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Abstract

This study aimed to characterize aging-induced tendinopathy in mouse Achilles tendon and 

also to assess the treatment effects of metformin (Met) on aging tendon. We showed that 

compared to young tendon, aging tendon was in an inflammatory and senescent state as shown by 

increased expression of inflammatory disulfide HMGB1 (dsHMGB1), inflammatory macrophage 

marker CD68, and senescent cell markers SA-β-gal, p53 and p16. Moreover, aging tendon 

was degenerated marked by accumulation of proteoglycans and lipids in its interior. However, 

treatment of aging tendon by intraperitoneal (IP) injection of Met, a specific inhibitor of HMGB1, 

reduced dsHMGB1 levels, decreased the expression of CD68, SA-β-gal, CCN1 and p16 in vitro 
and in vivo. Furthermore, Met treatment also increased the number of NS, SSEA-1, and CD73 

positive stem cells in culture and improved the tendon structure in aging mouse. These findings of 

this study indicate that Met exerts anti-inflammatory and anti-senescent effects on aging tendon.
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1 INTRODUCTION

The US population is aging; it is estimated that by 2030, one in five Americans will be 65 or 

over 1. Aging is known to be a key risk factor in the development of tendinopathy 2. Lower 

extremity tendon degeneration such as Achilles tendinopathy is more prevalent in aged 
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population 3; 4. Aging alters tendon tissues with gross changes in structure, composition, and 

mechanical properties and is known to induce tendinopathy due to reduction in regenerative 

capacity and loss of stem cell function 3; 5. However, current treatment methods for 

tendinopathy regardless of age are largely palliative that involve short term symptomatic 

relief, such as with NSAIDS and corticosteroid injections, which may cause serious side 

effects 6. Thus, there is an urgent need to improve clinical treatments for the “aging-induced 

tendinopathy” using safe and effective treatment options.

Metformin (Met) is an FDA approved hypoglycemic drug used for the treatment of 

diabetes. But Met as an “anti-aging” drug is also tested in the TAME (targeting aging 

with metformin) trials in aging-related morbidities such as cancer, stroke, and heart disease 
7. Met has been shown to suppress pro-inflammatory cytokines and senescence-associated 

secretary proteins (SASPs) in cell lines and model organisms 8; 9. Senescence-associated-

β-galactosidase (SA-β-gal) activity is the major biomarker identified in aging cells and 

tissues 10. Cyclin-dependent kinase inhibitor p16 and its regulator p53 are often expressed 

in senescent cells 11. Also, matricellular protein CCN1 can induce cellular senescence 12. 

Senescent cells may stimulate age-related inflammation and tissue degeneration by secreting 

pro-inflammatory cytokines 13, and a high mobility group box1 (HMGB1) can be one such 

a potent inflammatory mediator that is secreted to extracellular matrix (ECM) by senescent 

cells 14; 15.

Extracellular HMGB1 has both chemotactic and inflammatory functions depending on the 

redox state of its cysteine residues 16. Fully reduced HMGB1 (frHMGB1) promotes cell 

recruitment, including leukocytes and stem cells and as a result, can enhance regeneration 

of injured tissues; however, partially oxidized disulfide HMGB1 (dsHMGB1) activates 

leukocytes and triggers the release of proinflammatory cytokines, and thus it is detrimental 

to tissues 16. We have shown that HMGB1, likely its disulfide form, is translocated into 

cytoplasm and then released to ECM in mouse Achilles tendon and initiate an inflammatory 

cascade in response to long-term intensive treadmill running (ITR) 17.

In this study, considering that Met is an FDA-approved drug and an HMGB1 inhibitor 
18 with anti-aging effects 9; 19, we used Met as a repurposed drug to test its effect on 

Achilles tendons in aging mice. We report that Met injection was able to reduce tendon 

inflammation and senescence, improve Achilles tendon degenerative changes by blocking 

HMGB1 translocation, and increase stem cell numbers in aging mouse tendon.

2 METHODS

2.1 Animals

All animal studies were performed according to the relevant guidelines and regulations. The 

protocol for animal use was approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of Pittsburgh (IACUC protocol # 18083391). A total of 130 

C57BL/6J female mice (Jackson Laboratory (Bar Harbor, ME)) were used.

Zhang et al. Page 2

J Orthop Res. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2 Histochemical staining on structural and degenerative changes in mouse tendon

Achilles tendon tissue samples obtained from young (2.5 to 4.5 months old) and aging (14 

to 19 months old) mice were fixed with 4% paraformaldehyde overnight at 4°C and were 

cut into 5 μm thick tissue sections. The tissue sections were examined for structural and 

degenerative changes with hematoxylin and eosin (H&E), Alcian Blue, Oil Red O, and 

Masson’s trichrome staining according to the standard protocols. The senescent cells in 

mouse tendon tissues were also examined on the fixed tissue sections with SA-β-gal staining 

kit (Cat. # 9860, Cell Signaling Technology, Danvers, MT) according to the manufacturer’s 

protocol. The stained tissue sections were examined under light microscope (Nikon eclipse, 

TE2000-U).

2.3 Picro Sirius red staining and polarized light microscopy of mouse tendon

The tissue sections of young and aging mouse Achilles tendons were cut into 5 μm thick 

tissue sections and stained with Picro Sirius red kit (Cat. #ab150681, Abcam, Cambridge, 

MA) according to the manufacturer’s protocol. Such stained tendon tissue sections were 

examined under polarized light microscope (Nikon).

2.4 Quantitative real-time RT-PCR (qRT-PCR)

Total RNA was extracted from 50 mg tendon tissues and qRT-PCR was carried out using 

QIAGEN QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA) following our published 

protocol 20. The same mouse specific primers were used for PPARγ (adipocyte-related 

gene marker), SOX-9 (chondrocyte-related gene marker), Runx2 (osteocyte-related gene 

marker)’ and Collagen I (tenocyte-related gene marker) as described in our previous study 
20. For collagen type II (chondrocyte-related gene marker) forward 5’-CAG GTG AAC 

CTG GAC GAG AG-3’ and reverse 5’-ACC ACG ATC TCC CTT GAC TC-3’ primers 

were used 21. For collagen III (scar tissue marker) forward 5’-TGC CCA CAG CCT TCT 

ACA CCT-3’ and reverse 5’-CCA GCTGGG CCT TTG ATA CCT-3’ primers were used 22. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control using 

the same primers as before 20. All primers were obtained from Invitrogen (Grand Island, 

NY). The PCR reaction conditions were essentially as described previously 20. The formula 

2−ΔΔCT, where ΔΔCT= (CTtarget – CTGAPDH)aging – (CTtarget – CTGAPDH)young, was used 

to calculate the relative gene expression levels in tendon tissues. CT represents the cycle 

threshold of each RNA sample. At least three parallel tests were performed to determine 

standard deviation (SD) of the ΔCT.

2.5 Immunohistochemical analysis on mouse tendon

Mouse Achilles tendon tissues were fixed according to our published protocol 23. The 

sections were then incubated either with rabbit anti-mouse HMGB1 antibody (1:350, Cat. 

# ab18256; Abcam), or with rabbit anti-beta galactosidase (β-gal) antibody (1:350. Cat. 

#PA5–102503; ThermoFisher Scientific), or with rabbit anti-mouse CD68 antibody (1:500, 

Cat. # 125212; Abcam) at 4°C overnight. The next morning, the tissue sections were washed 

3 times with PBS and incubated at room temperature for 2 hrs with Cy3-conjugated goat 

anti-rabbit IgG antibody (1:500, Cat. # AP132C; Millipore). Finally, all cells were stained 

with 4, 6-diamidino-2-phenylindole (DAPI) (1μg/ml, Sigma, St. Louis, MO). The results 
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of stained tendon tissue sections were determined under a fluorescent microscope (Nikon, 

Eclipse TE2000U).

2.6 Tendon cell isolation and culture

Tendon cells were isolated from the Achilles tendons of young (2.5 months) and aging (18 

months) mice according to our published protocol 24. The isolated cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM; Fisher Scientific, Hampton, NH). The cells 

in passages 1–3 were used for the experiments.

2.7 Immunostaining of HMGB1 and stem cell markers in mouse tendon cells

Achilles tendon cells isolated from young and aging mice at passage 1 were seeded into 

12-well plates at the density of 3 × 104 cells/well and cultured for 5 days. After removing 

the medium, the cells were washed twice with PBS, and fixed with 4% paraformaldehyde-

PBS solution for 30 min, then treated with 0.1% Triton X-100 in PBS for 30 min and 

washed with PBS for three times. The treated cells were incubated either with rabbit 

anti-mouse HMGB1 antibody (1:350, Cat. # Ab79823; Abcam), or with goat anti-NS 

(1:350, Cat. #GT15050, Neuromics, Edina, MN) overnight at 4°C. After incubation, the 

cells were washed with PBS for three times, and incubated with goat anti-rabbit secondary 

antibody conjugated with Cy3 for 1 hr at room temperature for HMGB1 testing (1:500, 

Cat. # AP132C; Millipore, Billerica, MA), and Cy3-conjugated donkey anti-goat IgG 

antibody for 1 hr at room temperature to detect nucleostemin (NS) (1:500, Cat. #AC180C; 

Millipore, Billerica, MA). For stage-specific embryonic antigen-1 (SSEA-1) staining, the 

fixed cells were incubated with 2% mouse serum at room temperature for 30 min, and then 

incubated with FITC-conjugated mouse anti-SSEA-1 antibody at room temperature for 3 

hrs (1:250, Cat. #MAB4301X; Chemicon International, Temecula, CA). Finally, the cells 

were counterstained with DAPI, and the stained cells were analyzed under a fluorescent 

microscope (Nikon, Eclipse TE2000U).

2.8 Assessment of the effects of blocking HMGB1 by Met on aging mouse tendon cells

Achilles tendon cells isolated from aging mice (18 months old) at passage 2 were seeded 

into 12-well plates at the density of 3.5 × 104 cell/well, and cultured for 24 hrs. Next day, the 

medium was changed by adding various concentrations of Met (0–1 mg/ml) into each well, 

and further cultured for 5 days. Then, the medium was removed, the cells were washed twice 

with PBS. The washed cells were used either for immunostaining or Western blot analysis.

For immunostaining, the washed cells were stained either with SA-β-gal staining kit (Cat. 

# 9860, Cell Signaling Technology, Danvers, MT), or with rabbit anti-mouse HMGB1, or 

with goat anti-NS or with rabbit anti-CD73 antibody (1:500, Cat. #13160; Cell Signaling 

Technology) overnight at 4°C. Next morning, the cells were washed with PBS for 3 

times, and incubated either with Cy3-conjugated goat anti-rabbit secondary antibody to 

detect HMGB1 or CD73, or with Cy3-conjugated donkey anti-goat IgG antibody at room 

temperature for 1 hr to detect NS. Finally, the cells were counterstained with DAPI, and the 

stained cells were analyzed under a fluorescent microscope (Nikon, Eclipse TE2000U).
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2.9 Assessment of the effects of blocking HMGB1 by Met in aging mouse tendon

C57BL/6J mice (female, 19 months old) were divided into two groups with 6 mice per 

group. The mice in Group-1 received daily intraperitoneal (IP) injection of Met (50 mg/kg 

body weight/day, 100 μl of 10 mg/ml metformin/mouse/day) for 8 weeks 23; 25. The mice in 

Group-2 received daily IP injection of 0.9% saline (100 μl/mouse/day) for 8 weeks. After 

treatments, mice in both groups were sacrificed, and the Achilles tendons were harvested. 

For histological analysis, three Achilles tendons were used, whereas nine Achilles tendons 

from each group were used for Western blot analysis.

2.10 Western blot for analyzing HMGB1, CD68, p53, p16, and CCN1

Aging mouse Achilles tendon cells cultured with various concentrations of Met for 5 days 

described above were used to determine HMGB1 expression using Western blot. After 

removing the medium, the cells were washed with PBS, then 100 μl of RIPA buffer 

were added into each well of 12-well plate to extract cellular protein using standard 

procedures provided by the manufacturer (Sigma, St. Louis, MO, United States). On the 

other hand, mouse Achilles tendon tissues were first weighed and cut into small pieces. 

Then the tissue lysates were prepared with RIPA buffer. The protein concentrations in each 

sample (cells and tissues) were measured using a BCA Protein Assay Kit (Thermo Fisher 

Scientific, Pittsburgh, PA) to ensure equal loading. Western blot analysis was performed 

as described previously 17. The following primary antibodies were used: monoclonal 

rabbit anti-HMGB1 antibody (1:1000, Cat. # ab79823, Abcam), rabbit anti-CD68 antibody 

(1:500, ab283654 Abcam), rabbit anti-p53 antibody (1:1000, Cat. # sc-6243, Santa Cruz 

Biotechnology), rabbit anti-CCN1 antibody (1:500, Cat. # ABC102, Millipore Sigma), and 

rabbit anti-p16 antibody (1:500, Cat. # ab211542, Abcam). Following overnight incubation, 

the membranes were incubated with the corresponding secondary antibodies (1:15,000, 

LI-COR Biosciences) for 1 hr at room temperature. Following another three washes with 

TBS-T buffer, and the visualization of the protein bands on the blots was realized with 

LiCoR Odyssey imager (LI-COR Biosciences, Lincoln, NE). Finally, the membrane was 

incubated with anti-β-actin Alexa Fluor 680-conjugated antibody (1:1000, Cat. # sc-47778, 

Santa Cruz Biotechnology) at room temperature for 1 hr, and semi-quantification of the 

protein bands was done using the software provided by LiCoR Odyssey imager.

2.11 Semiquantification of positively stained tendon tissue sections and tendon cells

For semi-quantification of staining results on tendon tissue sections, three random images 

were taken from each tissue section under a microscope (Nikon Eclipse, TE2000-U). 

Using three sections from three mice for each group, a total of 9 images consisting of 

about 1000 cells were used for each group. The positively stained areas in tissue sections, 

which were manually identified by examining the images taken, were processed using 

SPOT imaging software (Diagnostic Instruments). The percentage of positive staining was 

calculated by dividing the positively stained area by total area viewed under the microscope 

and multiplying by 100. The values were averaged to represent the percentage positive 

staining in each group.

Similarly, to quantify staining results of cell markers (SA-β-gal, HMGB1, NS, SSEA-1, 

CD68, and CD73), three random images were taken from each well using the same 
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equipment and software as described above. Three wells were used for each group, with 

a total of nine images (about 1000–1500 cells) being analyzed. The percentage of positive 

staining in each image was estimated by dividing the number of positively stained cells by 

the total number of cells counterstained with DAPI in the microscopic field and multiplying 

by 100. The final percentage of positive staining was obtained by averaging the values from 

all nine images.

2.12 Statistical analysis

GraphPad Prism (version 7.03) was used for data analysis. Statistical analysis was 

performed using one-way ANOVA, followed by Fisher’s PLSD test. P < 0.05 between two 

groups was considered to be significantly different.

3 RESULTS

3.1 Aging tendon exhibits degenerative changes

No degenerative changes were present in young tendon, which was minimally stained for 

proteoglycans (PG), and the cells displayed an elongated shape (Fig. 1A, B). In contrast, 

aging tendon had degenerative changes as evidenced by robust positive staining for PG with 

cell morphology changed to a round shape (Fig. 1C, D). The number of round-shaped cells 

in aging tendon were significantly higher (11.5 times) compared to young tendon (Fig. 1E). 

Also, while young tendon contained no lipids (Fig. 1F), aging tendon had robust presence 

of lipids (red areas in Fig. 1G). Semi-quantification confirmed the observations showing a 

5.6-fold increase in lipids in aging tendon compared to young tendon (Fig. 1H). The results 

also show that young tendon was formed by dense collagen fibers and stained with red 

under bright light microscopy (Fig. 1I), however, the aging tendon was formed by loose 

collagen fibers and stained with yellow under bright light microscopy (Fig. 1K). Moreover, 

young tendon contained high levels of collagen type I stained with red color (Fig. 1J). 

However, high levels of collagen type III were found in aging tendon (green in Fig. 1L). 

Semi-quantification showed 62% of the collagen III in aging tendon (Fig. 1M), but only 

5.7% in young tendon (Fig. 1M).

These results were further corroborated by expression of non-tenocyte-related genes 

including PPARγ, SOX-9, and Runx-2; specifically, the expression levels of PPARγ, 

SOX-9, and Runx-2 genes in aging tendon were 8.2, 6.3, and 5.1 times higher than their 

counterparts in the young tendon (Fig. 1N). The expression levels of collagen I in young 

tendon were 3.7 times higher than in the aging tendon (Fig. 1O). The gene levels of collagen 

II and collagen III in aging tendons were 5.3 and 4.5 times higher than young tendons (Fig. 

1O).

3.2 Aging tendon exhibits senescence-associated secretory phenotype (SASP)

Aging mouse tendon expressed SASP. Senescent marker, SA-β-gal, was not detected in 

young tendon either by histochemical staining (Fig. 2A–D) or by immunostaining (Fig. 

2F–I); however, senescent cells accumulated within aging mouse tendon as shown by the 

robust expression of SA-β-gal (Fig. 2C, D; H, I) by the two staining methods. Compared 

to young tendon, aging tendon showed significantly higher SA-β-gal staining (53% vs. 5%, 
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Fig. 2E; 66% vs. 7%, Fig. 2J). Also, in young tendon, CD68, an inflammatory macrophage 

marker, was minimally stained (Fig. 2K, L), but it was extensively present in aging tendon 

(Fig. 2M, N, brown). Indeed, as shown by semi-quantification, more than 56% of the cells in 

aging tendon, as opposed to 7.5% in young tendon, were positively stained for CD68 (Fig. 

2O). Furthermore, additional senescent markers, p53 and p16, were expressed at a much 

higher level in aging tendon compared to young tendon; in fact, p16 expression was nearly 

absent in young tendon but highly expressed in aging tendon (Fig. 2P).

3.3 HMGB1 is translocated from the nucleus to cytoplasm and extracellular matrix in 
aging tendon

HMGB1 was predominantly within the nuclei in young tendon tissue (red fluorescence 

in Fig. 3A, B), but in aging tendon tissue, HMGB1 was translocated from nuclei to the 

cytoplasm (Fig. 3C, D). Specifically, 91% of the cells in young tendon had HMGB1 within 

their cell nuclei; however, 15% of the cells in aging tendon had HMGB1 within the nuclei 

(Fig. 3E). Similarly, cells isolated from young tendon showed the presence of HMGB1 

within their nuclei (Fig. 3F, G). But HMGB1 was translocated to the cytoplasm in aging 

tendon cells (Fig. 3H, I). Semi-quantification showed that 93% of the cells isolated from 

young tendon contained HMGB1 in the nuclei, but only 33% of the cells isolated in aging 

tendon had HMGB1 in the nuclei (Fig. 3J).

3.4 Aging changes cell morphology, population doubling time (PDT), and stem cell 
number

The cells isolated from young tendon showed a cobblestone-like morphology (Fig. 4A, B), 

but the cells isolated from aging tendon had a pancake-like morphology (Fig. 4C, D). The 

young tendon cells proliferated 2.6 times faster than that of aging tendon cells as measured 

by PDT (Fig. 4E). Immunostaining results showed that more than 97% of young tendon cells 

were stem cells as evidenced by NS staining (Fig. 4F, G, J), but less than 27% of aging 

tendon cells were negatively stained with NS (Fig. 4H, I, J). Similarly, more than 69% of 

the young tendon cells (Fig. 4K, L, O) and less than 24% of the aging tendon cells were 

positively stained with SSEA-1 (Fig. 4M, N, O).

3.5 Met inhibits cell senescence and HMGB1 translocation in aging tendon

Most cells isolated from aging mouse tendon were positively stained for SA-β-gal (Fig. 

5A, B). However, Met treatment decreased the number of the SA-β-gal positively stained 

cells in a Met concentration-dependent manner (Fig. 5C–H), which was confirmed by 

semi-quantification (Fig. 5I).

Moreover, Met treatment also blocked the HMGB1 translocation in aging tendon cells in 

a concentration-dependent manner (Fig. 6A–I). Specifically, while most of HMGB1 was 

present in cytoplasm in aging tendon cells (Fig. 6A, B), Met treatment inhibited HMGB1 

translocation (Fig. 6C–H). Also, nearly 75% of the cells had HMGB1 in the nuclei when 

treated at 1000 μg/ml Met (Fig. 6I). Moreover, Met treatment decreased dsHMGB1 levels 

and increased frHMGB1 levels in the cytoplasm (Fig, 6J). Additionally, Met treatment also 

enhanced stem cell numbers as the expression of stem cell markers NS (Fig. 7A–I) and 
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CD73 (Fig. 7J–R) increased with the increase of the Met concentrations in the aging tendon 

cells.

3.6 Met reduces the expression of inflammatory and senescent markers in aging tendon

The protein expression levels of both redox forms of HMGB1, or frHMGB1 and dsHMGB1, 

were markedly higher in 19 months old mouse tendon (19M) compared to 4 months old 

mouse tendon (4M) (Fig. 8A). There was a slight expression of frHMGB1 but almost no 

expression of dsHMGB1 in young tendon, while both were significantly higher in aging 

tendon. Met injection eliminated dsHMGB1 in aging tendon matrix completely and reduced 

frHMGB1 level close to that in young tendon. Similarly, the protein levels of inflammatory 

macrophage marker CD68, senescent cell marker CCN1 and p16 were increased in aging 

mouse tendon, while Met injection decreased their expression levels. Finally, Met injection 

significantly decreased the levels of both frHMGB1 and dsHMGB1 in aging tendons as 

determined by semi-quantification (Fig. 8B).

3.7 Met decreases degenerative changes in aging tendon

The cells in 4M mouse tendon had elongated shape, and the collagen fibers were well 

organized (Fig. 9A, B). However, many cells in 19M aging tendon were round shaped, 

and the collagen fibers were disorganized (Fig. 9C, D). Met injection decreased round cell 

numbers and increased elongated cells in aging tendon (Fig. 9E, F). The young tendon was 

formed by dense collagen fibers stained with all red by Masson trichrome staining (Fig. 9G, 

H); however, in aging tendon, blue staining was interspersed in the red staining areas with 

some round cells and surrounding collagen fibers being stained blue indicating degenerative 

changes (Fig. 9I, J). But, Met injection improved the structure of aging tendon as shown by 

less blue staining as compared to aging tendon (Fig. 9K, L).

4 DISCUSSION

This study showed that aging mouse Achilles tendon underwent inflammation and 

degeneration and contained senescent cells with fewer stem cells compared to normal 

young tendon. Met treatment reduced inflammatory marker protein expression of CD68 

in vitro, decreased the expression of senescent cell markers SA-β-gal, CCN1 and p16, 

increased expression of stem cell markers NS, SSEA-1, and CD73, and finally reduced 

tendon degenerative changes in aging mouse Achilles tendon. In particular, Met reduced 

the expression of the pro-inflammatory dsHMGB1, which was present with an elevated 

level in aging tendon, but not in young tendon. Thus, these findings suggest that Met is 

anti-inflammatory and anti-senescent.

As shown by this study, unlike young tendon, aging tendon lost matrix integrity with 

accumulation of proteoglycans and lipids, decreased the levels of collagen I and increased 

the levels of collagen III, and elevated expression of non-tenocyte related genes that 

are markers of chondrocytes, adipocytes, and osteocytes. These results are in general 

consistent with previous findings showing that pathological tendons lose matrix integrity 

with increased production of proteoglycans and glycosaminoglycans 26; 27. Also, aging 

causes alterations in tendon cell morphology; Achilles tendon fibroblasts from young mice 
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displayed normal elongated shape whereas cells had a round shape in aging mice 28. Our 

results agree with this finding.

This study showed that aging mice tendons contain senescent cells, marked by the high 

expression of senescent cell markers SA-β-gal, p53, and p16, and high-level expression 

of inflammatory macrophage marker, CD68. Previous studies demonstrated chronic 

inflammation and cellular senescence are pervasive features in aging that aged tendon stem/

progenitor cells (TSCs) displayed cellular senescence, and the expression of p21 and p16 

was higher in human aged/degenerated Achilles TSCs 29–31. Increase in the expression p16 

was linked to the impairment of number and/or function of adult stem cells and abolishing 

p16 function enhanced regenerative potential of stem cells 32.

Our results also show that unlike young tendon, which retains HMGB1 in nuclei, HMGB1 

in aging tendon was translocated to cytoplasm in culture and in tendon tissue. This 

finding is consistent with previous studies showing that nuclear HMGB1 is released to 

the extracellular milieu in senescent human and mouse fibroblasts in culture and in vivo 
15. The translocated HMGB1 is in the oxidized state, i.e., dsHMGB1 that can initiate and 

sustain chronic inflammation 16. Therefore, inhibition of dsHMGB1 can reduce chronic 

inflammation 33, which is a feature of Achilles tendinopathy in symptomatic patients 34. 

We speculate that in aging mouse tendon, dsHMGB1 is responsible for the observed 

pathological changes such as inflammation and senescence. The senescent cells in aging 

tendons may secrete this inflammatory form of HMGB1, which may be responsible 

for inflammation in aging tendons, marked by inflammatory macrophages infiltration 

in this study. Recent studies also support the pathogenic role of HMGB1, presumably 

dsHMGB1, in tendinopathy by showing that HMGB1 is upregulated in tendinopathy 

patients, and the upregulation of HMGB1 is associated with inflammatory responses and 

ECM disorganization in rat rotator cuff tendon injury model 35–37. However, these studies 

did not perform further analysis to identify the distinct isoforms of HMGB1 (namely, 

frHMGB1 and dsHMGB1). Our findings in this study demonstrated that Met can reduce 

the amount of dsHMGB1 in aging tendon cells in vitro (Fig. 6) and in aging mouse tendon 

in vivo (Fig. 8). Our previous study showed that IP injection of Met into young mice 

prevents the tendinopathy development due to mechanical overloading/overuse by ITR 23. 

Others showed that Met decreases inflammatory response in rabbit stem/progenitor cells 
38, protects against apoptosis and senescence in nucleus pulposus cells, and ameliorates 

disc degeneration in rat intervertebral disc degeneration (IDD) 39–42. Thus, dsHMGB1 may 

serve as a biomarker for tendon aging, and Met may be an effective therapeutic to target 

dsHMGB1 to reduce inflammation and senescence in aging-induced tendinopathy. Further 

research is however needed to confirm the inhibitory effect of Met on dsHMGB1 and its 

molecular mechanisms.

In this study, we used Masson trichrome (MT) staining to detect whether aging tendon 

is susceptive to disorganization and degenerative changes. This method is primarily used 

for distinguishing collagen fibers that are stained blue 43; 44. But our results showed that 

normal, young tendon was stained all red but in aging tendon, some blue staining was 

interspersed in red area. However, these results agree with our own and others’ previous 

studies, where normal tendon appeared uniformly red and degenerative pathological tendon 
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stained completely blue by MT staining 45; 46. In MT staining, the dye penetration is 

associated with the tensional state of collagen fibers and hence the penetration of blue dye 

is easier in loose tendon tissue (or degenerated tendon) compared to normal dense tendon 

tissue. MT staining is recommended as a precise and quick method to distinguish between 

healthy and lesioned tendon 45.

In summary, aging tendon is marked by inflammation and degeneration, and cell senescence. 

Moreover, pro-inflammatory dsHMGB1 is released from tendon cells to ECM in aging 

tendon. Met treatment inhibits dsHMGB1 release, decreases tendon inflammation and the 

number of senescent cells, enhances the presence of stem cells in aging tendon, and finally 

improves the tendon structure compromised by aging. This study suggests that dsHMGB1 

may serve as a biomarker of tendon aging and a therapeutic target by administration of Met 

to treat the aging-induced tendinopathy.
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Clinical significance:

Metformin may be used as a therapeutic to aging-induced tendinopathy in clinics

Zhang et al. Page 13

J Orthop Res. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zhang et al. Page 14

J Orthop Res. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Aging tendon exhibits degenerative changes.
Histochemical staining for proteoglycans (PG) by Alcian blue shows minimal staining for 

PG in young tendon, and the cells exhibit an elongated morphology (A, B, black arrows). 

In contrast, aging tendon shows robust presence of PG along with round shaped cells (C, D, 
red arrows). Semi-quantification shows a significantly higher number of round cells in aging 

tendon compared to young tendon, with more than 28% round cells in aging tendon vs 2% 

cells in young tendon I. Similarly, young tendon does not show the presence of lipids by 

Oil Red O staining (F), while aging tendon has extensive lipid staining (G, red area). Aging 

tendon has significantly greater lipid staining compared to young tendon, with 53% staining 

in aging vs 9% in young tendon as shown by semi-quantification (H). Picro Sirius Red 

staining shows that young tendon under light microscope is formed by strong collagen fibers 

(red in I), while aging tendon under light microscope is formed by loose collagen fibers 

(yellow in K). Polarized light microscopy results indicate that the thick collagen fibers in 

young tendon are formed by collagen type I (red/yellow in J), while the loose collagen fibers 

in aging tendon are formed by collagen type III (green in L). Semi-quantification shows 

62% of collagen fibers in aging tendon are collagen III, but 5.7% of collagen fibers in young 

tendon are collagen III (M). Gene analysis by qRT-PCR shows significantly decreased 

expression of collagen I (Col I) for tendon-related gene marker, and increased expression 

of non-tenocyte-related genes, PPARγ for adipocytes, SOX-9 and collagen II (Col II) for 
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chondrocytes, Runx-2 for osteocytes, and collagen III (Col III) for scar tissue in aging 

tendon compared to those in young tendon (N, O). Purple bars: 50 μm; Black bars: 12.5 μm; 

Blue bars: 100 μm. *p < 0.05 (aging compared to young).
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Fig. 2. Senescent cells are present in aging tendon.
Histochemical (top panel) and immunostaining (bottom panel) show that few cells are 

positively stained with SA-β-gal in young tendon (A, B, F, G), but abundant staining 

is evident in aging tendon (green in C, D and red in H, I), which are confirmed by 

semi-quantification (E, J). Immunostaining for CD68 on young tendon tissue section shows 

minimal staining (K, L), but aging tendon tissue section exhibits abundant positive staining 

(M, N, brown), which are confirmed by semi-quantification showing 56.5% positive staining 

in aging vs 7.5% in young tendon (O). Western blot results show that the expression of 

senescent cell markers p53 and p16 are greatly increased in aging tendon compared to young 

tendon, which shows nearly no expression of p16 (P). Black bars: 100 μm; White bars: 50 

μm; Red bars: 25 μm; Yellow bars: 12.5 μm; *p < 0.01 (aging compared to young).
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Fig. 3. HMGB1 is translocated from the nucleus to cytoplasm and extracellular matrix in aging 
tendon.
Immunofluorescence analysis on mouse tendon tissue sections shows that HMGB1 is 

present within the cell nuclei in young tendon (A, B). In contrast, HMGB1 in aging tendon 

is translocated to cytoplasm (C, D). Semi-quantification results of tendon tissue sections 

indicate that 91% of the cells in young tendon have HMGB1 within the nuclei, but only 

15% of the cells in aging tendon have HMGB1 in the cell nuclei (E). Similarly, isolated 

cells cultured from young tendon harbor HMGB1 within the cell nuclei (F, G), whereas the 
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aging cells show HMGB1 staining in the cytoplasm (H, I). Semi-quantification confirms the 

results showing that 93% of the cells in young tendon cells have HMGB1 in the nuclei with 

33% in aging tendon cell nuclei (J). White bars: 100 μm; Yellow bars: 25 μm, *p < 0.01 

(aging compared to young).
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Fig. 4. Cell morphology, proliferation, and stem cell marker expression in young vs aging tendon.
Young tendon cells are cobble-stone-like in shape (A, B), but the cells isolated from aging 

tendon are pancake-like in shape (C, D). PDT results show that the cells isolated from young 

tendon grow much faster than the cells isolated from aging tendon (E). Immunostaining for 

NS shows that more than 90% of the cells isolated from young mouse tendon tissues are 

positively stained with NS (F, G), but less than 27% of the cells isolated from aging tendon 

tissues are positively stained with NS (red in H, I). Similarly, more than 69% of the cells 

isolated from young tendon tissues are positively stained with SSEA-1 (green in K, L), but 

less than 24% of the aging tendon cells express SSEA-1 (green in M, N). These results are 

further confirmed by semi-quantification (J, O). Yellow bars: 100 μm; Red bars: 25 μm, *p 

< 0.01 (aging compared to young).
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Fig. 5. Met treatment decreases the number of SA-β-gal positive cells from aging tendon.
SA-β-gal staining is evident in control cells without Met treatment (A-B), but it decreases 

markedly in a Met concentration-dependent manner (C-H). Semi-quantification confirms the 

results (I). Red bars: 100 μm; Blue bars: 25 μm, *p < 0.01 (treatment groups compared to 

without Met).
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Fig. 6. Met treatment inhibits HMGB1 translocation from the nuclei of the cells from aging 
tendon to the cytoplasm.
Most of HMGB1 in aging tendon cells without Met treatment (0) are in cytoplasm (A, B), 

but Met treatment inhibits HMGB1 translocation in a concentration-dependent manner, with 

the difference between 100 and 500 μg/ml Met not being significantly different(C-H). Semi-

quantification confirms the results (I). Western blot result further shows that both frHMGB1 

and dsHMGB1 exist in aging tendon cells, but Met treatment decreases dsHMGB1 levels 

and increases frHMGB1 levels in aging tendon cells in an apparent concentration-dependent 
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manner (J). White bars: 100 μm; Yellow bars: 25 μm, *p < 0.01 (treatment groups compared 

to without Met).
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Fig. 7. Met treatment increases stem cell numbers in aging tendon.
Cells from aging tendon without Met treatment show few NS positive cells (A, B), or CD73 

positive cells (J, K), but the number of NS positively stained cells (C-H, I) increases in a 

Met concentration-dependent manner. However, the number of CD73 positively stained cells 

has no significant difference between 500 and 1000 μg/ml Met concentrations (N-Q, R). 

Semi-quantification confirms the results (I, R). White bars: 100 μm; Yellow bars: 20 μm, *p 

< 0.01 (treatment groups compared to without Met).
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Fig. 8. IP injection of Met decreases HMGB1 levels and reduce inflammation and cellular 
senescence in aging tendon.
Western blot results show that both fr- and ds-HMGB1 are expressed in the extracellular 

matrix of aging mouse tendon, but Met treatment nearly eliminates dsHMGB1, reduces 

frHMGB1 to the level close to that of young tendon, decreases the expression of 

inflammatory macrophage marker CD68, and senescent markers CCN1 and p16 expression 

in aging tendon (A). Semi-quantification of the Western blot shows the increased levels of 

both frHMGB1 and dsHMGB1in aging tendon, but Met treatment decreases both frHMGB1 
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and dsHMGB1, with dsHMGB1 nearly absent (B). *p < 0.01 (19M compared to 4M); #p < 

0.01 (19M+Met compared to 19M).
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Fig. 9. IP injection of Met decreases degenerative changes in aging tendon.
H&E staining on young mouse (4M) tendon tissue section shows that the cells are elongated 

in shape (B, yellow arrows), whereas cells in aging tendon (19M), are round shaped (D, 
green arrows). However, Met injection decreases the number of round shape cells in aging 

tendons (F, blue arrows). Masson trichrome staining on young tendon tissue sections shows 

that it is formed by dense collagen fibers all stained red (G, H), but the aging tendon has 

some blue staining interspersed across the tendon section, indicating loose collagen fibers 

with tendon cells (J, white arrows). However, IP injection of Met for 8 weeks decreases the 

presence of loose collagen fibers in aging tendon (K, L). Black bars: 100 μm; White bars: 25 

μm.
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