for pediatric liver transplantation (Bismuth and Houssin, 1984). Since then, the idea of dividing organs, i.e., one liver between two recipients, was proposed to adapt to the increasingly acute disparity between supply and demand of organ transplantation, which laid a theoretical foundation for the development of split liver transplantation (SLT) (Pichlmayr et al., 1988). In 1989, Raia et al. reported the first living donor liver transplant (Raia et al., 1989), and then Strong et al. (Strong et al., 1990) first successfully transplanted the liver of a mother to her son. In 1996, the first adult-to-adult living donor liver transplantation (ALDLT) was performed successfully (Lo et al., 1997). Due to the wide range of applications, the number of LDLTs has increased rapidly in recent years. LDLT involves removing a piece of liver from a healthy donor and giving it to the recipient. Although LDLT has certain deficiencies at present (such as the risk of donor death, the related complications of the donor liver, and the adverse psychological effects on donor and recipient), the advantages of LDLT have been widely recognized by the transplant community. Liver regeneration after LDLT is a precise process involving the proliferative responses of multiple effector cells and the regulation of various cytokines and growth factors. The effects of evident hepatic hemodynamic changes on liver regeneration in the donor and recipient have gradually attracted attention, as discussed below.
3.1 Hemodynamic changes of the donor’s liver after PHx and the effect on liver regeneration
Currently, the surgical methods of living donor liver transplantation mainly include left liver transplantation, right liver transplantation, and double liver lobe liver transplantation. In LDLT, the volume of the right donor liver is significantly larger than that of the left donor liver, and the postoperative hemodynamics is altered greatly. Right hemihepatectomy changes the blood circulation of the whole liver, and the pressure and flow velocity inside the portal vein increases correspondingly in the early postoperative period. High perfusion of the portal vein and relatively narrow diameter of the hepatic vein determine the liver function in the early postoperative period. Therefore, various indicators of liver function increase rapidly and reach a peak 1 day after the operation. With the self-regulation of the human body and the gradual stabilization of liver hemodynamics, various liver function indicators gradually return to normal levels within 1 week. Rapid liver regeneration within 2 weeks after surgery is presumably due to the increased liver blood flow and enhanced bile acid absorption (Everson et al., 2013), and appropriately increased portal vein pressure could significantly stimulate the release of factors related to liver blood sinus regeneration, serving as the inducement factor of liver regeneration. Shear stress caused by increased portal blood flow on the vascular wall is conducive to the release of vascular endothelial growth factor, IL-6, and carbon monoxide, thus initiating the regeneration of parenchymal liver cells. Hemodynamic changes in the early postoperative period of the donor are favorable factors for liver regeneration, and the rapid regeneration of the liver further promotes the hemodynamic stability of the entire liver. The early increase in portal vein flow velocity may be attributed to the fact that the liver vascular bed decreases sharply and the blood flow into the liver increases while the total visceral blood flow remains unchanged. The portal vein flow accounts for 75% of the blood flow into the liver, leading to the gradual widening of portal vein diameter to adapt to the changes in liver hemodynamics. With the widening of the portal vein diameter, portal vein flow velocity gradually decreases. After the hepatic artery resistance index decreases sharply in the hepatic vascular bed, the blood flow resistance into the liver increases, and the resistance index increases significantly in the early postoperative period. With the gradual widening of the portal vein and the rapid regeneration of the liver, the blood flow resistance of the liver gradually decreases, and the liver artery resistance index presents a gradual downward trend in the later period. In the process of adapting to the changes in liver hemodynamics, the diameter of the hepatic vein increases accordingly while the velocity of the hepatic vein decreased.
3.2 Hemodynamic changes of the recipient’s liver after LDLT and the effect on liver regeneration
After LDLT, the effective vascular bed in the liver is reduced and the blood volume of the entire portal system should be taken over by the remaining partial liver. Therefore, the opening of the portal vein of the transplanted liver faces the problem of excessive perfusion of the portal blood from the graft regardless of the preoperative portal hypertension symptoms. The posterior pulse velocity of patients with cirrhosis is sharply increased after living donor liver transplantation, and the portal blood flow was significantly enhanced after liver transplantation, accompanied by increased peripheral vascular resistance. Compared with non-cirrhotic patients (such as fulminant liver failure and liver tumors), patients with chronic cirrhosis experience a greater increase in backdoor blood flow after transplantation (Piscaglia et al., 1999). Compared with the donor, blood flow in the open back vein of the graft increased significantly (García-Valdecasas et al., 2003). The increased value of portal blood flow and arterial resistance index in the recipient are significantly higher than those in the donor: the portal-arterial blood flow is still placed in a state of dynamic balance. In the early postoperative period, portal blood flow increases significantly, hepatic artery blood flow decreases, and the portal-arterial blood flow balance is broken (Sugimoto et al., 2007). Elevated portal pressure-induced liver regeneration is first identified after hepatectomy or portal embolization. The increased portal pressure after hepatectomy or portal vein embolization leads to increased portal shear stress in the hepatic sinusoids, thus inducing a liver regeneration response. This mechanism has been proven to be an important initiating factor in inducing liver regeneration response in animal experiments (Niiya et al., 1999; Kawai et al., 2002). The rate of early postoperative regeneration in the portal hypertension group was significantly higher than that in the portal hypertension group. Considering the adverse effects of portal hypertension on graft liver function recovery and postoperative survival rate, further studies are needed to define an ideal portal pressure range that is conducive to accelerating liver regeneration without damaging liver function recovery.
4 IN VITRO MECHANICAL LOADING MIMICKING LIVER REGENERATION
The regeneration mechanism is immediately initiated after liver resection. Hepatocyte proliferation compensates for the lost or injured liver tissue and maintains the physiological function of the liver. This process is regulated by liver regeneration factors secreted by liver NPCs, such as LSECs and HSCs. Prior to the changes in the orderly expressions of liver regeneration factors, the portal vein hemodynamics changed significantly due to the increased blood flow sustained by the remaining liver tissues (Sallberg and Pasetto, 2020). However, these changes in hepatic sinusoids caused by increased portal blood flow are complicated as the multiple mechanical factors are coupled together. For example, external forces applied on LSECs can be further translated into the shear stress acting on the surface and the circumferential stretch on the cells within the sinusoids (Morsiani et al., 1998; Shu et al., 2021; Li et al., 2022; Long et al., 2022). To further decouple the contributions of those individual mechanical factors in liver regeneration after PHx, in vitro mechanical loading studies have been applied to mimic in vivo hepatic sinusoids after PHx and elucidate mechanically-related possible molecular mechanisms, especially in the decoupled forces in the liver microenvironment such as shear stress/stretch.
4.1 Shear stress
Shear stress (in Pa or dyne/cm2), denoted as τ, is the shear component coplanar with a material cross-section (Janmey and Miller, 2011) (Figure 2A). Particularly in biology, shear stress is defined as the frictional force generated by the viscous biofluid flow within the lumen of a blood vessel. Within hepatic sinusoids, shear stress is directly caused by blood flow and exerts shear forces on LSECs and adjacent HSCs (Simonetto et al., 2015). LSECs can in turn secrete vasodilators such as NO that affect HSCs within the space of Disse to regulate blood flow (DeLeve et al., 2008; Fernandez, 2015). To date, the exact shear stress within hepatic sinusoids or the space of Disse in vivo has not been measured directly and accurately in human or animal models due to the tiny scale and varied sizes of the hepatic sinusoids as well as the vascular permeability induced by LSEC fenestrae (Poisson et al., 2017; Rohn et al., 2020).
[image: Figure 2]FIGURE 2 | Basic concepts in mechanics of materials. (A) Stress (p) can be divided into normal stress (σ) and shear stress (τ). (B) The relationship between inner pressure and induced stretch in a thin-walled cylinder. (C) Normal strain (ε) and (D) shear strain (γ).
Various in vitro loading techniques have been developed to study the cellular responses and mechanisms under shear stress. A parallel-plate flow chamber is an ideal device to apply dynamic shear stress in vitro, in which the flow is generated through a media reservoir and a peristaltic pump to mimic the in vivo environment (Wang et al., 2019). Shear stress in the parallel-plate flow chamber is calculated using the following formula (Ahsan and Nerem, 2010):
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where μ is the blood viscosity (dyne·s/cm2), Q is the volume flow rate (cm3/s), which refers to the volume of fluid passing through a certain cross-section of the blood vessel per unit time, h is the chamber channel height (cm) and b is the chamber width (cm).
LSECs are the main cell type affected by the changes of shear stress after PHx within sinusoids (De Rudder et al., 2021). For example, a significant increase in the accumulated vasodilators nitric oxide (NO) is presented when primary rat LSECs are exposed to a laminar flow at 14.1 dyne/cm2 for 30 min (Shah et al., 1997). This is consistent with the rapidly enhanced secretion response using a bioreactor for real-time NO production at 3 dyne/cm2 for 24 h on primary rat LSECs (Illa et al., 2014). This shear stress-induced NO release reinforces the sensitivity of hepatocytes against HGF and therefore triggers the liver regeneration cascade (Wang and Lautt, 1998; Schoen et al., 2001; Golse et al., 2013). In other endothelial cell models, those mechanosensors such as caveolae and ion channels can activate various signaling cascades to regulate NO production by eNOS, suggesting that the response of LSECs may also promote liver regeneration via eNOS-dependent NO secretion (Abshagen et al., 2008; Mei and Thevananther, 2011; Song et al., 2017). Furthermore, inhibiting inducible nitric oxide synthase (iNOS) severely suppresses liver regeneration after PHx in mice (Rai et al., 1998). Laminar shear stress in primary rat LSECs at 14.1 dyne/cm2 increases endothelium-specific transcription factor Kruppel-like factor 2 (KLF2) mRNA expressions (Gracia-Sancho et al., 2011; Marrone et al., 2013), which then induces the expression of eNOS, consolidating those KLF2-eNOS-NO signaling mediated by shear stress. However, increased KLF2 expression can also induce an anti-proliferative secretome, which attenuates liver regeneration (Manavski et al., 2017). Moreover, vascular endothelial cell growth factor receptor-2 (VEGFR-2) is responsive to laminar shear stress by translocating from perinuclear distribution to membrane and cytoskeletal localization at 10 dyne/cm2 for 15 min with co-localized VE-cadherin (Braet et al., 2004). In the early phases of liver regeneration, VEGFR-2-Id1-mediated inductive angiogenesis in LSECs, through the release of angiocrine factors Wnt2 and HGF, provokes hepatic proliferation, and subsequently, VEGFR-2-Id1-dependent proliferative angiogenesis reconstitutes liver mass (Ding et al., 2010). Transforming growth factor-β1 (TGF-β1), which is known as an inhibitor of hepatocyte proliferation, is observed in a markedly decreased concentration in the culture medium when primary rat LSECs are exposed to a laminar flow at 15 dyne/cm2 for 24 h. At the same loading condition, an increase in the intracellular Ca2+ level and the phosphorylation status of Erk1/2 are observed after shear stress, indicating that LSECs have the ability to sense shear stress, which in turn induces TGF-β1 production through the G-protein-coupled receptors (GPCRs)-MAPK axis (Hu et al., 2014; Ishikawa et al., 2021). Shear stress not only has a role in the initiation of liver regeneration and the decrease in the late stage of liver regeneration but also induced cellular senescence to blunt liver regeneration (Duan et al., 2022). Genes associated with senescence, such as P16, P53, P21 Pai1, and Gata4 had an upregulated expression when LSECs are subjected to flow conditions with 7.05 dyne/cm2 shear stress compared with 14.1 dyne/cm2 shear stress, which is mediated by Notch activation. In addition to in vitro cell loading, in vitro microarrays have also been used to study the process of liver regeneration. A three-dimensional platform called structurally vascularized hepatic ensembles for analyzing regeneration was established to model multiple aspects of human liver regeneration. Exposure of endothelium-lined channels to fluid flow increases the secretion of liver regeneration-associated factors such as HGF as well as cell-cycle entry of primary human hepatocytes embedded within the device (Chhabra et al., 2022). To some extent, the role of fluid shear depends on its magnitude as the excessive increases in shear stress could be detrimental, contributing to stunted liver growth via the release of hepatocyte growth-inhibiting signals and leading to suboptimal liver regeneration (Lorenz et al., 2018).
Not only LSECs but also HSCs are affected by varied shear stresses since there is a permeable flow in the space of Disse across the porous endothelium from the mainstream. For example, primary rat HSCs that are exposed to laminar pulsatile flow ranging from 2.9 dyne/cm2, 15 dyne/cm2 to 29 dyne/cm2 at 2.5 Hz for 1 h present increased HGF mRNA expression and the enhanced HGF secretion into the medium, consistent with a reduction of those matrix-bound pro-HGF proteins after applying shear stress (Rohn et al., 2020). Meanwhile, the impaired mechanosensing via α5β1 integrin in HSCs that contributes to the reduction of HGF release indicates that α5/β1 integrin is an important mechanosensor in HSCs involved in shear-induced liver regeneration.
Collectively, shear stress can promote liver regeneration by elevating the release of NO and decreasing the secretion of TGF-β1 in LSECs. It can also stimulate liver regeneration by increasing the secretion of HGF in HSCs (Figure 3). This process is referred to as mechanocrine signaling, where changes in mechanical forces are transduced into the secretion of angiocrine signals that affect neighboring cells (Hilscher et al., 2019; Soydemir et al., 2020). NO secreted by LSECs can not only regulate liver regeneration but also relax the vessel through a negative feedback loop. Loading parameters and cellular responses after shear stress are shown in Table 1.
[image: Figure 3]FIGURE 3 | Shear stress-induced mechanotransduction signals in liver regeneration after PHx. Applying shear stress upregulates KLF2 and thus the expression of eNOS and NO. Shear stress can also downregulate TGF-β1 secretion to promote the process of liver regeneration mediated by GPCRs. Besides, VEGFR-2 is translocated to the plasma membrane and might induce angiocrine signals. Shear stress application also activates HSCs to secrete HGF by α5/β1 integrin. A vast amount of dissolved matrix-bound pro-HGF proteins tend to enter the blood flow after shear stress.
TABLE 1 | Summary of typical mechanical stimuli and cellular responses during liver regeneration.
[image: Table 1]4.2 Mechanical stretch and pressure
Mechanical stretch is another major hemodynamic force originating from blood flow and is applied on the vessel lumen. In hepatic sinusoids, the stretch is mainly caused by the pressure of blood flow and is applied on LSECs as well as adjacent HSCs (Simonetto et al., 2015). After PHx, the increase in blood flow causes circumferential as well as axial vessel wall expansion, resulting in stretching LSECs and other cell types along the vessel wall (Figure 2B). These lined cells sense the cyclic strain (ε) (Figure 2C) in the direction of stretch, defined as (Charras and Yap, 2018):
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Here the endothelium has an original length L0 and is stretched to a length L by the tension acting perpendicular to its surface. Based on the changes in hepatic sinusoidal diameter after 2/3 PHx, the strain on the LSECs after LSECs is estimated to be 10%–20% (Lorenz et al., 2018). The shear strain (γ) (Figure 2D) is defined as the deformation in the direction of the shear force divided by the original length perpendicular to it (Charras and Yap, 2018):
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Commercialized Flexcell tension systems and STREX cell-stretching devices are usually used to apply mechanical stretch in vitro. Here, cells are seeded on silicone membranes and subjected to cyclic stretch for a period of time with proper strain amplitude and frequency (Zhang et al., 2021).
To examine if cyclic stretch applied to LSECs is involved in the regenerative process after PHx, primary human LSECs cultured on an elastic silicone membrane are subjected to a continuous uni-axial stretch at a strain of 50% and 1 Hz, mimicking the percent increase in the diameter of the portal branch after PVE (Kawai et al., 2002). IL-6 secretion is enhanced while TNF-α and HGF secretions remained unchanged with mechanical stretch within 6–48 h. While this is the first attempt to address whether the alterations in mechanical stretch contribute to liver regeneration-associated cytokine releases, this issue received limited attention in the past decades until mechanical stretch created by the passage of blood through the liver was found to activate the signaling pathways that promote the production of angiocrine factors and the proliferation of hepatocytes (Lorenz et al., 2018). A uni-axial stretch at 20% strain for 30 min and immediately afterward at 20% strain, 0.5 Hz for 1 h was applied to primary human LSECs, mimicking the mechanically-induced sinusoids widening during liver growth or regeneration after PHx. Stretch induces the increased secretion of HGF mediated by activated β1 integrin and phosphorylated VEGFR-3. Enhanced IL-6 and TNF-α secretion, as well as increased matrix metalloproteinase-9 (MMP-9) activity, were also found. Furthermore, those supernatants collected from stretched LSECs also promote the proliferation and inhibited the apoptosis of hepatocytes, suggesting that the mechanotransduction alone is sufficient to turn on the angiocrine signals and cause in vitro proliferation and survival of human primary hepatocytes. Evidently, stretch patterns (static vs. cyclic, or uni-axial vs. biaxial) and loading parameters (such as magnitude, frequency, and duration) are critical in the mechanotransductive process (Rabbany and Rafii, 2018). A biaxial, cyclic stretch at 20% strain and 1 Hz was applied to mouse primary LSECs, attempting to recapitulate those pulsatile forces induced by congestion in which mechanical stretch was generated by vascular strain and increased intrahepatic pressure likely resulted in a stretch similar to that after PHx (Hilscher et al., 2019). Even different from the cases of liver regeneration, these stretched-mediated outcomes present the upregulated IL-6 or selectin transcriptions and integrin signaling.
Similar to the findings in shear stress, not only LSECs but also HSCs can sense the cyclic strain based on the expanded sinusoidal diameter. Applying a 30% strain stretch for 1 h to rat primary HSCs that mimics high blood flow enhanced HGF release (Rohn et al., 2020). To simulate the intrahepatic pressure-induced stretch during congestion, applying a cyclic uniform stretch at 10% strain and 0.5 Hz for 24 h to human or murine primary HSCs is able to remarkably increase fibronectin expression and fibril assembly, thus varying the matrix stiffness (Simonetto et al., 2015). Meanwhile, applying a 10% strain at 0.5 Hz for 24 h on LI90 cell lines that mimics mechanical stretch induced by increasing portal blood flow, causes increased MMP-1 and decreased MMP-2 and tissue inhibitor of metalloproteinases-1 (TIMP-1) and TIMP-2 production, suggesting that HSCs are activated by mechanical stretch at the early phase of portal hypertension and that the matrix stiffness has changed (Goto et al., 2004).
Taken together, LSECs and HSCs can respond to mechanical stretch and secrete angiocrine factors that serve as critical regulators of liver regeneration. Existing works usually conflate hemodynamic changes with shear stress, while it is also fundamental that stretching LSECs or HSCs during vasodilation induces angiocrine signals that contribute to liver regeneration (Figure 4). Evidently, angiocrine signals derived from stretching LSECs and HSCs are an important component of intercellular communication and have a key role in organ growth, regeneration, and disease (Marrone et al., 2016). Loading parameters and cellular responses after mechanical stretch are shown in Table 1.
[image: Figure 4]FIGURE 4 | Stretch-induced mechanotransduction signals in liver regeneration after PHx. Applying the stretch activates β1 integrin and its interactions with VEGFR-3 on LSECs. Subsequently, LSECs are able to secrete angiocrine signals such as HGF, IL-6, and TNF-α and activate MMP-9 to stimulate the proliferation and survival of hepatocytes. The stretch application also activates HSCs to secrete HGF and MMP-1 and stimulates fibronectin fibril assembly by HSCs.
Fluid pressure denotes the hydrostatic pressure exerted outside the blood vessel. Inside the liver, it is applied to LESCs from surrounding hepatic sinusoids and to hepatocytes and HSCs from liver parenchyma. After PHx, the mainstream or interstitial pressure varies transiently with the progress of liver regeneration. From a mechanical viewpoint, this pressure variation is usually coupled with the shear stress and mechanical stretch described above, since the PHx operation can induce simultaneous changes in blood flow, sinusoidal vasodilation, and intrahepatic pressure. Thus, only a few studies have been conducted to isolate the pressure effects on hepatic functions. As an example, placing HepG2 and Huh-7 cell lines under a pressure of 15 mmHg for 24 h significantly increases their proliferation and invasion, with several associated pathways including PI3K-Akt, focal adhesion, integrin, FOXO, and Hippo signaling analyzed from their differentially expressed mRNAs (Shen et al., 2019).
4.3 Stiffness
Stiffness is the extent to which a material resists deformation in response to an applied force. It is usually applied to define the rigidity of the tissue in biology. For example, a stiff matrix provides higher resistance than a soft one, as shown by bone vs. liver or a cirrhotic vs. normal liver (Wells, 2008). Atomic force microscopy (AFM) is often applied to determine the stiffness of liver tissues, matrix fiber, or hepatic cells in vitro.
Most of the studies that deal with liver stiffness are referred to in the context of liver fibrosis and cirrhosis, whereas the matrix composition and stiffness are also varied during regeneration. After PHx, those elevated expressions of those key molecules such as urokinase plasminogen activator (uPA) and MMP-9 can activate matrix remodeling, and, therefore, release inactive, single-chain HGF bound to the hepatic matrix and change the substrate stiffness (Mueller et al., 2002; Michalopoulos, 2007). Substrate stiffness plays an indispensable role in hepatocyte proliferation, as exemplified by the fact that Huh7 and HepG2 cells cultured on polyacrylamide gel with higher stiffness of 12 kPa resulted in at least a two-fold increase in the cell number compared with cells cultured on a softer substrate of 1 kPa, where substrate stiffness was also measured using AFM (Schrader et al., 2011). A proteomics-based approach for determining the changes in liver ECM composition during liver regeneration reveals that an increase in collagen and a decrease in elastic fibers lead to rearrangement and increased ECM stiffness. These changes regulate hepatocyte proliferation in the regenerating liver (Klaas et al., 2016).
It is well known that liver regeneration is slow after fibrosis or cirrhosis (Xue et al., 2013), but the underlying mechanism is not well understood. After 70% PHx, the level of TNF-α mRNA in the residual liver of healthy rats increases rapidly, reaches a peak at 6 h after PHx, and then decreases slowly. However, the level of TNF-α mRNA in the remaining liver remains quite low at 6–12 h after surgery and then increases slowly until reaching a peak at 24 h after surgery. The peak value is dramatically lower than normal ones and then decreases rapidly. The results of intrahepatic IL-6 mRNA levels of a sclerosed liver also remain quite low at 6–12 h after surgery, and then rise slowly until 72 h after surgery. The peak value is much lower than the normal one and its declination is slow, while the long-term, low level of IL-6 presents an inhibitory effect on liver regeneration (Tiberio et al., 2008). At the same time, STAT3 in the livers of 70% of healthy rats is activated within 30 min after partial resection of the liver and reaches a peak at 3 h after surgery, and the effect lasts for 46 h. Clinical trials have shown that the amount and activity of STAT3 protein in liver tissues of alcoholic cirrhosis and hepatitis cirrhosis are lower than those in normal liver (Horiguchi et al., 2007). The expression of IL-6 and TNF-α is delayed after PHx of the sclerotic liver mentioned earlier, which may be related to the upregulation of Pias3 protein and inhibits STAT3 activity in sclerotic liver (Stärkel et al., 2005). This partly explains the phenomenon that the regeneration of a sclerotic liver starts slowly. Studies have shown that liver fibrosis is not conducive to the regeneration of residual liver after PHx, thus affecting the rapid stability of postoperative liver hemodynamics. Severe fibrosis is a high-risk factor for postoperative liver failure, intractable ascites, and even death of the donor (van den Broek et al., 2008). Early hemodynamic changes, infection, and inflammatory reactions after PHx often lead to acute liver damage. Acute liver injury is often accompanied by an increase in liver stiffness (Dechêne et al., 2010). After PHx, liver stiffness increases transiently in the first week, which might be related to changes in liver hemodynamics, active liver regeneration, and intrahepatic bile stasis (Inoue et al., 2009). Subsequently, liver stiffness gradually decreases and could recover to the preoperative normal level within 5 weeks after surgery.
5 PERSPECTIVES AND CONCLUSION
Liver regeneration after PHx is a sequential process from the beginning of hepatocyte proliferation to the recovery of liver tissue structure. As an abrupt and drastic change within the hepatic sinusoids, the functions and potentials of mechanical cues after PHx should be valued properly. They could serve as the initiating factors and driving forces in liver regeneration and subsequently cause variations in biochemical factors. Moreover, these mechanical loads are directly applied to hepatic cells within sinusoids, inducing fast responses compared to biochemical signals. To date, biomechanical mechanisms in the PHx-induced increase of portal vein pressure and other subsequent mechanical cues, as early signals for initiating liver regeneration, need a more comprehensive understanding. Early basic and clinical in vivo studies have shown that biomechanical changes, especially the hemodynamic cues after PHx, promote liver regeneration and propose a coupled pattern of these mechanical cues. In in vitro cases, however, hemodynamics in hepatic sinusoids can be decoupled into shear stress and mechanical stretch/pressure along the sinusoidal wall. Complete analysis of mechanical microenvironments based on in vivo data is one of the first critical steps to understanding their effects on liver regeneration.
Mechanics can directly manipulate LSECs and HSCs to secrete these liver regeneration-associated factors to promote the proliferation of hepatocytes, i.e., mechanocrine. Different from existing hypotheses of “blood-flow theory” or “hormone theory”, these biomechanical cues emphasize that mechanical signals can promote liver regeneration by modulating the release of biochemical signals. Therefore, biochemical factors and biomechanical cues combine to promote the progress of liver regeneration. More importantly, the patterns and parameters of magnitude, time, and frequency of mechanical loading can specify distinct cellular responses (Wang et al., 2014). It is essential to quantify those mechanical parameters within sinusoids in vivo before and after PHx. Meanwhile, in vitro coupled loading and cell co-culture can bridge the gap between in vitro variable-based mechanical decoupling and the in vivo complex mechanical niche. Elucidating these hemodynamic signals in the process of liver regeneration is of great significance for the treatment of liver tumors and liver transplantation related to PHx.
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Frequency

(MHz)

Ultrasound
intensity (SATA)

Treatment
duration

Main outcomes

References

PDLEFs

PDLCs

PDLCs

PDLSCs

PDLSCs

PDLCs

PDLCs

PDLCs

PDLSCs

PDLSCs

15

15

15

10

15

15

15

15

15

15

30 mW/em?

90 mW/em?

90 mW/em?

250 and 750 mW/cm?

30, 60 and 90 mW/cm?

90 mW/em?

90 mW/em?

90 mW/em?

90 mW/em®

90 mW/em?

20 min/day

30 min/day

20 min/day

5, 20 min/day

30 min/day

20 min/day

30 min/day

2h

30 min/day

30 min/day

Suppresses inflammatory effects of LPS-PG, IL-1f, and
TNF-a

Promote BMP9-induced osteogenesis through ROCK1
Inhibits IL-6 and IL-8 gene expression

Increases expression of osteogenic markers (Runx2, OPN,
08X, and OCN)

Inhibits NF-kB signaling pathway

Increases mRNA expression of BSP, COL-3, OPN, and
calcium deposition

Increases proliferation

Immediate activation of JNK, MAPK

Significant increase in phosphorylated p38 MAPK
Increases cell migration

Increases the mRNA and protein levels of TWIST1 and
SDE-1

Increases osteogenic differentiation (ALP, OCN) and
mineralization

Increases expression of Runx2 and integrin 1

Increases expression of osteogenic markers (ALP, Runx2) and
‘matrix mineralization

Inhibits miR-182 expression and promotes
FOXO! accumulation

Increases mRNA and protein expression of autophagic genes
Beclin-1 and LC3

Decreases IL-6 expression

Increases proliferation, matrix mineralization and osteogenic
differentiation (ALP, Runx2)

Decreases IL-6 and L-8 expression
UPR pathway involved

Increases cell proliferation, matrix mineralization and
expression of Runx2, OPN, OCN, COL-1, ALP, integrinf-1

Augustine et al.
(2021)

Leewananthawet et al.
(2019)

Liuet al. (2020)

Gao et al. (2017)

Kechagia et al. (2019)

Xu et al. (2020)

Chen et al. (2019¢)

Ying et al. (2020)

Li et al. (20202)

Li'S. etal. (2021)

SATA, spatial average temporal average; PDLFs, periodontal ligament fibroblasts; PDLCs, periodontal ligament cells; PDLSCs, periodontal ligament, periodontal ligament stem cells; LPS-PG,
porphyromonas gingivalis lipopolysaccharide; IL, interleukin; TNF-a, tumour necrosis factor alpha; BMP, bone morphogenetic protein; ROCKI, rho-associated kinase 1; Runx2, runt-related
transcription factor 2; OPN, osteopontin; OSX, osterix; OCN, osteocalcin; NF-xB, nuclear factor-«B; BSP, bone sialoprotein; COL, collagen; JNK, c-Jun NH2-terminal kinase; MAPK, mitogen-
activated protein kinases; TWIST, twist family bHLH, transcription factor 1; SDF-1, stromal cell-derived factor 1; ALP, alkaline phosphatase; FOXO, forkhead box O; LC3, light chain 3; UPR,
unfolded protein response.
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Group (M) Subchondral bone

Grain size (nm)

Roughness (nm)

Cartilage

Grain size (nm)

Roughness (nm)

9360 (6,908, 12.455)

8.385 (6548, 10.545)

79.946 (73.008, 82.798)

58.256 (45.029, 61.277)

3.931 (2439, 4451)

4.034 (4019, 4.980)

1 ‘ 41588 (37.583, 48.050)
3 ‘ 37.712 (33.822, 39.776)
6 42151 (39.339, 44.269)
9 47.370 (42.293, 58.290)

Values are presented as median (IQR).
sSignificantly diffecent from 1 M: p < 005,

9815 (7.908, 13.300)

8620 (6485, 9.248)

43.197°(32.255, 52.005)

45.536'(33.380, 48.348)

4.858°(4.154, 5.394)

5.510°(5.454, 6.157)
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Group (M) Dynamic stiffness (N/mm) Creep deformation (um)

1 1064 (0.992, 1.320) | 18051 (11112, 22.601)
2.366'(2.115, 2739) | 113239051, 16.020)

[ 2.103°(1.815, 2.693) ‘ 14.255°(10.231, 14.661)

2.148'(1.846, 2.870) | 1218¢(3222,18317)

Values are presented as median (IQR).
sSignificantly different from 1 M; p < 0.05.
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Group (M) BMD (g/cm’

BV/TV (%) Tb.Th (mm)

Th.N (1/mm)

Tb.Sp (mm)

|
|
|
|

1 0.478 (0455, 0.497) 39.055 (34.126, 41.816) 0.132 (0.117, 0.139) 3.001 (2786, 3.126) 0.230 (0.209, 0.238)
3 ‘ 0.560°(0.537, 0.580) 46.817°(44.326, 50.818) 0.158%(0.153, 0.170) 2.905 (2.828, 2.973) 0.249 (0.237, 0.265)
6 \ 0.635"(0.601, 0.653) 757.530""(53.129‘ 58.883) 0.186*4(0.178, 0.200) 3.028 (2.855, 3.130) | 0249 (0.231, 0.261)
9 ‘ 0.658"(0.586, 0.690) 60.627(51.033, 64.423) 0.187*%(0.180, 0.205) 3.064 (2.858, 3.216) 0.229 (0.205, 0.259)

Values are presented as median (IQR).
‘Significantly different from 1 M; p < 0.05.
Significantly different from 3 M; p < 0.05.
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Tail orientation Number of sperm cells  Head rolling Head rolling

with pausing or stuck frequency (Hz) frequency?® (Hz)
Horizontal Upward Downward behavior® (mean + s.em.) (mean + s.e.m.)
A 10 9 2 0 0 77£11 7.7% 11
30 7 4 0 s [ 40212 8004
50 1 4 6 4 50209 6508
80 0 2 9 [ 9 [ 20+07 Ns®
B 10 82 18 0 1 80£04 Js7soa -
C 10 [ 80 10 [ 0 [ 2 [ 7403 7503
D | 120° 1 | 1 | 28 [ 1 [ 8.6+ 06 8.6+ 06
E | 1200 1 1 28 1 50204 51404

‘Sperm cells with pausing o stuck behavior are excluded.
"Sample size is too small to be statistically significant.
“The optical trap is 20 um below the upper surface of the chamber.
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LSECs

MMP-1

NO

NPCs
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PHx

PVE

PVL

RLT

VEGFR-2

Atomic force microscopy

Adult to adult living donor liver transplantation
Extracellular matrix

Epidermal growth factor
Epidermal growth factor receptor
Endothelial nitric oxide synthase
G-protein-coupled receptors
Heparin-binding EGE-like growth factor
Hepatocyte growth factor
Hepatic stellate cells
Interleukin-6

Inducible nitric oxide synthase
Kupffer cells

Kruppel-like factor 2

Living donor liver transplantation
Liver progenitor cells

Liver sinusoidal endothelial cells
Metalloproteinase-1

Nitric oxide

Nonparenchymal cells

PHx with partial portal ligation
Portohepatic shunt

Partial hepatectomy

Portal vein embolization

Portal vein branch ligation
Reduced size live transplantatio
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Transforming growth factor-p1
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Mechanical
cues

Cell types

Parameters

Testing indexes

References

Shear stress

Primary rat LSECs | Laminar flow 14.1 dynefent’, 30 min NO Shah et al. (1997)
Primary rat LSECs | Laminar flow 3 dynefen’, 24 h NO 1lla et al. (2014)
Primary rat LSECs Laminar flow 14.1 dyne/cm?, 24 h eNOS, KLF2 Marrone etal. (2013)
Primary rat LSECs | Laminar flow 141 dyne/cm?, 12 h KLE2 Gmm'(sz“o“f:;" el
Primary rat LSECs | Laminar flow 10 dynefent’, 15 min VEGFR-2 Bract et al. (2004)
. .
s Laminar flow 15 dyne/em?, 3 d TGF-B1, GPCRs Bract et al. (2004)
Primary murine Laminar flow 705 dynefcon?, 14.1 dyne/ P16, P53, P21 Pail, and Gatad Duan et al. (2022)

LSECs

om’, 24 h

Primary rat HSCs

Pulsatile flow

29 dynefem?, 15 dyne/cm?,
29 dyne/em?, 25 Hz, 1 h

HGF a5/pl integrin

Rohn et al. (2020)

Stretch

Prm‘ig;sg:mm l;"r:;xc:l 50%, 1Hz6h 12h 24 h 48 h Length, IL-6, HGF, TNF-a Kawai et al. (2002)
Pein | o | Shemes i ol [ e R TIN  p g
P’“"fSYEg“""‘ Cy‘:‘i::é:"m 20%, 1 Hz, 4h 1L-6 Hilscher et al. (2019)
Primary rat HSCs 'i“,’;‘é:" 30% 1h HGF Rohn et al. (2020)

Primary human and
murine HSCs

Cydlic biaxial
stretch

10%, 05 Hz, 24 h

Fibronectin fibril assembly

Simonetto et al.
(2015)

L190 cell lines

Cydlic biaxial
stretch

10%, 05 Hz, 24 h

MMP-1 MMP-2, TIMP-1 and TIMP-2

Goto et al. (2004)
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