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Abstract

:

Hypoxia and hypo-high-density lipoproteinemia (hypo-HDLemia) are proposed risk factors for rotator cuff tear. HDL is recognized for its potential benefits in ischemia-driven angiogenesis and wound healing. Nevertheless, research on the potential benefits of reconstituted HDL (rHDL) on human rotator cuff fibroblasts (RCFs) under hypoxia is limited. This study investigates the cytoprotective and regenerative effects of rHDL, as well as N-acetylcysteine (NAC), vitamin C (Vit C), and HDL on human RCFs under hypoxic conditions. Sixth-passage human RCFs were divided into normoxia, hypoxia, and hypoxia groups pretreated with antioxidants (NAC, Vit C, rHDL, HDL). Hypoxia was induced by 1000 µM CoCl2. In the hypoxia group compared to the normoxia group, there were significant increases in hypoxia-inducible factor-1α (HIF-1α), heme oxygenase-1 (HO-1), and Bcl-2/E1B-19kDa interacting protein 3 (BNIP3) expressions, along with reduced cell viability, elevated reactive oxygen species (ROS) production, apoptosis rate, expressions of cleaved caspase-3, cleaved poly ADP-ribose polymerase-1 (PARP-1), vascular endothelial growth factors (VEGF), and matrix metalloproteinase-2 (MMP-2), as well as decreased collagen I and III production, and markedly lower cell proliferative activity (p ≤ 0.039). These responses were significantly mitigated by pretreatment with rHDL (p ≤ 0.046). This study suggests that rHDL can enhance cell proliferation and collagen I and III production while reducing apoptosis in human RCFs under hypoxic conditions.
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1. Introduction


Despite the high morbidity of rotator cuff tendinopathy, or tendon degeneration, its causes and involved factors remain incompletely elucidated [1,2]. Hypovascularity has been proposed as a cause of rotator cuff tendon tear, but this remains controversial [3,4,5,6]. Excessive apoptosis has been reported to be associated with rotator cuff tendinopathy [7,8,9]. The supraspinatus tendon, which is the tendon most commonly involved in rotator cuff disease, exhibits, as a gliding tendon, a characteristic associated with hypoxia: a fibrocartilaginous portion close to the insertion site [10]. Hypoxia induces stress in organisms through either physiological or pathological conditions [11]. Recent musculoskeletal research reported hypoxia as associated with tendinopathy occurring in several tendons; that study suggested critical pathophysiological mechanisms of tendinopathy [12]. In vitro studies have shown that cultured fibroblasts undergoing cyclical strain induce hypoxia-inducible factor-1α (HIF-1α) and vascular endothelial growth factors (VEGF), markers related to hypoxia [13]. Based on the findings of increased expression of hypoxic markers of HIF-1α and Bcl-2/E1B-19kDa interacting protein 3 (BNIP3), as well as increased rates of apoptosis in impingements and torn rotator cuff tendons, one study proposed that hypoxic changes in rotator cuff tendons contribute to the development of rotator cuff tear [14]. From a molecular biological perspective, hypoxia induces HIF-1α, which in turn triggers the expression of VEGF. Subsequently, VEGF stimulates endothelial cells and vessels to invade hypovascularized tissue [15]. Some studies have found higher concentrations of VEGF in degenerative Achilles tendons than in healthy tendon tissues [10,16]. There is some evidence that neovascularization is also a factor in rotator cuff tendinopathy [5,17]. Increased HIF and VEGF expressions in torn rotator cuff tendons have been reported [8]. These findings support the involvement of hypoxia in rotator cuff tendon degeneration.



Dyslipidemia and its subtype, hypo-high-density lipoproteinemia (hypo-HDLemia), have been reported as risk factors for both rotator cuff tear and retear after repair [1,18,19]. High-density lipoprotein (HDL), commonly known as the ‘good cholesterol’, plays a major role in regulating cholesterol metabolism [20]. HDL also exhibits antioxidative, antithrombotic, and anti-inflammatory properties [21]. Several studies suggest that HDL is positively associated with ischemia-driven angiogenesis, a process essential for wound healing under hypoxic conditions [20,22,23,24]. Recent studies have reported that HDL augments angiogenesis under conditions of hypoxia; those studies suggest a possible role in therapeutic modulation of ischemic injury [25,26]. For tenocytes at risk of hypoxic death, pro-survival growth factors including insulin-like growth factor and platelet-rich plasma, as well as N-acetylcysteine (NAC), an antioxidant, have been proposed as potentially protective [27,28]. Reconstituted HDL (rHDL) is produced in a laboratory setting by combining purified apolipoprotein A-I, the main protein component of HDL, with phospholipids, the main lipid component of HDL [29,30]. rHDL is being experimentally used for treating cardiovascular diseases and delivering drugs [29,30]. Despite recent advances in rHDL research, there is currently limited knowledge of the cytoprotective and wound-healing effects of rHDL on rotator cuff fibroblasts (RCFs) under hypoxia. Therefore, this study aimed to investigate whether rHDL can exert such effects on human RCFs under hypoxia.




2. Materials and Methods


2.1. Clinical Sample Collection


Primary RCFs were obtained from patients who underwent arthroscopic rotator cuff repair with approval from the Institutional Review Board of Gyeongsang National University (GNU-170918-R0043). The tissues were washed twice with PBS (Lonza, Walkersville, MD, USA), minced into small pieces with a sterile scalpel, and cultured on a 6-well tissue culture plate (Thermo Fisher Scientific, Waltham, MA, USA) in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 20% FBS (Thermo Fisher Scientific, Waltham, MA, USA) and 1% Antibiotic-Antimycotic (Thermo Fisher Scientific, Waltham, MA, USA) in a humidified 5% CO2 atmosphere at 37 °C. After two weeks, the cells had reached 90% confluence. The cells were then trypsinized using TrypLETM Express (Thermo Fisher Scientific, Waltham, MA, USA) and 0.02% EDTA in PBS (Lonza, Walkersville, MD, USA) for 5 min, centrifuged at 1300 rpm for 3 min, and expanded in a second passage. The cells were harvested using TrypLETM Express (Thermo Fisher Scientific, Waltham, MA, USA), cryopreserved, and later thawed for use in the study at the 3–6 passage. The cultured cells were characterized as tendon fibroblasts using markers specific to fibroblasts and tendon cells (Supplement Figure S1).




2.2. Reagents


This study used reagents including CoCl2 (Sigma-Aldrich, St. Louis, MO, USA), rHDL (Avivasystem bio, San Diego, CA, USA), a complex of human Apolipoprotein A-I and 1-palmitoyl-2-oleoyl phosphatidylcholine (at a molar ratio of 1 to 100), as well as HDL, vitamin C (Vit C), and NAC (all from Sigma-Aldrich, St. Louis, MO, USA).




2.3. Study Design


This study has been approved by the Institutional Review Board of the Gyeongsang National University (IRB: GNU-170918-R0043). The human RCFs were divided into the study groups of normoxia, hypoxia, NAC-hypoxia, Vit C-hypoxia, rHDL-hypoxia, and HDL-hypoxia. Hypoxia was induced using 1000 µM CoCl2, a well-known chemical hypoxic agent [31,32], based on a preliminary study. This study evaluated the expressions of HIF-1α, heme oxygenase-1 (HO-1), and BNIP3, rates of cell viability, intracellular reactive oxygen species (ROS) production, and apoptosis, as well as the expressions of cleaved caspase-3, cleaved poly ADP-ribose polymerase-1 (PARP-1), vascular endothelial growth factors (VEGF), matrix metalloproteinase-2 (MMP-2), collagen I and III production, and cell proliferative ability (Supplement Figures S2–S7). The cells were exposed to CoCl2 for 24 h, except for HIF-1α (4 h), VEGF (1 h), and ROS (1 min). Antioxidants—10 mM NAC, 2 mM Vit C, 200 µM rHDL, and 200 µM HDL—were treated for 1 h before exposure to CoCl2. The concentration of antioxidants was chosen according to the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity (Supplement Figure S8).




2.4. Measurement of Intracellular ROS Production


The intracellular ROS production of each study subset was qualitatively assessed using a fluorescence microscope. Human RCFs with 1 × 104 RCFs were seeded in a dish and incubated for 24 h. After washing with PBS and the addition of serum-free medium, the cells were incubated with a 5 μmol/L DCF-DA solution for 15 min at 37 °C. Finally, the intracellular ROS production was analyzed using a fluorescence microscope (Nikon, Ti2-U FL, Tokyo, Japan).




2.5. Western Blot Analyses


After exposing human RCFs (3 × 105) to various studied reagents according to the study’s subsets, the studied cells were washed with cold PBS, and total cell lysates were prepared by scraping in 100 µL of RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA). The digested cells were then sonicated and centrifuged at 13,000 rpm for 20 min at 4 °C to remove insoluble debris. The samples were resolved on 8~12% SDS-polyacrylamide gel and then electrophoretically transferred onto a PVDF membrane using the wet technique. The membrane was then blocked for 1 h with 5% skim milk in a TBS-T buffer solution (IBS-BT008, iNtRon, Seongnam, Republic of Korea) and incubated with primary antibodies against HIF-1α (1: 10,000, A300-286A, BETHYL Laboratories, Montgomery, TX, USA), HO-1, cleaved caspase-3, cleaved PARP-1, MMP-2, (1: 1000, #43966, #9662, #9542, #40994, Cell Signaling Technology, Danvers, MA, USA), BNIP3, Collagen I, Collagen III (1:1000, ab1093, ab138492, ab184993, abcam, Cambridge, UK), VEGF (1: 100, sc-7269, Santa Cruz, CA, USA), and β-actin (1: 10,000, MA1-744, Thermo Fisher Scientific, Waltham, MA, USA) in TBS-T buffer containing 5% skim milk (Biopure, Seoul, Republic of Korea). Specific antibody binding was detected by horseradish peroxidase-conjugated secondary antibodies (anti-rabbit and anti-mouse, 1: 5000; 1460, 31430, Thermo Fisher Scientific, Waltham, MA, USA) and visualized using an enhanced chemiluminescence detection reagent (Thermo Fisher Scientific, Waltham, MA, USA).




2.6. Cell Viability Analyses


The MTT assay (Sigma-Aldrich, St. Louis, MO, USA) and LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, Carlsbad, CA, USA) were used to evaluate cell viability.



For the MTT assay, human RCFs (2 × 104) were seeded in a 24-well plate and exposed to different agents for 24 h before adding MTT solution. Absorbance was measured at 570 nm to determine cell viability. Cell viability was evaluated by using the MTT. Human RCFs (2 × 104) were seeded in each well of a 24-well plate. The cells were maintained in an incubator at 5% CO2, 37 °C for 24 h. Each study group was exposed to culture media, NAC, Vit C, rHDL or HDL, and CoCl2 according to the study subset. A 500 μL MTT solution (0.5 mg/mL in free media) was briefly added to each well of the 24-well plate. Then, the plate was incubated for 2 h. Afterwards, the cell supernatant was removed and 200 μL DMSO (Merck, Darmstadt, Germany) was added to each well of the plate. The absorbance of the plate was measured at 570 nm, using a microplate reader. Cell viability was expressed as a percentage of live cells, compared with the control, which was set at 100%.



Cell viability was also assessed using the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, Carlsbad, CA, USA). Human RCFs (1 × 105) were seeded in a 35mm confocal dish. The cells were maintained in an incubator at 5% CO2, 37 °C for 24 h. The cells were treated with various studied agents according to the study subset. Briefly, a Live/Dead kit solution (5× dye) was added to the dish. After the dish was incubated for 10 min at room temperature, the cells were evaluated using a fluorescence microscope (Nikon, Ti2-U FL, Tokyo, Japan); digital photographs were taken at 100 magnifications.




2.7. Analyses for Apoptosis Rates


FACS analyses were performed for the analyses of apoptosis rates using Annexin V/PI double staining. Human RCFs (1 × 105) were seeded in each well of a 6-well plate. After 24 h incubation, the study groups were exposed to various studied drugs according to their study subset. Human RCFs were harvested after trypsinization, then centrifuged and collected. Those cells were washed with PBS and then stained using an FITC Annexin V/PI kit (BD Biosciences, Franklin Lakes, NJ, USA), according to the manufacturer’s instructions. Using flow cytometry (Cytomics FC500, Beckman Coulter, Brea, CA, USA), cell viability was determined as follows: live cells were labeled with neither stain; early apoptotic cells were labeled only with Annexin V; necrotic cells were labeled only with PI; and apoptotic cells were labeled with both Annexin V and PI.



TUNEL assay was performed to detect apoptotic cells, using a TUNEL kit (Roche Applied Science, Indianapolis, IN, USA), according to the manufacturer’s protocol. Briefly, Human RCFs (1 × 104) were seeded in a confocal dish. After 24 h incubation, the study groups were exposed to various studied drugs, according to each study’s subset. The cells were counterstained with DAPI (4′,6-diamidino-2-phenylindole, Sigma-Aldrich, St. Louis, MO, USA). The cells were then evaluated at 200× magnification using a fluorescence microscope (Nikon, Ti2-U FL, Tokyo, Japan). The percentage of apoptotic cells was calculated as the ratio of TUNEL-positive cells to DAPI-stained cells.




2.8. Analyses of Cellular Proliferation


Cellular proliferation was assessed using Ki-67 staining. Human RCFs (1 × 105) were seeded in a 35mm confocal dish. After 24 h incubation, the study groups were exposed to various studied agents, according to each study’s subset. A fixative solution of cold methanol was added to each well, which was then incubated for 20 min at 4 °C. The cells were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) added to each well, which was then incubated for 20 min at room temperature. The cells were then incubated in 1% bovine serum albumin (Amresco, Solon, OH, USA) in PBS for 1 h at room temperature. After that, the 1:200 diluted Ki-67 (ab15580, Abcam, Cambridge, MA, USA) and β-actin (Thermo Fisher Scientific, Waltham, MA, USA) primary antibody was added, and the cells were incubated for 2 h at room temperature. The secondary antibodies (ab150119, Goat Anti-Mouse IgG H&L Alexa Fluor® 647/ab150081, Goat-Anti-Rabbit IgG H&L Alexa Fluor® 488, abcam, Cambridge, MA, USA) were used at the 1:200 dilutions for 1 h at room temperature and cells were counterstained with 1 μg/mL of DAPI (4′,6-diamidino-2-phenylindole, Thermo Fisher Scientific, Waltham, MA, USA). The cells were then evaluated through a fluorescence microscope (Nikon, Ti2-U FL, Tokyo, Japan); digital photographs were taken at 200 magnifications.




2.9. Statistical Analysis


Data were represented as mean ± standard deviation (SD). The one-way ANOVA compared mean levels of the explored parameters, followed by multiple comparisons using Tukey’s method. Statistical significance was set at p < 0.05, indicating statistically significant differences. All statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA, USA).





3. Results


3.1. Rates of Intracellular ROS Production


Intracellular ROS production rates were significantly higher in the hypoxia group than in the normoxia group (p < 0.001), while the hypoxia group pretreatment with NAC, Vit C, rHDL, or HDL significantly lowered intracellular ROS production rates compared to the hypoxia group (p < 0.001) (Figure 1).




3.2. Analyses of the Expressions of HIF-1α, HO-1, and BNIP3


The expressions of HIF-1α, HO-1, and BNIP3 were significantly higher in the hypoxia group than in the normoxia group (p < 0.001). In the hypoxia groups pretreated with rHDL, as well as NAC, Vit C, or HDL, the expressions of HIF-1α were significantly lower (p ≤ 0.034). Similarly, the expressions of HO-1 were significantly lower in the hypoxia groups pretreated with rHDL, as well as NAC, Vit C, or HDL (p ≤ 0.013), and the expressions of BNIP3 were significantly lower in the hypoxia groups pretreated with rHDL and HDL compared to the hypoxia group (p ≤ 0.007) (Figure 2A–C).




3.3. Cell viability Analyses


Cell viability was significantly lower in the hypoxia group than in the normoxia group (p < 0.001). Cell viability was significantly higher in the hypoxia groups pretreated with NAC, Vit C, rHDL, or HDL than in the hypoxia group (p ≤ 0.013) (Figure 3A). Live and dead assays also indicated that the numbers of dead cells (red) were markedly higher in the hypoxia group than in the normoxia group. Dead cell numbers were markedly lower in the hypoxia groups pretreated with NAC, Vit C, rHDL, or HDL than in the hypoxia group (Figure 3B).




3.4. Analyses for Apoptosis


The apoptosis rate was significantly higher in the hypoxia group than in the normoxia group (p < 0.001). The apoptosis rate was significantly lower in the hypoxia groups pretreated with NAC, Vit C, rHDL, or HDL than in the hypoxia group (p < 0.001) (Figure 4A). The expression of cleaved caspase-3 was significantly higher in the hypoxia group than in the normoxia group (p < 0.001). However, in the hypoxia groups pretreated with NAC, Vit C, rHDL, or HDL, cleaved caspase-3 expression was significantly lower compared to the hypoxia group (p ≤ 0.002) (Figure 4B). The expression of cleaved PARP-1 was significantly higher in the hypoxia group than in the normoxia group (p = 0.007). However, in the hypoxia groups pretreated with the NAC, Vit C, rHDL, or HDL, cleaved PARP-1 expression was significantly lower compared to in the hypoxia group (p ≤ 0.034) (Figure 4C). In the TUNEL assay, apoptotic nuclei (green) were markedly higher in the hypoxia group than in the normoxia group, whereas they were markedly lower in the hypoxia groups pretreated with NAC, Vit C, rHDL, or HDL compared to the hypoxia group (Figure 4D).




3.5. Analysis of VEGF and MMP-2 Expressions


The expression of VEGF was significantly higher in the hypoxia group than in the normoxia group (p = 0.008). Expression of VEGF was significantly lower in the hypoxia groups pretreated with NAC, Vit C, rHDL, or HDL than in the hypoxia group (p ≤ 0.038) (Figure 5A). The expression of MMP-2 was significantly higher in the hypoxia group than in the normoxia group (p = 0.015). However, the expression of MMP-2 was significantly lower in the hypoxia groups pretreated with NAC, Vit C, rHDL, or HDL than in the hypoxia group (p ≤ 0.044) (Figure 5B).




3.6. Analyses of Collagen I and III Production


Type I collagen production was significantly lower in the hypoxia group than in the normoxia group (p = 0.006). Additionally, type I collagen production was significantly higher in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with HDL, compared to the hypoxia group (p ≤ 0.038) (Figure 6A). Type III collagen production was also significantly lower in the hypoxia group than in the normoxia group (p = 0.039). Type III collagen production was significantly higher in the hypoxia group pretreated with rHDL, as well as with NAC or HDL, compared to the hypoxia group (p ≤ 0.046) (Figure 6B).




3.7. Analyses of Cell Proliferation Abilities


The cell proliferative activity presented by the ki-67-positive cells was significantly lower in the hypoxia group than in the normoxia group (p < 0.001). However, the numbers of Ki-67-positive cells were markedly higher in the hypoxia group pretreated with rHDL, as well as Vit C, or HDL than in the hypoxia group (p ≤ 0.049) (Figure 7).





4. Discussion


The notable findings of this study are that rHDL reduces hypoxia-induced ROS production and RCF apoptosis, and that it facilitates cell proliferation of RCFs under hypoxic conditions.



Several studies have utilized CoCl2-induced hypoxia models, employing various biomolecular markers associated with different exposure times and concentrations across several cell types [33,34,35,36,37]. CoCl2 treatment upregulates hypoxia markers, including HIF-1α, HO-1, and BNIP3, in many cell types [38,39,40,41]. HIF-1α is recognized as the master regulator of the transcriptional cellular response to hypoxia [42]. Additionally, HO-1 is induced by various stimuli, including hypoxia and oxidative stress, serving as an adaptive cellular response that provides resistance to oxidative stress [43]. Under hypoxia, BNIP3, a member of the Bcl-2 family, undergoes upregulation and translocation to the mitochondria, disrupting mitochondrial membrane potential and triggering the release of cytochrome c, ultimately activating the caspase cascade [41]. In this study, the expressions of HIF-1α, HO-1, and BNIP3 were significantly higher in the hypoxia group than in the normoxia group (p ≤ 0.001), supporting previous studies’ results that CoCl2 increases expressions of the HIF-1α, HO-1, and BNIP3 [38,39,40,44].



In this study, the expressions of HIF-1α, HO-1, and BNIP3 were significantly attenuated by pretreatment with rHDL (p ≤ 0.028). Previous studies have reported that antioxidants, such as NAC or vitamin C, prevent the stabilization of hypoxia-induced HIF-1α and reduce the expression of hypoxia-induced HO-1 [45,46,47]. Furthermore, one study using human coronary artery endothelial cells demonstrated that rHDL augments the HIF-1α pathway via SR-BI (scavenger receptor class B type I) and modulation of the post-translational regulators of HIF-1α, which supports the findings of the current study [25]. Moreover, NAC mitigates the hypoxia-induced expression of BNIP3 [48]. The current study confirmed the findings of these previous studies by using vitamin C and NAC. Additionally, it newly demonstrated the ability of rHDL and HDL to attenuate the hypoxia-induced expressions of HIF-1α, HO-1, and BNIP3.



Cells experiencing hypoxic stress are known to produce increased intracellular ROS [49]. During hypoxia, ROS function as signaling agents, stabilizing the transcription factor HIF-1α and triggering various functional responses, including the activation of gene expressions [50]. CoCl2-induced hypoxia has been reported to increase the levels of ROS in several cell types such as PC12, periodontal cells and rat rotator cuff fibroblasts [27,51,52,53]. In the present study, intracellular ROS production was significantly higher in the hypoxia group than in the normoxia group, consistent with the findings of previous studies. Additionally, this study demonstrated a significant decrease in intracellular ROS production following pretreatment with rHDL or HDL and with well-known antioxidants, Vit C or NAC (p = 0.001). Antioxidant treatment reduced ROS and prevented HIF-1α stabilization under hypoxia [35,54]. Thus, this study confirms that pretreatment with rHDL or HDL, as well as with established antioxidants Vit C or NAC, effectively reduced the expression of HIF-1α.



Expressions of caspase-3 and of PARP-1 were significantly increased in the hypoxia group, as compared with the normoxia group in the present study. Caspase-3 is a recognized common executioner of both the intrinsic and extrinsic apoptosis pathways; PARP-1 also plays a role in the main pathways of apoptosis by stimulating the release of AIF [55,56]. Several studies have reported that hypoxia induces a significant increase in caspase-3 expression in several types of cells [57,58]. Several studies have reported that hypoxia induces a significant increase in PARP-1, and a co-modulating effect of HIF-1 and PARP-1 is involved in apoptotic cell death under hypoxia [59]. The present study aligns with previous research, confirming that hypoxia induced by CoCl2 promotes apoptosis and that caspase-3 and PARP-1 play a role in apoptotic process [27,60]. Furthermore, this study demonstrates a reduction in the elevated expressions of caspase-3 and PARP-1 through pretreatment with rHDL, or HDL, as well as Vit C or NAC. These findings elucidate the results of cell viability analyses, indicating that cell viability was significantly lower in the hypoxia group than in the normoxia group, while it was significantly higher in the hypoxia groups pretreated with NAC, Vitamin C, rHDL, or HDL compared to the hypoxia group.



In this study, the hypoxia group exhibited significantly increased expressions of VEGF and MMP-2 compared to the normoxia group. Hypoxia groups pretreatment with rHDL or HDL, as well as Vit C or NAC, resulted in significantly smaller increases in VEGF and MMP-2 expressions. ROS are essential mediators and modulators of the synthesis and activity of VEGF, a major angiogenic molecule [34,61], with HO-1 reported to be involved in angiogenesis by initiating the expression of VEGF [62,63]. This study supports the findings of previous studies in which hypoxia sequentially induced ROS, HO-1, and VEGF [63,64]. Antioxidants attenuate these hypoxia-induced increased productions of ROS and expressions of HO-1 and VEGF [27,65]. MMPs play roles in collagenolysis and elastolysis during periods of development, wound healing, and major inflammatory disease [66,67]. MMP-2 has been reported as expressed and activated during the healing process following acute supraspinatus tendon tear, during which MMP-2 is involved in the remodeling process [68]. MMP-2 degrades collagen types I, II, and III during matrix degradation [13,69,70,71,72,73]. The present study’s results suggest that hypoxia-induced degradation of the rotator cuff tendon matrix through the increased expression of MMP-2 is attenuated by pretreatment with rHDL or HDL, or with Vit C or NAC, which are well-known antioxidants.



Collagen types I and III play integral roles in tendon healing, with type I providing structural strength and integrity [74,75]. Conversely, collagen type III, which is more prevalent in early healing, contributes to matrix flexibility [74,75]. As healing progresses, collagen type III transitions to type I, forming a mature tendon structure [75]. This dynamic balance is crucial for optimal function, shifting from initial flexibility to increased strength [76]. In the current study, hypoxia decreased the production of collagen types I and III. However, rHDL, as well as NAC, Vit C, and HDL, each attenuated the production of collagens reduced by hypoxia. That finding indicated that rHDL preserves or stimulates tendon matrix production, suggesting the potential for rHDL in tendon healing or regeneration processes under hypoxic conditions.



Hypoxia can have dual effects on cell proliferation, depending on the hypoxia’s severity and the cell type. Hypoxia has been reported both to inhibit cell proliferation through activation of the p53 pathway and to stimulate proliferation via activation of the mTOR pathway [77,78]. The protein Ki67 is a marker for proliferating cells in active phases of the cell cycle, except for those cells in the G0 phase [79]. The present study found that the number of Ki67-positive cells was lower in the hypoxia group than in the normoxia group, while Ki67-positive cells increased in the hypoxia groups pretreated with rHDL or HDL, as well as in those pretreated with Vit C or NAC compared to the hypoxia group. These results suggest that rHDL can promote cell proliferation, an essential process for wound healing, under hypoxia.



A limitation of this study was that the studied hypoxia was induced with CoCl2, a mimicking agent, instead of using a hypoxic chamber. Additionally, the study did not determine whether CoCl2 could induce hypoxia in an animal model and whether rHDL would have novel effects on the prevention of hypoxia-induced apoptosis of the rotator cuff tendon in the animal model. Therefore, further studies should address these issues. While more research is needed to fully understand the mechanisms by which rHDL exerts anti-hypoxic effects, this study provides critical insight into the potential therapeutic benefits of rHDL in promoting tissue repair and regeneration in hypoxic conditions. These findings may also have broader implications for developing treatments for other diseases involving hypoxic damage and tissue degeneration.




5. Conclusions


In rotator cuff tendon fibroblasts under hypoxic conditions, rHDL enhances cell proliferation and collagen I and III production while reducing apoptosis, which can facilitate cuff tendon healing.
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	BNIP3
	Bcl-2/E1B-19kDa interacting protein 3



	DAPI
	4′, 6-diamidino-2-phenylindole



	DPPH
	2,2-diphenyl-1-picrylhydrazyl



	HDL
	high-density lipoprotein



	HIF-1α
	hypoxia-inducible factor-1α



	HO-1
	heme oxygenase-1



	Hypo-HDLemia
	hypo-high-density lipoproteinemia



	MMP-2
	matrix metalloproteinase-2



	NAC
	N-acetylcysteine



	PARP-1
	poly ADP-ribose polymerase-1



	RCFs
	rotator cuff fibroblasts



	rHDL
	reconstituted HDL



	ROS
	intracellular reactive oxygen species



	VEGF
	vascular endothelial growth factors



	Vit C
	vitamin C
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Figure 1. rHDL suppresses CoCl2-induced intracellular reactive oxygen species (ROS) production. (A,B) Fluorescence microscope analyses show that reconstituted HDL (rHDL), as well as other antioxidants, significantly suppresses CoCl2-induced intracellular ROS production (p < 0.001). Magnification: 4×. Scale bar: 2500 μm. Data are shown as mean ± SD (n = 4). One data point represents the mean of technical replicates of an independent experiment. ***: p < 0.001 is compared with normoxia. †††: p < 0.001 is compared with the hypoxia group. ns: denotes not significantly different from normoxia. 
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Figure 2. Suppressive effects of rHDL on CoCl2-induced hypoxia-inducible factor-1α (HIF-1α), heme oxygenase-1 (HO-1), and Bcl-2/E1B-19kDa interacting protein 3 (BNIP3) expressions. (A) HIF-1α expression significantly increased in the hypoxia group compared to the normoxia group (p < 0.001). The hypoxia group pretreated with rHDL, as well as the hypoxia groups with N-acetylcysteine (NAC), vitamin C (Vit C), and high-density lipoprotein (HDL), exhibit significantly lower HIF-1α expression than the hypoxia group (p ≤ 0.034). (B) HO-1 expression significantly increased in the hypoxia group compared to the normoxia group (p < 0.001). The hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, exhibit significantly lower HO-1 expression than in the hypoxia group (p ≤ 0.013). (C) BNIP3 expression significantly increased in the hypoxia group compared to the normoxia group (p < 0.001). BNIP3 expressions in the hypoxia group pretreated with rHDL and HDL are significantly lower than in the hypoxia group (p ≤ 0.007). Data are shown as mean ± SD (n = 3). *: p < 0.05, **: p < 0.01, and ***: p < 0.001 are compared with normoxia. †: p < 0.05 and ††: p < 0.01 are compared with the hypoxia group. ns: denotes not significantly different from normoxia. NS: denotes not significantly different from the hypoxia group. 
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Figure 3. Suppressive effects of rHDL on CoCl2-induced cytotoxicity. (A) Cell viability in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, was significantly higher than in the hypoxia group (p ≤ 0.013). (B) Live and dead assay results indicate a markedly higher rate of live cells and a significantly lower rate of dead cells (red) in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, or HDL, compared to the hypoxia group. The arrow points to the dead cell colored in red. Magnification: 10×, Scale bar: 500 μm, data are shown as mean ± SD (n = 4). One data point represents the mean of technical replicates of an independent experiment. ***: p < 0.001 is compared with normoxia. †: p < 0.05 and †††: p < 0.001 are compared with CoCl2. 
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Figure 4. Suppressive effects of rHDL on CoCl2-induced apoptosis. (A) FACS analyses using annexin V/PI double staining indicate a significantly higher apoptosis rate in the hypoxia group compared to the normoxia group (p < 0.001). The apoptosis rate in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, is significantly lower than in the hypoxia group (p < 0.001). (B) Expression of cleaved caspase-3 is significantly higher in the hypoxia group than in the normoxia group (p < 0.001). The expression of cleaved caspase-3 is significantly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group (p ≤ 0.002). (C) Expression of cleaved PARP-1 is significantly higher in the hypoxia group than in the normoxia group (p = 0.007). The expression of cleaved PARP-1 is significantly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group (p ≤ 0.034). (D) TUNEL assay results indicate that apoptotic nuclei (green) are markedly higher in the hypoxia group than in the normoxia group. Apoptotic nuclei are markedly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group. The arrow points to TUNEL-FITC-positive cells colored in green. Data are shown as mean ± SD (n = 3). Magnification: 10×, Scale bar: 500 μm. **: p < 0.01, and ***: p < 0.001 are compared with normoxia. †: p < 0.05, ††: p < 0.01, and †††: p < 0.001 are compared with the hypoxia group, §§: p < 0.01 and §§§: p < 0.001 are compared with normoxia, ‡: p < 0.05 and ‡‡: p < 0.01 are compared with hypoxia group. ns: denotes not significantly different from normoxia. NS: denotes not significantly different from the hypoxia group. 






Figure 4. Suppressive effects of rHDL on CoCl2-induced apoptosis. (A) FACS analyses using annexin V/PI double staining indicate a significantly higher apoptosis rate in the hypoxia group compared to the normoxia group (p < 0.001). The apoptosis rate in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, is significantly lower than in the hypoxia group (p < 0.001). (B) Expression of cleaved caspase-3 is significantly higher in the hypoxia group than in the normoxia group (p < 0.001). The expression of cleaved caspase-3 is significantly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group (p ≤ 0.002). (C) Expression of cleaved PARP-1 is significantly higher in the hypoxia group than in the normoxia group (p = 0.007). The expression of cleaved PARP-1 is significantly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group (p ≤ 0.034). (D) TUNEL assay results indicate that apoptotic nuclei (green) are markedly higher in the hypoxia group than in the normoxia group. Apoptotic nuclei are markedly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group. The arrow points to TUNEL-FITC-positive cells colored in green. Data are shown as mean ± SD (n = 3). Magnification: 10×, Scale bar: 500 μm. **: p < 0.01, and ***: p < 0.001 are compared with normoxia. †: p < 0.05, ††: p < 0.01, and †††: p < 0.001 are compared with the hypoxia group, §§: p < 0.01 and §§§: p < 0.001 are compared with normoxia, ‡: p < 0.05 and ‡‡: p < 0.01 are compared with hypoxia group. ns: denotes not significantly different from normoxia. NS: denotes not significantly different from the hypoxia group.
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Figure 5. The effects of rHDL against CoCl2-induced vascular endothelial growth factors (VEGF) and matrix metalloproteinase-2 (MMP-2). (A) Expression of VEGF is significantly higher in the hypoxia group than in the normoxia group (p = 0.008). The expression of VEGF is significantly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group (p ≤ 0.038). (B) Expression of MMP-2 is significantly higher in the hypoxia group than in the normoxia group (p = 0.015). The expression of MMP-2 is significantly lower in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, Vit C, and HDL, compared to the hypoxia group (p ≤ 0.044). Data are shown as mean ± SD (n = 3). *: p < 0.05 and **: p < 0.01 are compared with normoxia. †: p <0.05 and ††: p < 0.01 are compared with the hypoxia group. ns: denotes not significantly different from normoxia. 
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Figure 6. The effects of rHDL against CoCl2-induced Collagen I and III. (A) Expression of Collagen I is significantly lower in the hypoxia group than in the normoxia group (p = 0.006). The expression of Collagen I is significantly higher in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with HDL, compared to the hypoxia group (p ≤ 0.038). (B) Expression of Collagen III is significantly lower in the hypoxia group than in the normoxia group (p = 0.039). The expression of Collagen III is significantly higher in the hypoxia group pretreated with rHDL, as well as the hypoxia groups pretreated with NAC, and HDL, compared to the hypoxia group (p ≤ 0.046). Data are shown as mean ± SD (n = 3). *: p < 0.05 and **: p < 0.01 are compared with normoxia, †: p < 0.05 is compared with the hypoxia group. ns: denotes not significantly different from normoxia. NS: denotes not significantly different from the hypoxia group. 
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Figure 7. The cell proliferation effects of rHDL against CoCl2-induced hypoxia. (A,B) Ki-67 staining analyses show the cell proliferation effects of studied antioxidants, including rHDL, against CoCl2-induced hypoxia. Ki-67 is represented in green, actin in red, and DAPI in blue, with an overlay of both staining. The hypoxia group exhibits a significant decrease in the number of Ki-67 positive cells, indicative of reduced cellular proliferation. Conversely, rHDL, as well as other antioxidant-pretreated groups, shows a significant increase in Ki-67-positive cells, suggesting a cell-proliferative effect. Data are shown as mean ± SD (n = 3). Magnification: 10×, scale bar: 500 μm. *: p < 0.05, **: p < 0.01 and ***: p < 0.001 are compared with normoxia. †: p < 0.05 and †††: p < 0.001 are compared with the hypoxia group. ns: denotes not significantly different from normoxia. NS: denotes not significantly different from the hypoxia group. 
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