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A B S T R A C T

Cellular senescence is a phenotype characterized by irreversible growth arrest, chronic elevated secretion of
proinflammatory cytokines and matrix proteases, a phenomenon known as senescence-associated secretory
phenotype (SASP). Biomarkers of cellular senescence have been shown to increase with age and degeneration of
human disc tissue. Senescent disc cells in culture recapitulate features associated with age-related disc degen-
eration, including increased secretion of proinflammatory cytokines, matrix proteases, and fragmentation of
matrix proteins. However, little is known of the metabolic changes that underlie the senescent phenotype of disc
cells. To assess the metabolic changes, we performed a bioenergetic analysis of in vitro oxidative stress-induced
senescent (SIS) human disc cells. SIS disc cells acquire SASP and exhibit significantly elevated mitochondrial
content and mitochondrial ATP-linked respiration. The metabolic changes appear to be driven by the upregu-
lated protein secretion in SIS cells as abrogation of protein synthesis using cycloheximide decreased mi-
tochondrial ATP-linked respiration. Taken together, the results of the study suggest that the increased energy
generation state supports the secretion of senescent associated proteins in SIS disc cells.

1. Introduction

Intervertebral disc degeneration (IDD) is one of the most common
underlying causes of low back pain and disability in older adults (The
Burden of Musculoskeletal Diseases in the United States (BMUS, 2008).
The intervertebral disc tissue undergoes several structural, biochemical,
and biomechanical changes with age, which ultimately impede the
normal disc function and patient mobility. With increasing age, the disc
tissue experiences loss and fragmentation of matrix proteins, specifi-
cally aggrecan, the major proteoglycan (PG), with concomitant de-
crease in water content, leading to fissures and decreased disc height
(Roughley, 2004). Multiple reports suggest that the elevated in-
flammatory cytokines, such as IL-6, IL-8, TNFα, and IL-1β, are closely
associated with the development of IDD. These cytokines suppress

synthesis of matrix proteins and upregulate secretion of matrix pro-
teases that includes ADAMTS (A Disintegrin and Metalloproteinase with
Thrombospondin motifs) -4 and -5, and MMP (matrix metalloprotei-
nases)-1, -2, -3, -13, and -14 (Risbud and Shapiro, 2014). The age-re-
lated imbalance in matrix homeostasis of disc tissue suggests that the
disc cells undergo phenotypic alteration. Indeed, the tissue milieu of the
aged disc contains elevated quantities of inflammatory proteins and
oxidants, two well-known inducers of cellular senescence. Thus, the
age-related degeneration of disc tissue could be speculated to be driven
by transformation of the disc cells into a senescenct phenotype.

Cellular senescence is functionally defined as the irreversible loss of
cellular proliferative potential and can be induced by a wide array of
stressors, which commonly involve DNA damage (Campisi, 2005).
Historically, senescence was first characterized as the finite
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proliferative capacity of primary human cells in culture, triggered by
erosion in telomere length (Hayflick, 1965). Telomere attrition is found
to generate persistent DNA damage response (DDR), which is needed to
enforce the permanent growth arrest attained by serial cell passaging
(d’Adda di Fagagna, 2008). In addition to the passage-dependent telo-
mere shortening, other stressors are known to induce senescence as
well. The best studied examples come from conditions in which cells are
exposed to subtoxic doses of genotoxic stress that directly damage DNA
(hydrogen peroxide, UV), termed stress-induced senescence (SIS). Se-
nescence can also occur when cells experience strong and continuous
mitogenic signals, termed oncogene-induced senescence (OIS)
(Marazita et al., 2016; Serrano et al., 1997). Both SIS and OIS share
several features with replicative senescence, including characteristic
morphological changes, persistent DDR, irreversible growth arrest, and
enhanced senescence-associated beta-galactosidase (SA-βGal) activity.

Growing evidence supports cellular senescence as one of the major
drivers of aging and age-associated diseases (Childs et al., 2015). In-
deed, senescent cells have been documented to increase with age in
many rodent, non-human primate, and human tissues (Melk et al.,
2004; Herbig, 2006; Wang et al., 2009). Moreover, an elevated number
of senescent cells have been identified at the sites of several degen-
erative age-associated pathologies including osteoarthritis, glomerulo-
sclerosis, and atherosclerosis (Campisi, 2011). Genetic or pharmaco-
logic depletion of senescent cells in natural and progeroid mice,
ameliorates age-related degenerative changes in several tissues and
attenuates functional decline of skeletal and cardiac tissue (Baker et al.,
2011; Baker et al., 2016; Zhu et al., 2015; Wang, 2015; Burton and
Stolzing, 2018). The increase in the fraction of senescent cells has also
been documented in degenerative and aging human discs (Le Maitre
et al., 2007; Gruber et al., 2009). Recently, we reported a dramatic
upregulation of p16Ink4a, a cell cycle arrest protein that is known to be
upregulated in senescent cells, and the accelerated loss of disc PG in
mice chronically exposed to genotoxic stress, including tobacco smoke
and ionizing radiation (Nasto et al., 2013). All together these studies
suggest a correlative relationship between DNA damage-induced se-
nescent cells and IDD.

While senescent cells’ growth is arrested, they are far from inert.
One of the most defining features of SIS and OIS cells is the elevated and
chronic secretion of myriad inflammatory cytokines and matrix pro-
teases. This robust secretory phenotype of senescent cells is termed as
senescent-associated secretory phenotype (SASP) (Coppé et al., 2010).
It is postulated that the senescent cells drive tissue aging through the
action of SASP factors. In vitro and mouse xenograft studies have shown
that the SASP factors can promote profound degenerative changes that
ultimately compromise the tissue structure and function (Coppé, 2008).
Furthermore, it was reported that the level of SASP factors provide
predictive power regarding onset of disability and mortality in the el-
derly (Ferrucci et al., 1999; Alley et al., 2007). The bioenergetic de-
mands of such robust SASP production is becoming an important area
of aging research (Wiley, 2016).

Relatively little is known regarding the metabolic alterations that
occur with cell entry into senescence. In RAS-induced and replication-
induced senescent human fibroblast cells, impaired mitochondrial
function and increased oxidant formation have been documented
(Passos et al., 2007; Moiseeva et al., 2009). However, in oncogenic
BRAFV600E-induced senescence, metabolic rewiring to increase mi-
tochondrial respiration was necessary to maintain growth arrest and
elevated secretion of IL-6 and IL-8 SASP factors (Kaplon et al., 2013).
Similarly, in chemotherapy-induced senescence, metabolic shift to
elevated mitochondrial energy generation was needed to sustain the
synthesis of NF-κB-mediated SASP factors (Dörr et al., 2013). These
findings suggest that the elevated and chronic production of the pro-
teins, including SASP factors, caused by multiple stressors drives in-
creased energy production in senescent cells. However, none of the
studies to date have elucidated whether such metabolic changes occur
in the context of oxidative stress-induced senescent disc cells.

Herein, we performed bioenergetic analysis of hydrogen peroxide-
induced senescent human disc cells. In these SIS cells, we observed
increased mitochondrial number, protein expression, and mitochon-
drial-ATP linked respiration, together with elevated fragmentation of
matrix proteins and pro-inflammatory cytokines. Furthermore, protein
synthesis in senescent disc cells was found to be supported by the in-
creased mitochondrial respiration. Our findings suggest that SIS disc
cells acquire enhanced bioenergetics to support secretion of senescence-
associated proteins.

2. Methods

2.1. Samples collection and cell isolation

Human nucleus pulposus disc samples were obtained from surgical
specimens from patients aged 50 ± 11.4 years (mean ± SD) with
mean degeneration grade of 2.41 ± 0.5 on the Thompson grading
scale (IRB #: PRO12100603) (See Table 1). Cells were isolated from
digested tissues as previously described (Vo et al., 2013). Cells were
cultured in monolayer in F-12 media (Cat. No. 11765-062, Life Tech-
nologies) under low oxygen conditions (37 °C, 5% CO2, and 5% O2 with
a bicarbonate buffer to maintain pH 7.2).

2.2. Senescence induction

Hydrogen peroxide was used to induce cellular senescence as pre-
viously described (Ngo et al., 2017). Briefly, primary human nucleus
pulposus (hNP) cells were treated with 500 μM hydrogen peroxide in F-
12 (Cat. No. 11765-062, Life Technologies), supplemented with 10%
Fetal Bovine Serum (FBS; Cat. No. S12450, Atlanta Biologicals;) and 1%
Penicillin/Streptomycin solution (PS; Cat. No. 15140-16, Life Technol-
ogies), for 2 h. Culture media was then replaced with fresh F-12 with
10% FBS and 1% PS media without hydrogen peroxide. Cells were then
maintained in culture for 10 days to establish senescence.

2.3. Senescence-associated β-galactosidase staining

Senescence-associated β-galactosidase (SA β-gal) staining was per-
formed as previously described (Dimri et al., 1995). Images were taken
using brightfield microscopy at 10X magnification.

Table 1
Surgical patient information.

NP tissue ID Age Sex Level of
Degeneration

Diagnosis (eg. Cervical stenosis)

201623 33 M 2 Cervical Disc Displacement
201612 35 F 2 Cervical Disc Displacement
201830 36 F 3 Cervical Radiculopathy
201617 37 F 3 Cervical Stenosis
201622 39 F 2 Disc Herniation
201643 41 F 2 Cervical Spondylotic

Radiculopathy
201624 46 M 3 Cervical Stenosis
201827 46 M 1 Cervical Radiculopathy
201611 47 F 2 Cervical Stenosis
201755 47 F 2 Cervical Stenosis
201642 50 F 3 Disc Herniation
201636 51 M 2 Cervical Stenosis
201710 51 F 2 Cervical Stenosis
201627 52 F 2 Cervical Stenosis
201632 53 F 2 Cervical Stenosis
201817 53 M 3 Cervical Radiculopathy
201631 56 M 3 Cervical Stenosis
201657 57 F 2 Disc Herniation
201820 58 M 3 Displacement of cervical

intervertebral disc with
radiculopathy

201736 74 M 4 Cervical Stenosis
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2.4. ELISA

Conditioned media was collected at the end of culture (day 10) and
concentrated 40x with 3 kDa cutoff centrifugal concentrators (Cat. No.
UFC 900324, Millipore Sigma). IL-6 and IL-8 protein levels were de-
termined using R&D Total Human IL6 and IL8 DuoSets (Cat. No. DY206
and DY208, respectively). Level of CTX-II, a degradative fragment de-
rived from the C terminus of collagen type II, was measured using
Biomatik Cross Linked C-Telopeptide of Type II Collagen kit (Cat. No.
EKU03505) as per manufacturer’s instruction. Protein concentration
was normalized to cell number assessed by tryphan blue exclusion.

2.5. Immunoblotting

To assess aggrecan fragmentation, conditioned media was collected
at day 10 of culture and concentrated as described above. To assess p53
protein expression levels, protein extracts from cell cultures were ob-
tained using T-PER Tissue Protein Extraction Reagent supplemented with
proteinase inhibitor cocktail as per the manufacturer’s instructions (Cat.
No. 78510, Thermo Fisher). Concentrated conditioned supernatant and
cell lysates from cell cultures were separated using Tris-HEPES 4–20%
gradient polyacrylamide denaturing gel (Cat. No. 25204, Thermo
Scientific). The amount of conditioned media and cell lysates loaded on
the gel corresponded to equal cell number. After electrophoresis, the
proteins were transferred to a PVDF membrane by electroblotting and
processed as described before (Ngo et al., 2017). Immunoreactive
proteins were detected using chemiluminescent detection system (Cat.
No. 34096, Thermo Scientific and Bio-Rad ChemiDoc MP). The following
primary and secondary antibodies were used: Aggrecan (Cat.No.
ab36861 (anti-G1), Abcam), p53 (Cat.No. 2524, CST) and β-actin
(Cat.No. PA1-183, Thermo Fisher), anti-rabbit goat secondary antibody
with HRP (Cat. No. PI-31460, Thermo Scientific). Quantification was
performed with densitometry analysis using Bio-Rad ChemiDoc MP.

2.6. Bioenergetic flux measurement by Seahorse XFe96

Bioenergetic measurements were performed using Seahorse
Extracellular Flux Analyzer. The protocol for adherent cells was
adapted to disc cells (Qian, 2010). Briefly, hydrogen peroxide-treated
and untreated disc cells were plated at a density of 80,000 cells per well
on a XFe96 plate and cultured overnight in F-12 media (10% FBS and
1% P/S). On the day of the experiment, cell culture media was replaced
with unbuffered DMEM (Cat. No. D5030, Sigma Aldrich) supplemented
with 2mM Glutamax-1 (Cat. No. A1286001, Gibco), 1 mM sodium
pyruvate (Cat. No. P5280, Sigma), 25mM glucose (Cat. No. G7021,
Sigma), 32mM sodium chloride (Cat. No. S3014, Sigma Aldrich), and
15mg phenol red (Cat. No. P3532, Sigma Aldrich) and incubated in non-
CO2 incubator at 37 °C. Extracellular flux measurements were per-
formed three times at six-minute intervals over five different treatment
conditions: basal, oligomycin (2.5 μM) (Cat. No. 75351, Sigma), car-
bonyl cyanide-4- (trifluoromethoxy) phenylhydrazone (FCCP) (2.5 μM)
(Cat. No. C2920, Sigma Aldrich), 2-deoxglucose (2DG) (100mM) (Cat.
No. D6134, Sigma Aldrich), and rotenone (Cat. No R-8875, Sigma Al-
drich) and antimycin A (Cat. No. A8674, Sigma) (2 μM each). Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR)
were calculated at each measurement. OCR and ECAR calculations were
normalized by cell number per well using the tryphan blue exclusion
assay. Mitochondrial ATP-linked respiration was calculated by sub-
tracting the OCR values after oligomycin addition from the Basal OCR
values. The proton leak was calculated by subtracting the OCR values
after rotenone and antimycin A addition from basal OCR values.

To assess the relationship between protein production and upregu-
lation of bioenergetic parameters, 2.5 μg/ml cycloheximide (CHX), an
inhibitor of protein synthesis, was added to hydrogen peroxide-treated
and untreated cells for 24 h before measuring extracellular flux para-
meters.

2.7. Immunofluorescent staining

Cells were washed twice with cold PBS and fixed in 2% paraf-
ormaldehyde in PBS for 15min at room temperature. Cells were then
permeabilized with 0.25% Triton X-100, and blocked with 20% serum
(using the species in which the secondary antibodies were made) and
1% BSA in PBS (PBB) for 45min at room temperature. Cells were in-
cubated with the specific primary antibodies for γH2AX (Cat. No. 05-
636, Millipore), mtDNA (Cat. No. 03-61014, American Research Products,
Inc.), TOM20 (Cat. No.PA5-52843, ThermoFisher Scientific) or ATP
synthase beta (Cat. No. A-21351, ThermoFisher Scientific) overnight at
4 °C. Cells were then washed three times with PBB and incubated with
secondary antibody. The following secondary antibodies were used:
488 anti-rabbit (Cat. No. A21206, Life Technologies), Cy3 AffiniPure
Goat anti-mouse (Cat. No. 115-165-003, JacksonImmuno Research) or
Alexa Fluor 647 AffiniPure Goat anti-rabbit (Cat. No. 111-605-003,
Jackson Immuno Research) for 1 h at room temperature. To assess
mtDNA colocalization with mitochondria, Cy3 (mtDNA) and Hoechst
(BIsbenzimide; Cat. No. B-2883, Sigma-Aldrich) were collected si-
multaneously and Cy5 (TOM20) was collected by sequential scanning
frames using a Leica TCS SP8 system. The images were then decon-
volved through Huygens Professional software (SVI). Images of cells
stained with anti γH2AX antibodies were acquired with an Eclipse
TE2000-U (Nikon, Minato, Tokyo, JP).

2.8. Mitochondrial quantification

To assess mitochondrial morphology, we performed immuno-
fluorescent analysis of fixed cells using TOM20 (Cat. No.PA5-52843,
ThermoFisher Scientific) to label mitochondria. Cells were co-stained
with Hoechst (nuclei). Confocal Z-stacks were collected using a 60X
(1.43NA) optic on a Nikon A1 equipped with GASP detectors and NIS
Elements software (Nikon Inc., Melville NY). The confocal datasets were
imported into Imaris (Bitplane Zurich, Switzerland) for surface ren-
dering and calculation of mitochondrial number, volume, and spheri-
city.

2.9. mtDNA measurements

Total DNA from primary human nucleus pulposus (hNP) cells was
isolated by sodium dodecyl sulfate lysis and proteinase K digestion as
previously described (Kolesar et al., 2013). DNA was then resuspended
at 37 °C in Tris-EDTA buffer containing RNAse A and the total DNA
concentration determined by fluorescence using AccuBlue Broad range
kit (Biotium, Fremont, CA). mtDNA and nDNA abundance was mea-
sured by duplex qPCR using three different TAQMAN primer/probes
sets (ND1 and B2M; CytB and GUSB; Cox1 and ACTB) and averaged.
Serial dilutions of combined samples were also performed to confirm
assay linearity and dilution independence of results. qPCR was con-
ducted on a StepOnePlus thermo cycler (ThermoFisher Scientific) using
TaqMan Fast Advanced Master Mix (ThermoFisher Scientific), 4.6 ng/
reaction DNA, and 5 μM of primer/probes in 10 μl final reaction vo-
lume. Relative mtDNA abundance was calculated by the ΔΔCq method
(Livak, 2001). The qPCR amplification profile was: one cycle (95 °C for
20 s) and 40 cycles (95 °C for 1 s and 60 °C for 20 s). Assays for mtDNA
(mtND1, mtCYTB, and mtCOXI) were primer limited (1 primer: 1
probe), whereas assays for nuclear DNA (B2M, GUSB, ACTB) were not
primer limited (3 primer: 1 probe). The primers and probes used for the
mtDNA quatification were purchased from Integrated DNA Technolo-
gies (IDT) and are listed below (Table 2).

2.10. Transmission Electron Microscopy (TEM) imaging

SIS and non-SIS disc cells were fixed in cold 2.5% glutaraldehyde in
0.01M PBS for 1 h at room temperature. The specimens were rinsed in
PBS, treated with 1% osmium tetroxide/1% potassium ferricyanide,
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rinsed in PBS, dehydrated through a graded series of ethanol and pro-
pylene oxide, and then embedded in Poly/Bed® 812 (Luft formula-
tions). Semi-thin (300 nm) sections were cut on a Leica Reichart
Ultracut, stained with 0.5% Toluidine Blue in 1% sodium borate and
examined under the light microscope. Ultrathin sections (65 nm) were
stained with uranyl acetate and Reynold’s lead citrate and examined on
JEOL 1011 transmission electron microscope with a side mount AMT 2k
digital camera (Advanced Microscopy Techniques, Danvers, MA).

2.11. Protein synthesis

Disc cells were cultured for 24 h in F-12 media containing 10% FBS
and 1% PS in a 6-well plate in the presence of 10 μCi/ml 3H-L-proline at
37 °C. The cells were either supplemented with 2.5, 5, 10 μg/ml cy-
cloheximide (CHX) or left untreated (0 μg/ml CHX) at the start of the
assay. The conditioned media (CM) was collected and the cell samples
suspended in homogenizing buffer (20mM Tris-HCl, 200mM NaCl,
100mM glycine, 0.1% Triton×100, 50 μM DTT, 0.1mg/ml soybean
trypsin inhibitor) and subjected to three freeze/thaw cycles at the end
of the 24 h incubation period. The samples were then stirred at 4 °C for
overnight, the CM and cell layer combined, and protein synthesis de-
termined by 3H-proline incorporation using a previously established
method (Gilberston et al., 2008).

2.12. Cell viability

The quantity of disc cells in presence of 0, 2.5, 5, and 10 μg/ml
cycloheximide (CHX) was determined using Picogreen assay kit (Cat.
No. P7589, ThermoFisher Scientific) as before (Gilberston et al., 2008).

2.13. General statistical analysis

Shapiro-Wilk test was used to test for normality. Student in-
dependent t-test was used to analyze data found to be normal. For two
variable non-parametric data, the Mann-Whitney test was used.
Analysis of variance (ANOVA) with Bonferroni correction for multiple
comparison was used in cases of data with multi-variables. Statistics
were derived using GraphPad Prism from GraphPad Software (San
Diego, CA). All graphs show mean values with error bars (SD or SEM, as
defined in the figure legends), unless specified otherwise. P < 0.05was
considered significant.

3. Results

3.1. Establishment of oxidative stress induced senescent disc culture system

To better understand the phenotype of cellular senescence and its
role in driving disc tissue aging, it would be ideal to isolate and char-
acterize the native senescent cells from disc tissue. However, this is
technically challenging as no single specific biomarker of senescent
cells, and disc senescent cells in particular, has been identified to allow
for selection and isolation. Therefore, we made use of a previously
engineered in vitro model to induce senescence in human disc cells
derived from surgical specimens using hydrogen peroxide (H2O2) (Ngo
et al., 2017). The rationale for this experimental approach was twofold:
1) H2O2 induces oxidative damage, an established feature in aged disc
tissue; 2) H2O2 provokes DNA damage, a well-known hallmark of cel-
lular senescence (Rodier et al., 2009). hNP cells were treated with hy-
drogen peroxide to induce DNA damage and incubated in culture media
sans hydrogen peroxide for 10 days to allow cells to establish stress-
induced senescence (SIS). This treatment regime ensured that the ob-
served changes were in fact due to senescent phenotype and not to
H2O2-induced transient oxidative stress experienced by cells. To con-
firm establishment of the senescent phenotype, we assessed the ex-
pression of γH2AX, p53, and senescence-associated beta galactosidase
(SA-βgal) activity (Fig. 1A–C). Senescent cells are typically character-
ized by DNA damage response, cell growth arrest, and increased ac-
tivity of the lysosomal hydrolase β-galactosidase (SA-βgal) (Bernadotte
et al., 2016). γH2AX, a H2AX histone phosphorylated at the C-terminal
serine-139, is a sensitive marker of DNA damage, particularly double-
stranded DNA breaks. p53 is a transcription factor that induces the
expression of p21, an inhibitor of the cyclin dependent kinases, leading
to G1 arrest (Rufini et al., 2013). Hence, increased expression of p53,
increased γ-H2AX foci, and increased SA-βgal activity indicate cellular
senescence. At 10 days post-H2O2 treatment, 90% of the hNP cells ex-
pressed p53 protein and contained nuclear foci of γH2AX. In addition,
most of the cells stained positive for SA-βgal and displayed a flattened
and enlarged cell morphology that is commonly associated with se-
nescent phenotype in these cells. Detection of these markers confirmed
successful induction and establishment of SIS disc cells. It should also
be noted that although different NP cells from different donors ex-
hibited some phenotypic variations, they all showed a consistent se-
nescent phenotype by expressing these senescent markers.

3.2. Senescent disc cells acquire a catabolic phenotype that is reminiscent of
an older disc tissue phenotype

To test for markers of age-related IDD, we assessed matrix catabo-
lism in SIS disc cells. The aggrecan fragmentation mediated by
ADAMTS and MMP class of proteases was 30x and 5x higher in SIS
compared to non-SIS disc cells, respectively (Fig. 2A). The level of
collagen II fragmentation, assayed by measuring CTX-II ELISA (Charni-
Ben Tabassi et al., 2008) in hNP SIS cells, was modestly, but not sig-
nificantly, increased as well (Fig. 2B). We next tested levels of proin-
flammatory cytokines, including IL-6 and IL-8, which are known to
promote the increased collagen and aggrecan fragmentation with age
by inducing synthesis of MMP and ADAMTS class of proteases in disc
cells. Indeed, we observed greater than 10x increase in lL-6 and IL-8
protein levels in media from hNP SIS cultures compared to that of non-
SIS cells (Fig. 2C). This suggested that SIS disc cells, by virtue of their
elevated secretion of proinflammatory cytokines (IL-6 and IL-8), can
promote MMP and ADAMTS catalyzed matrix protein fragmentation
seen with aging in disc tissue.

3.3. Mitochondrial respiration is increased in stress-induced senescent disc
cells

One key feature of senescent cells is their elevated and chronic

Table 2
Primers used for qPCR for mtDNA measurements.

mtND1 probe 5’-/5HEX/CCATCACCC/ZEN/TCTACATCACCGCCC-3’

mtND1 primer 1 5’-GAGCGATGGTGAGAGCTAAGGT-3’
mtND1 primer 2 5’-CCCTAAAACCCGCCACATCT-3’
B2M probe 5’-/6FAM/ ATGTGTCTG/ZEN/GGTTTCATCCATCCGACA -3’
B2M primer 1 5’- TCTCTCTCCATTCTTCAGTAAGTCAACT-3’
B2M primer 2 5’- CCAGCAGAGAATGGAAAGTCAA-3’
mtCYTB probe 5’-/5HEX/ATCATCCGC/ZEN/TACCTTCACGCCAAT-3’
mtCYTB primer 1 5’-CCACATCACTCGAGACGTAAAT -3’
mtCYTB primer 2 5’-GATGTGTAGGAAGAGGCAGATAAA -3’
GUSB probe 5’-/6FAM/AAGAGTGGT/ZEN/GCTGAGGATTGGCA-3’
GUSB primer 1 5’-TGGTACGAACGGGAGGT -3’
GUSB primer 2 5’-ACGATGGCATAGGAATGGG -3’
mtCOXI probe 5’-/5HEX/TGCCATAAC/ZEN/CCAATACCAAACGCC-3’
mtCOXI primer 1 5’-CTAGCAGGTGTCTCCTCTATCT -3’
mtCOXI primer 2 5’-GAGAAGTAGGACTGCTGTGATTAG-3’
ACTB probe 5’-/6FAM/CTGCCTCCA/ZEN/CCCACTCCCA-3’
ACTB primer 1 5’-GTCCCCCAACTTGAGATGTATG-3’
ACTB primer 2 5’-AAGTCAGTGTACAGGTAAGCC -3’
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secretion of numerous proteins, including pro-inflammatory cytokines
and matrix proteases. We hypothesized that increased chronic protein
secretion is an energetically demanding process, and we therefore ex-
amined the bioenergetic profile of SIS disc cells using Seahorse Flux
Analyzer, which measures cellular glycolytic and oxidative phosphor-
ylation (OXPHOS) rates simultaneously. The glycolysis activity is
measured via changes in the extracellular acidification rate (ECAR) and
OXPHOS activity is assessed via oxygen consumption rate (Fig. 3A, B).
The SIS disc cells had a significantly higher (182%) basal OCR com-
pared to non-SIS disc cells (Fig. 3C). The SIS disc cells also had higher
ECAR, though not statistically significant, than that of the non-SIS disc

cells. Since the increase in basal OCR could be driven by either increase
in mitochondrial ATP-linked respiration or proton leak, we examined
the sensitivity of the cells to oligomycin, an inhibitor of ATP synthase
(complex V) and to rotenone and antimycin A compounds, which in-
hibit complex I and III, respectively (Mito ATP and Proton leak OCR,
described in Fig. 3). The mitochondrial respiration associated with ATP
production was significantly higher (165%) in SIS cells compared to
non-SIS disc cells. However, the mitochondrial respiration associated
with proton leak did not change appreciably, suggesting the increase in
basal OCR is driven by increased mitochondrial ATP-linked respiration
(Fig. 3C).

Fig. 1. Establishment of stress-induced senescence (SIS) in disc cells: Senescence phenotype establishment in human disc cells treated with hydrogen peroxide (500 μM,
2 h and examined 10 days later) was verified by SA-βGal staining (A), punctated expression of the DNA damage response marker γH2AX in nuclei (B), and p53
protein expression (C). The individual points in (A) indicate the percent SA- βGal positive cells in one field of imaging and in (B) indicate the number of γH2AX foci
divided by the number of cells (DAPI) in one field of imaging. Data in (A) and (B) are means ± SEM of 4 independent experiments. The graphs in (C) indicate volume
of p53 band divided by volume of β-actin band from 3 independent experiments. Data in (C) is means ± SD; ***p < 0.0001; *p < 0.05. Scale bar= 10μM.

Fig. 2. SIS disc cells mirror markers of age-related disc degeneration: SIS disc cells display elevated levels of aggrecan fragments mediated by action of ADAMTS and
MMP proteases as assessed by Western blot (A), collagen II fragments (B), and IL-6 and IL-8 proteins by ELISA (C). Data are means ± SD of 3 independent
experiments; ***p < 0.0001; *p < 0.05.
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3.4. Increased mitochondrial content accompanies the increased
mitochondrial respiration in senescent disc cells

Increase in mitochondrial ATP-linked respiration is typically driven
by increased mitochondrial biogenesis. First, we assessed mitochondrial
protein expression by 2D imaging SIS and non-SIS disc cells labeled
with antibodies against ATP synthase beta and TOM20. ATP synthase
beta is a mitochondria specific protein that is integral to the electron
transport chain complex V. TOM20 is a mitochondrial membrane pro-
tein that helps in translocating cytosolically synthesized proteins des-
tined for mitochondria. The expression of both these mitochondrial
proteins was higher in SIS compared to non-SIS disc cells (Fig. 4A, B).
Next, we assessed mitochondrial number and morphology by 3D ima-
ging SIS and non-SIS disc cells labeled with TOM20. The data sets from

the imaging were imported into Imaris software for surface volume
rendering using intensity based segmentation to identify discrete ob-
jects (mitochondria). The SIS disc cells had significantly more objects
compared to non-SIS disc cells, suggesting a greater number of discrete
mitochondrial units (Fig. 4C). As the volume per mitochondrial unit
was similar, the difference is most likely explained by increased mi-
tochondrial abundance rather than increased fission, which would be
expected to be associated with increased fragmentation and decreased
volume per fragment (Fig. 4E). There were no differences in the shape/
morphology of the individual mitochondria as reflected by sphericity
(roundness) measurements (Fig. 4D). The sphericity parameter is de-
fined as the ratio of the surface area of the given object to the surface
area of a sphere with the same volume as the given object; the closer the
sphericity value is to 1, the more spherical the object. Consistently,

Fig. 3. SIS disc cells exhibit alteration in energy metabolism: 80×103 SIS and non-SIS disc cells were plated in Seahorse XF96 Extracellular Flux Analyzer plate. The
Seahorse Analyzer records rates of OXPHOS and glycolysis via the oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR). Basal OCR and
ECAR are recorded at the start of the assay and the metabolic inhibitors (oligomycin, carbonyl cyanide 4- (trifluoromethoxy) phenylhydrazone (FCCP), 2-deox-
yglucose (2DG), and rotenone and antimycin A) were added sequentially to distinguish cellular reliance upon glycolysis and oxidative phosphorylation. The plots in A
and B illustrate OCR and ECAR trace of a single seahorse experiment. Each dot in A and B represent a time at which OCR or ECAR was measured. A) Basal OCR is
calculated from the mean time points of 1-3. ATP- linked OCR (Mito ATP) is calculated by taking the basal OCR and subtracting the mean of time points 4 and 5
(oligomycin). Proton leak is calculated by taking the mean of time points 4 and 5 and subtracting the mean of time points 10 and 11 (rotenone and antimycin A). B)
Glycolytic activity is assessed by recording the extracellular acidification rate (ECAR). Basal ECAR is calculated from the mean of time points 1-3. C) Plot illustrates
increased basal and ATP-linked respiration in senescent (Sen) compared to non-senescent (Con) disc cells. Error bars in A and B represent standard deviation of the
mean. The data in C is representative of 5 independent experiments and expressed as means ± SEM; *p < 0.05.

Fig. 4. SIS disc cells have increased mitochondrial content compared to non-SIS disc cells: Expression of TOM20 (A) and ATP synthase beta (B) in SIS and non-SIS disc cells
as assessed by immunofluorescence imaging. To assess mitochondrial number and morphology, 3D imaging of SIS and non-SIS disc cells labelled with anti-TOM20
antibody was carried out. The data sets from imaging were imported into Imaris software for surface rendering. The 3-D surface rendering revealed higher number of
mitochondria in SIS disc cells (C) but similar sphericity (D) and volume (E). The individual data points in C and E represent the number of surface unit or volume
divided by the number of cells (DAPI) in one field of imaging. Data are means ± SEM of 3 independent experiments; *p < 0.05. Scale bar= 10μM.
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morphological assessment done using EM imaging of SIS and non-SIS
disc cells revealed similarity in terms of mitochondrial cristae and
membrane structure between SIS and non-SIS disc cells (Sup 2).

Next, we examined the levels of mtDNA by quantitative PCR in SIS
and non-SIS disc cells (Fig. 5). To ensure against sequence variation, we
used three mtDNA/nDNA multiplex TAQMAN primer/probe sets. Un-
expectedly, the qPCR results revealed the SIS disc cells to contain ˜37%
of the mtDNA levels of non-SIS disc cells (Fig. 5). Thus, the increase in
mitochondria respiration in SIS disc cells occurs without the expected
increase in mtDNA content. Additionally, we performed im-
munohistochemistry for mtDNA levels in both cell types (Fig. 6) and
found altered in situ levels and distribution of mtDNA in SIS disc cells.
Specifically, while most mtDNA localized with TOM20 in non-SIS disc
cells, much of mtDNA did not localize with TOM20 in SIS disc cells.
Hence, SIS disc cells not only contain lower quantity of mtDNA, but
much of their mtDNA is cytoplasmic, i.e., not residing within the mi-
tochondria.

3.5. The elevated mitochondrial respiration in senescent disc cells is driven
by the increased protein synthesis

To determine whether the increased mitochondrial ATP-linked

respiration was in fact needed for the elevated production of the pro-
teins, we assessed the mitochondrial bioenergetics profile of SIS and
non-SIS disc cells in presence of the protein synthesis inhibitor cyclo-
heximide (CHX). Consistent with our earlier observation, SIS disc cells
had significantly increased basal OCR rate compared to non-SIS disc
cells (Fig. 7A). However, upon treatment with CHX, the SIS disc cells
had 7x lower basal OCR rate compared to untreated SIS disc cells. The
basal OCR difference between CHX treated and untreated non-SIS disc
cells was very minimal. The reduction in basal OCR rate in SIS disc cells
treated with CHX was found to be primarily driven by lower mi-
tochondrial respiration needed for ATP production as the oligomycin
sensitive respiration in SIS disc cells treated with CHX was significantly
lower compared to untreated SIS disc cells (Fig. 7B); no such appreci-
able difference in proton leak between SIS cells treated with CHX
compared to untreated SIS cells was found (Fig. 7C). The ATP-linked
respiration and proton leak difference in CHX treated and untreated
non-SIS disc cells was very modest. These results collectively suggested
that the high mitochondrial ATP-linked respiration in SIS disc cells is
needed in synthesis of proteins, presumably to maintain SASP where an
abundance of inflammatory and catabolic factors is produced and se-
creted.

4. Discussion

Senescent cells accumulate in multiple tissues with age in vertebrate
organisms and contribute to the decline in tissue homeostasis via se-
cretion of myriad catabolic factors that can have potent impact on
neighboring cells and surrounding tissues. Multiple reports have shown
an increase in cellular senescence with age and degeneration in human
and rodent discs (Le Maitre et al., 2007; Gruber et al., 2007; Nasto et al.,
2013). The relationship between cellular senescence and age-related
disc degeneration may be more than correlative, as work done by Ngo
et al. (2017) has shown that human senescent disc cells express elevated
amounts of matrix proteases as well as proinflammatory cytokines,
factors that are known to promote loss of disc tissue health with aging.
However, no study to date has explored the underlying metabolic
changes of senescent disc cells.

In the present study, we demonstrated elevated production of the
key SASP factors IL-6 and IL-8, which mirror the increased aggrecan
fragmentation in SIS disc cells. We also discovered that SIS disc cells
harbor a substantially greater number of mitochondria and exhibit in-
creased mitochondrial ATP-linked respiration. We speculate that this
metabolic alteration of increased mitochondria ATP-linked respiration

Fig. 5. SIS disc cells have lower mtDNA compared to non-SIS disc cells: The relative
mtDNA levels in the population was determined by averaging the results of
three quantitative PCR assays after normalization to nuclear DNA. SIS disc cells
contained significantly lower amounts of mtDNA relative to non-SIS disc cells.
Data are means ± SD of 3 independent experiments; *p < 0.05.

Fig. 6. The SIS disc cells mtDNA do not localize with mitochondria: mtDNA (green) and mitochondria (red) were detected in situ by immunohistochemistry in SIS and
non-SIS disc cells by fluorescent microscopy (see methods). To quantify mtDNA resident in mitochondria, images were deconvolved and fluorescence volume of
mtDNA that co-localized with mitochondria was divided by the total fluorescence volume of mtDNA for each sample. The average of three samples were calculated
for each group and normalized to control values (100%). Similar results were achieved with object counting instead of volume determination (data not shown). The
graph on right is the quantification of results from three independent experiments. Data is expressed as means ± SD; *p < 0.05 (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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in disc cells is necessary to meet the energy demand elicited by the
elevated production of proteins in senescent cells. This idea is sup-
ported by our experiment showing that inhibition of protein synthesis
significantly lowered mitochondrial ATP-linked respiration in SIS but
not control disc cells. Our finding is also consistent with other reported
studies which show that in chemotherapy and oncogene-induced se-
nescent cells, lower macromolecule synthesis (fatty acids) and high
mitochondrial ATP production are metabolic adaptations necessary to
maintain the persistent and high protein production, including SASP
factors (Dörr et al., 2013; Quijano et al., 2012).

The mitochondria’s role in cellular senescence has been widely as-
sociated with generation of ROS, which acts as a driver of signaling
networks necessary to maintain the senescent phenotype (Passos et al.,
2010). However, recent work has shed light on the true necessity of
mitochondria for senescence in addition to ROS generation. Report by
Correia‐Melo et al. (2016) demonstrated that in irradiation-induced
senescent fibroblasts, suppression of a vast number of genes involved in
senescence was seen upon depletion of mitochondria by treatment with
CCCP, an uncoupler that targets the ubiquitin ligase Parkin to mi-
tochondria and promotes their degradation. In accordance with this,
the protein synthesis in SIS disc cells was seen to drive the elevated
mitochondrial ATP-linked respiration. This result was unexpected as
disc cells are known to rely on glycolysis for generation of ATP.
Therefore, it can be derived that the disc cells upon becoming senescent
become adapted to generate energy via OXPHOS to support synthesis of
senescent related peptides.

Increased mitochondrial number and protein expression were found
to be the changes accompanying the upregulation in mitochondrial
ATP-linked respiration in SIS disc cells. However, surprisingly, no
concurrent increase in mtDNA levels was seen in SIS disc cells. The
conundrum of increased mitochondrial function with lower mtDNA is
not unprecedented, however. Heddi et al. observed coordinated in-
crease in nuclear and mitochondrial OXPHOS transcripts in muscle of
MERRF (myoclonic epilepsy associated with red ragged fibers) and
MELAS (myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes) patients with diagnosed mutation in mitochondrial genome
(Heddi et al., 1993). Work by Piechota et al. showed that in HeLa cells,
despite a reduction in mtDNA by 90%, the COX2 protein and COX ac-
tivity were 6-fold higher relative to mtDNA content. Taken together,
these results suggest that the depletion in mtDNA can be compensated
by increased transcription per genome and efficient protein synthesis
(Piechota et al., 2006). Interestingly, the mtDNA in SIS disc cells did not
co-localize with mitochondria and was mostly cytoplasmic. Cyto-
plasmic DNA is a known trigger for the cytosolic DNA sensor cGAS to
produce second messenger cyclic GMP-AMP (cGAMP), which binds and
activates the adaptor protein STING, thereby leading to the production

of inflammatory cytokines. The cGAS-STING pathway plays an essential
role in restraining microbial infection. Recently, it was shown that
cGAS-STING also helps in initiation and maintenance of SASP factors in
cells induced to senescence by various means (Dou et al., 2017; Yang
et al., 2017; Gluck et al., 2017). It therefore is possible that cytoplasmic
mtDNA of SIS disc cells plays a role in regulating the SASP factor
synthesis. However, this remains to be verified.

Alteration in metabolic state of cells is accompanied by changes in
mitochondrial morphology. Specifically, mitochondrial fusion is fa-
vored under energetically demanding conditions as it allows for com-
plementation of genes and efficient dissipation of membrane potential
(Westermann B, 2012). Mitochondrial fission, on the other hand, helps
maintain bioenergetic state of the cell by promoting degradation of
damaged organelle by autophagy (Westermann, 2012). The mitochon-
dria in SIS disc cells had similar cristae structure, outer membrane
definition, sphericity, and volume compared to non-SIS disc cells. In
contrast, previous reports show that in human cell lines induced to
undergo senescence there is an overall shift to more fusion events, re-
sulting in abnormally elongated mitochondria (Lee et al., 2007; Park
et al., 2010). However, it is unclear if elongated mitochondria are truly
needed to maintain permanent growth arrest in all cell types or whether
such morphological changes are only seen in transformed cell lines.

Despite the morphological similarity between SIS and non-SIS disc
cell mitochondria, mitochondrial ATP-linked respiration in senescent
disc cells is elevated. It cannot be discounted that this upregulation in
SIS disc cells, which would consequently lead to higher mitochondrial
ATP concentration, could be utilized towards processes other than
protein synthesis. In chemotherapy-induced senescent cells, part of the
mitochondrial ATP-linked respiration was shown to be devoted to au-
tophagic degradation of the improperly synthesized and processed se-
nescent-associated secretory peptides (Dörr et al., 2013). It was
speculated that the increased secretion of the catabolic factors by se-
nescent cells overwhelms the cells capacity for proper protein synthesis,
post-translation modification, vesicular transport, and secretion. Hence,
it is plausible that in SIS disc cells the mitochondrial ATP-linked re-
spiration could be utilized by mechanisms which alleviate the proteo-
toxic stress. Nevertheless, protein synthesis is positioned at the top of
the hierarchy of ATP-consuming processes in cells (Buttgereit and
Brand, 1995). Therefore, in senescent disc cells most of the mitochon-
drial ATP-linked respiration is probably utilized by protein synthesis.
Whether the SASP proteins (IL-6 and IL-8) in senescent disc cells spe-
cifically induce the upregulation in ATP-linked respiration remains to
be tested. Previous published reports have shown that pro-in-
flammatory cytokines positively facilitate increased energy generation
in different human cell types in vitro and in tissues in vivo (Tan et al.,
2018). Hence it is possible that the pro-inflammatory cytokines

Fig. 7. Suppression of protein synthesis dampens mitochondrial-ATP linked OCR in SIS disc cells: 80×103 SIS and non-SIS disc cells were plated in a well of Seahorse
XF96 Extracellular Flux Analyzer and incubated with or without 2.5 μg/ml of cycloheximide (CHX) for 24 h before commencing Seahorse recording of the basal OCR
and ECAR and OCR after addition of sequential addition of metabolic inhibitors. A) The high basal OCR in SIS disc cells is abrogated after inhibition of protein
synthesis using CHX. Assessment of mitochondrial-ATP linked OCR (Mito ATP) (B) and proton leak OCR (C) in presence of CHX suggests that the reduction in basal
OCR in SIS cells in A is due to dampening of mitochondrial ATP- linked respiration and not due to proton leak. Data are means ± SEM of 4 independent experiments;
*p < 0.05.
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produced by senescent disc cells could upregulate energy production in
these cells. In summary, the results of this study collectively suggest
that the SIS disc cells attain a catabolic phenotype and display marked
upregulation in mitochondrial ATP-linked respiration to support pro-
tein synthesis.
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