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MRI detection of senescent cells in
porcine knee jointswith a β-galactosidase
responsive Gd-chelate
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Senescent cells promote osteoarthritis progression through the secretion of inflammatory mediators.
Preclinical studies have identified senescence-associated beta-galactosidase (β-gal) as a biomarker
of senescence, but in vivo detection remains challenging. Here, we evaluated whether a β-gal
responsive gadolinium (Gd) chelate can non-invasively detect β-gal expressing senescent cells with
standard clinical magnetic resonance imaging (MRI) technology in vitro, ex vivo, and in vivo in porcine
joints. In vitro studies showed that senescentmesenchymal stromal cells (MSCs) exhibited significant
MRI signal enhancement upon incubation with the β-gal responsive Gd-chelate compared to viable
control cells. In vivo, intraarticular injection of the probe into pig knee joints revealed its retention and
activation by senescent cells in cartilage defects, evidenced by a significant increase in R1 relaxation
rate. MRI-based senescent cell detection holds promise for identifying patients amenable to senolytic
therapies, tailoring treatment plans, and monitoring therapy response in real-time.

Osteoarthritis (OA), the most common chronic joint disease, is character-
ized by joint pain, limited motion, and joint stiffness1. While the typical
courseofOAinvolves slow, progressive joint damageovermanyyears, some
patients experience rapid progression. Recent evidence implicates senescent
cells in cartilage and synovium as key players in OA development, high-
lighting their potential as therapeutic targets2. Senescent cells undergo
replicative arrest and develop a senescence-associated secretory phenotype
(SASP), characterized by the secretion of chemokines, inflammatory cyto-
kines, and matrix-degrading proteases3,4. These mediators contribute to
cartilage degradation and eventual joint destruction, leading to OA5. Var-
ious senolytic therapies, such as dasatinib6, quercetin7, navitoclax8, and
metformin9, have entered clinical trials, demonstrating promising results in
slowing the progression of OA and improving clinical symptoms10. How-
ever, despite the rapid development of senolytic therapies forOA treatment,
no imaging technology is currently capable of detecting senescent cells in
vivo or in patients. A clinically translatable in vivo imaging biomarker for

senescent cells could help identify candidates for senolytic therapies and
monitor their response to these therapies.

Magnetic resonance imaging (MRI), often enhanced with gadolinium
(Gd) chelates as MRI contrast agents is the standard clinical imaging
modality for diagnosing degenerative arthritis in patients with OA11. MRI
primarily detects downstream sequelae of disease progression, such as
osteophytes, cartilage loss, and subchondral cysts12. These findings reflect
structural changes, not directly capturing the underlying molecular drivers
of disease progression. Senescent cells are characterized by several markers
such as p16, p21, p53, and β-galactosidase (β-gal)9,13.

BioresponsiveMRI contrast agents can be engineered for the detection
of β‐gal activity14. We developed a β‐gal responsive Gd-chelate with a
shielding ligand that can switchT1 signal on. The coordination sphere ofGd
(III) is saturated by a β-galactosylmoiety and bridging ligand before enzyme
reaction, preventing the interaction with water protons and resulting in
relatively low signal onT1-weightedMRI scans.Upon exposure to β-gal, the
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β-galactosyl moiety is cleaved, leading to the release of the bridging ligand
and opening the coordination site of Gd (III) for the interaction with water
protons, which results in an increased bright (hyperintense) MRI signal on
T1-weighted MRI scans. Cells that express β-gal cleave the ligand, allowing
for improved interaction of the Gd-chelate with protons and a significant
boost in the T1-signal. This enhanced signal identifies β-gal expressing cells
on T1-weighted MR images. Taghian et al. reported successful in vivo
imaging of β-gal expressing cells with a bioresponsive Gd-chelate in a
murine model of GM1-gangliosidosis15. To our knowledge, nobody has
investigated whether β‐gal responsive Gd-chelates can be used to detect
senescent cells in arthritic joints.

There is currently no diagnostic test available that can detect and
quantify β-galactosidase expression by senescent cells in vivo, in articular
joints. Thus far, cellular senescence in the joint synovium, articular cartilage,
and bone/bone marrow has been diagnosed ex vivo, based on SA-β-gal
activity16–19, cell cycle restricted proteins17,18,20 and production of reactive
oxygen species, among others, using immunohistochemistry18,20, flow
cytometry17 or fluorescence imaging2 approaches. However, none of these
previously appliedbiomarkers is clinically translatable.Wehypothesized that
a β-gal responsive Gd-chelate might offer a non-invasive MRI method for
detecting β-gal expressing senescent cells in porcine knee joints.We opted to
implant senescent cells and viable control cells into the joints to allow for a
precise correlation between MRI contrast enhancement and the specific
location of the cells. The purpose of our study was to evaluate whether our
β-gal responsive Gd-chelate can non-invasively detect β-gal expressing
senescent cells usingMRI in vitro, ex vivo, and in vivo in porcine knee joints.

Results
Optimal concentration of β-gal responsive Gd-chelate
Effective detection of the activation of the β-gal responsive Gd-chelate relies
on a narrow concentration window. Excessive Gd-chelate concentrations
lead to an overwhelming non-activated signal, while low concentrations
limit the detectable activation of the probe and resulting signal enhance-
ment. Figure 1 shows theT1-weightedMRcontrast effect ofβ-gal responsive
Gd-chelatewithout andwithβ-gal enzyme.OnT1-weightedMR images and
T1 mapping (Fig. 1A and C), test tubes with β-gal responsive Gd-chelate
after incubation with β-gal enzyme showed enhancedT1 contrast effect and
shorter T1 relaxation time (Fig. 1B, Supplementary Fig. 1). The r1 relaxivity
of β-gal responsive Gd-chelate after incubation with β-gal enzyme was
higher (r1 = 4.9 mM−1 s−1) compared to β-gal responsive Gd-chelate with-
out incubation with β-gal (r1 = 3.3 mM−1 s−1; Fig. 1D). Additionally, T2-
weighted MR imaging of test tubes with the β-gal responsive Gd-chelate
without andwith β-gal enzyme (Supplementary Fig. 2A) indicated higher r2
relaxivity of β-gal responsiveGd-chelate after incubationwith β-gal enzyme
(r2 = 5.0 mM−1 s−1) compared to β-gal responsive Gd-chelate without β-gal
(r2 = 3.2 mM−1 s−1; Supplementary Fig. 2B).

MRI differentiation of senescent and viable cells with the β-gal
responsive Gd-chelate
Toassess the ability of the β-gal responsiveGd-chelate to discriminate viable
and senescent mesenchymal stromal cells (MSCs), we incubatedMSC with
the Gd-chelate, followed by MRI analysis. Triplicate samples of 1 × 107

primary MSCs were incubated with doxorubicin, a senescence inducer21.
89 ± 2.1%of these cellswere β-gal positive compared to 13 ± 3.2%untreated
controls (p = 0.025) (Fig. 2A and B). The SASP phenotype of doxorubicin-
exposed cellswas further confirmedby an increase in the expression levels of
IL-6 (control: 490 ± 75 pg/mL, senescence: 2700 ± 160 pg/mL, p = 0.025)
and IL-8 (control: 1100 ± 46 pg/mL; senescence 2600 ± 240 pg/mL,
p = 0.025) (Fig. 2C). Additional markers which indicate cell cycle arrest22

were used to confirm doxorubicin-induced senescence, as seen by increased
p53 (3.43 fold change, p = 0.014, Fig. 2D and E), increased p21 (2.08 fold
change, p = 0.014, Fig. 2D and E) and reduced Lamin B1 (0.68 fold change,
p = 0.014, 3D, 3E) protein expression in senescent cells compared to control
cells, as determined by western blotting (Fig. 2D and E). Viable and
senescenceMSCs treated with β-gal responsive Gd-chelate had no effect on
the viability, as determined by CCK-8 assay (Fig. 2F). Senescent MSCs
exposed to β-gal responsive Gd-chelate at 0.5 and 0.25mM exhibited a
mean R1 relaxation rate of 3.7 ± 0.43 and 3.1 ± 0.51 s−1, respectively (Fig.
2G). Viable MSCs exposed to β-gal responsive Gd-chelate at the 0.5 and
0.25mMconcentrations showed ameanR1 relaxation rate of 2.0 ± 0.73 and
1.6 ± 3.1 s−1, respectively. At 0.5mM concentration, senescent cells
demonstrated stronger MRI signal on T1-weighted MRI images and sig-
nificantly longer R1 relaxation rates compared to viable controls (N = 9;
0.25mM, p = 0.084; 0.5mM, p = 0.013) (Fig. 2H). ICP-OES measurements
of the same cell samples demonstrated no significant difference in Gd
concentration of control and senescent cell samples exposed to β-gal
responsive Gd-chelate (Fig. 2I), indicating that the increased T1-signal of
senescent cells is due to activation of the β-gal responsive Gd-chelate.

β-gal responsive Gd-chelate detects senescent cells in pig knee
specimens with MRI
To assess the ability of β-gal responsive Gd-chelate to detect senescent cells
against the typical anatomical background tissue of an articular joint, we
incubated control and senescent cells with the Gd-chelate and implanted
them into cartilage defects of pig knee specimen, followed by MRI.
T1-weighted spin-echo (T1-SE) sequences provided anatomical details,while
a T1-weighted RARE variable TR saturation recovery sequence was used to
generateT1maps forquantitativeR1 relaxation ratemeasurements. Implants
of senescent MSCs exhibited a more pronounced hyperintense signal on
T1-weighted MR images compared to their viable counterparts (Fig. 3A).
The mean R1 relaxation rate of senescent cell implants (1.6 ± 0.80 s−1) was
significantly longer than the R1 relaxation rate of viable cell implants
(0.97 ± 0.27 s−1; p = 0.007) (Fig. 3B). Accordingly, the signal-to-noise ratio

Fig. 1 | Determining the optimal concentration of the β-gal responsive Gd-
chelate for MRI detection of β-gal Gd-chelate ‘activation’. A Representative axial
T1-weighted MR images of test tubes with increasing concentrations of the β-gal
responsive Gd-chelate, with andwithout the addition of 10U β-gal enzyme at pH 6.0.
BMean T1 relaxation times of increasing concentrations of the β-gal responsive Gd-

chelate with and without the addition of 10U β-gal enzyme. C Corresponding T1

maps are color-coded to depictT1-shortening visually.DMeanR1 relaxation rates of
increasing concentrations of the β-gal responsive Gd-chelate with and without the
addition of 10U β-gal enzyme.
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Fig. 2 | Senescence of MSCs detected by β-gal responsive Gd-chelate. A Confocal
microscopy of senescent and viable mesenchymal stromal cells (MSC) after incu-
bation with CellEvent™ Senescence Green Probe. Green fluorescence indicates β-gal
expression. B Relative number of β-gal positive green fluorescent cells (%) for
senescentMSC and viable controlMSC on fluorescencemicroscopywithCellEvent™
Senescence Green staining. C IL-6 and IL-8 levels of control and senescent cells, as
measuredwith ELISA.DWestern blots depicting p53, p21, and Lamin B1 expression
in control and senescent cells alongwith loading control GAPDH. EBand intensities
of p53, p21, and Lamin B1 were quantified and normalized to GAPDH with ImageJ
software. F CCK-8 assay to indicate the viability of control and senescent cells with
andwithout incubationwith the β-gal responsive Gd-chelate.GRepresentative axial

T1-weighted MR images acquired on a 3 T MRI of test tubes with senescent cells or
viable controls after incubation with different concentrations of the β-gal responsive
Gd-chelate. Corresponding T1 maps are color-coded to depict T1-shortening.
H Quantitative R1 relaxation rates, derived from T1 maps, of control and senescent
MSCs after incubation with 0.25 and 0.5 mM β-gal responsive Gd-chelate. I ICP-
OES measurements demonstrated no significant difference in Gd concentration of
test tubes with β-gal probe with added viable or senescent MSC, confirming that the
concentration of the probes did not change significantly after addition of cells.
Therefore, changes in MRI signal are due to activation of the probe. Data are dis-
played as means and standard deviations of ten samples per experimental
group. *p < 0.05.

Fig. 3 | Senescent cells in porcine explants detected
by β-gal responsive Gd-chelate. A Representative
sagittal T1-weighted MR image acquired on a 3 T
MRI of a distal femur specimen with implants of
senescent cells (green arrow) and viable cells (orange
arrow) in full-thickness cartilage defects and corre-
sponding T1 map. B Corresponding mean R1
relaxation rates of senescent cell implants and con-
trols.CMean Signal-to-noise ratios of senescent cell
implants and controls. All data are displayed as
means and standard deviations of ten implants per
group. *p < 0.05.
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(SNR) of senescent cell implants (SNR: 11 ± 2.1) was significantly higher
compared to viable controls (SNR: 8.5 ± 1.8, p = 0.032) (Fig. 3C).

β-gal responsive Gd-chelate detects senescent cells in vivo
with MRI
We next evaluated the ability of the β-gal responsive Gd-chelate to detect
senescence in vivo in the knee joints of live pigs using MRI. We implanted
1 × 107 senescent and 1 × 107 control cells into full-thickness cartilage
defects of eight distal femurs of four Yucatan minipigs (Fig. 4A). 24 h later,
we injected 5ml of 2.5mM β-gal responsiveGd-chelate intraarticularly into
each knee joint. The higher concentration compared to in vitro studies was
chosen to account for the dilution of our probe in joint fluid. T1-weighted
MRI scans after intra-articular injection of the β-gal responsive Gd-chelate
revealed stronger MRI signal in cartilage defects containing senescent cells
compared todefectswith control cells (Fig. 4B andC). TheR1 relaxation rate
calculated from the T1 maps indicated significant activation of the β-gal
responsive Gd-chelate in senescent cell implants (1.5 ± 0.61 s−1) compared
to controls (0.95 ± 0.26 s−1, p = 0.01) (Fig. 4D). Accordingly, the signal-to-
noise ratio (SNR) of senescent cells (SNR: 410 ± 120) was significantly
higher compared to that of control viable cells (SNR: 230 ± 47; p = 0.001)
(Fig. 4E). To further demonstrate the specific activation of senescent cells
loaded in the cartilage defects, we performedMRI of the knee joint prior to
intra-articular injection of the β-gal responsive Gd-chelate and found no
bright signal in the cartilage defect loadedwith senescent cells, in contrast to
the bright signal in the sagittal T1-weightedMR image of the sameknee joint
at 2 h after intra-articular injection of the β-gal responsive Gd-chelate
(Supplementary Fig. 3).

After sacrificing the animal, the knee joints were excised (Fig. 4F) and
underwent exvivoMRimaging. Similar to the results in livepigs, implantsof
senescent MSCs exhibited a more pronounced hyperintense signal on T1-
weightedMR images compared to their viable counterparts (Fig. 4GandH).
The R1 relaxation rate of senescent cell implants (2.7 ± 0.75 s−1) was sig-
nificantly higher compared to viable cell implants (1.5 ± 0.42 s−1; p = 0.002)
(Fig. 4I). Furthermore, the signal-to-noise ratio (SNR) of theMRI signalwas
significantly higher for senescent cells (11 ± 2.0) compared to controls
(8.5 ± 1.7; p = 0.018) (Fig. 4J). Taken together, results indicate that the β-gal
responsive Gd-chelate exhibits potential as an MR probe for imaging
senescent cells in articular joints.

Validation of senescence MR imaging with
immunocytochemistry
To further confirmournew imaging techniquewith establishedmethods for
detecting senescent cells, we performed histological analysis of all pig knee
specimens. We employed immunocytochemistry (ICC) to visualize addi-
tional senescence markers, including p16, p21, and β-gal. We found that
senescent cell implants in cartilage defects expressed significantly higher
levels of p16 (Control: 277.00 ± 51.06, Senescence: 3000 ± 290) (Fig. 5A and
D), p21 (Control: 170 ± 25, Senescence: 2800 ± 27) (Fig. 5BandD)andβ-gal
(Control: 200 ± 25.31, Senescence: 2900 ± 280) (Fig. 5CandD) compared to
control implants (p = 0.025). This sustained expression of senescence
markers indicates that implanted cells retained their characteristic features
throughout the duration of our experiment. We performed additional
staining to confirm the presence of MSCs in the cartilage defects one day
after implantation of the cells and that the differences in R1 relaxation times

Fig. 4 |Detection of senescent cells with theβ-gal responsiveGd-chelate andMRI.
A Intraoperative photo of cartilage defects in the distal femur of a live pig with
implants of senescent cells (green arrow) and viable cells (orange arrow).
B Representative sagittal T1-weightedMR image acquired on a 3 TMRI of the same
knee joint after intra-articular injection of the β-gal responsive Gd-chelate. Senes-
cent cells (green arrow) demonstrate stronger T1-signal compared to viable cells
(orange arrow). C Corresponding T1 map demonstrates T1-shortening in senescent
cells (green arrow) compared to viable cells (orange arrow). DCorresponding mean
R1 relaxation rates of senescent cell implants and viable cell implants.EMean signal-
to-noise ratios (SNR) of senescent cell implants and viable cell implants. F Photo of

excised distal femur shows cartilage defects with implants of senescent cells (green
arrow) and viable cells (orange arrow). G Representative sagittal T1-weighted MR
image of the explant acquired on a 3 T MRI with senescent cells (green arrow) and
viable cells (orange arrow) in full-thickness cartilage defects. H Corresponding T1

map demonstratesT1-shortening of senescent cells (green arrow) and not viable cells
(orange arrow). I Mean R1 relaxation rates of implants with senescent cells and
control cells. J SNR values for implants with senescent cells and control cells. Data
are displayed as means and standard deviations of eight implants per experimental
group. *p < 0.05, **p < 0.005.
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are due to the distinct differences between control and senescent cells and
not an influx of macrophages or variance in vascularity. The retention of
MSCs in the cartilage defects of pig knees on day 2 was confirmed by the
expression of CD7323, CD90, andCD105 in the cartilage defects loadedwith
control and senescent cells (Supplementary Fig. 6). CD73, CD90, and
CD105 are well-established surface markers of mesenchymal stem cells.
Further, trichrome staining which stains the collagen fibers blue, indicated
no fibrosis in the cartilage defects (Supplementary Fig. 7). F4/80 staining
indicates no difference in the influx of macrophages in the defects loaded
with control and senescent cells (Supplementary Fig 8A). F4/80 is a well-
established cell-surface marker for macrophages24. The quantification of
immunofluorescence staining was done as described previously25.
CD31 staining indicates no vascularity in the defects loaded with control
and senescent cells (Supplementary Fig. 8B).

Discussion
This study demonstrated that a β-gal responsive Gd-chelate can detect
senescent cells non-invasively using MRI in vitro, in knee explants, and
in vivo, in a live pigmodel.Our senescence inductionmodel yielded a robust
senescence phenotype, as confirmed by established biomarkers, including
increased levels of senescence-associated β-gal (SA-β-gal), IL-6, and IL-8, as
described by Muñoz-Espín et al.26. Currently, the most widely used bio-
marker for identifying senescent cells in vitro and in vivo is SA-β-gal
activity27. Senescent cells overexpress the GLB1 gene, which leads to SA-
β-gal production, lysosomal storage, and secretion13.

Several investigators used other imaging techniques such as biolumi-
nescence imaging or fluorescence imaging to detect SA-β-gal in vitro and
in vivo. Yang L. et al. used a methylene blue (MB) fluorophore coupled to
β-galactose (MB-βgal) to detect senescent HeLa cells andmouse embryonic
fibroblast (MEF) cells in vitro. Upon exposure to β-gal, MB-β-gal released
free methylene blue (MB), generating near-infrared (NIR) fluorescence
detectablewithoptical imaging techniques28. Redy-Keisar,O. et al. described
the GQCy7 compound, which undergoes a chemical reaction where the
glycosidic bond is hydrolyzed when exposed to β-gal. The release of QCy7
resulted in an extended π-conjugated system that underwent an internal
charge transfer process, turning the fluorescence “on.”Mice injected with a
solution ofGQCy7 that had been incubatedwith β-gal showed an increased
near-infrared fluorescent (NIR-fluorescent) signal29. Wehrman, T. et al.
developed a bioluminescent imaging approach that allowed for noninvasive
in vivo imaging of β-galactosidase activity. In their study, in vitro and in vivo
experiments were performed to test Lugal, a caged luciferin-galactoside
conjugate, which is cleaved by β-galactosidase to produce luminescence30.
Lee H.W. et al. developed a fluorescent biomarker, which showed a blue-to-
yellow color change in response to β-gal. They used this florescent probe to

detect senescence-associated β-gal in murine fibroblast skin cells and rat
skin tissue in vitro using two-photon microscopy31.

While previous studies targeting β-gal for senescence detection have
demonstrated promise, their reliance on fluorescence32 and optical imaging
restricts their application to preclinical models due to the limited tissue
penetration of the applied imaging biomarker33. This hinders clinical
translation. To overcome this limitation, we used MR imaging, the gold
standard for clinical imaging ofOA in knee joints. TheMRcontrast effect of
Gd(III) can be modulated through various physical parameters, such as the
number of bound water molecules (q), the rate of molecular tumbling (τr),
and the rate of water exchange (τm)

34. Louie, A. et al. described that a q
modulation octadentate Gd(III) chelate has one coordination site for water
exchange which can be activated in the presence of β-galactosidase35. Lilley
et al. showed that adjusting the molecule’s overall size and shape can
improve the molecules’ response to β-gal34. Our team added a pendent
carboxyl ligand,which can saturate the coordination sphere ofGd (III). This
led to significant signal differences between the inactive (‘off’) and active
(‘on’) versions of the probe, enabling us to effectively detect senescent cells
in vitro and in vivo. We have previously demonstrated in vivo experiments
in wild-typemice and transgenic mice which express LacZ that encodes the
β-gal enzyme in visceral organs. The transgenic mice demonstrated strong
hyperintense signal enhancement of the liver, spleen, and kidneys on T1-
weighted MRI after intravenous injection of the SA-β-Gal-sensitive Gd-
probe, unlike native control mice34.

We recognize several limitations of our study. Due to its close resem-
blance to human joints in both anatomy and physiology, the pig model is
frequently used to represent human cartilage injuries36. There is no estab-
lished large animal model for the detection of senescent cells in cartilage
defects to our knowledge. We implanted either senescent or viable
mesenchymal stemcells (MSCs) into cartilage defects of porcine knee joints.
24 h later, we conducted an MRI arthrography using the β-galactosidase-
responsive Gd-chelate. While this experimental design enabled precise co-
localization of MRI contrast enhancement with the known presence of
senescent cells, it does not fully capture the complexities of the naturally
occurring environment found in degenerative OA or inflammatory
arthritis. While several investigators described the central role of senescent
cells in the pathogenesis of osteoarthritis37,38, further studies are needed to
determine the sensitivity and specificity of our probe in affected patients.

For our specific application of detecting senescent cells in arthritic
joints with the β-gal responsive Gd-chelate, we followed the established
procedure for MRI arthrograms in clinical practice31. Previous studies have
been conducted after intrathecal and intraperitoneal injection of β-gal
responsive Gd-chelate in mouse models of GM1-gangliosidosis15. Taghian
et al. reported a statistically significant enhancement of β-gal activity of the

Fig. 5 | Histological comparison of viable and senescent cell implants in pig knee
cartilage. After MRI, the pig knee joints were excised and processed for histology.
Fluorescence images of cartilage defects with implants of senescent cells and viable
control cells, stained with (A) p16 (×2 magnification), (B) p21 (×2 magnification),

and (C) β-gal (×2 magnification). D Fluorescence intensity of senescent cells and
viable controls on respective stains. All data are displayed asmean data and standard
deviations of eight implants per group. *p < 0.05.
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brain at 110min after intrathecal injection of 0.06mol/kg of the β-gal
responsive Gd-chelate15. This study reported longitudinal probe dynamics
in vivo after intrathecal injection, revealing a peak enhancement of the brain
at 40min, followed by a steady state for at least 110min. Based on this data,
we selected a time window of 1–2 h post-intraarticular injection for our
investigation of β-galactosidase activity in articular cartilage. In future stu-
dies, investigating longitudinal MRI at multiple time points after intra-
articular injection of the β-galactosidase-responsive Gd-chelate could yield
additional insights into the probe’s biodistribution andhelp identify optimal
imaging windows. Ultimately, for clinical applications, a single imaging
session would be required.

Our in vitro studies employed doxorubicin to induce cellular
senescence, as confirmed by the presence of established senescence
markers. The senescent cells, and not the non-treated control cells,
expressed β-galactosidase. In this controlled experimental setting, there
were no other sources of β-galactosidase. Therefore, our data supports the
conclusion that the senescent cells produced β-galactosidase, and that our
β-gal-sensitive contrast agent detected β-galactosidase expression by
senescent cells. We did not quantify intracellular Gd-uptake by the cells
using ICP-MS or similar methods. Therefore, it is unclear if our
β-galactosidase responsive Gd-chelate detected intracellular or extra-
cellular β-galactosidase.

β-galactosidase is produced by lysosomes within the cells. Duan et al.
reported that LakZ expressing Bacillus subtilis bacteria excrete approxi-
mately 65% into the extracellular space39. We did not measure the relative
proportion of intra- and extracellular β-galactosidase inMSCs in our study.
Clinical Gd-chelates distribute primarily in the intravascular and extra-
cellular space, with little or no intracellular contrast agent accumulation40.
However, MSC can take up Gd-chelates after incubation with the probe41, a
condition that reflects ourMRarthrography setting.Therefore, it is probable
that the observed MRI signal reflects a combination of intracellular and
extracellular contrast agent activation, though extracellularGd-chelate, with
its higher concentration and effective relaxivity, likely plays a more sig-
nificant role. Several investigators reported that smallmolecularGd-chelates
exhibit reduced effective relaxivity after being internalized into cells, likely
due to limited interactions with water protons42,43. Further studies are
needed to clarify the relative contributions of extracellular and intracellular
β-galactosidase to the activation of the β-galactosidase responsive Gd-
chelate and the observed MRI signal.

When using histology and immunohistochemistry, detection of
senescent cells involves the use of multiple senescent-specific markers such
as p16 and p21with β-gal44. Accordingly, further developments of our β-gal
responsive Gd-chelate could involve dual-modality approaches to enhance
its specificity. We are currently working on 18F-labeled versions of our
biomarker for simultaneous detection of β-gal expression with MRI and
positron emission tomography (PET). Future studies could combine our
β-gal responsive Gd-chelate with a radiotracer or fluorophore for the
detection of a different biomarker of senescence, such as p16 or p21.

We anticipate broad applicability for our approach. In addition to
osteoarthritis, senescence plays an important role in embryonic
development45, atherosclerosis46, cardiomyopathy47, cancer48, pulmonary
fibrosis49, and neurodegenerative disorders50, among others. Our β-gal
responsiveGd-chelate holds promise for: (1) quantifying andmapping the
biodistribution of senescent cells in these diverse conditions, (2) eluci-
dating risk factors that exacerbate senescence development, and (3)
exploring whether senescence differs between patients with varying
genetic or ethnic/racial backgrounds. In addition, our β-gal responsive
Gd-chelate might be useful for monitoring new senolytic therapies.
Novais et al. explored the ability of Dastinib and Quercetin drug combi-
nation (D+Q) to reduce intervertebral disc degeneration inmice51. Baker
et al. designed a new transgene, INK-ATTAC for selective elimination of
p-16-positive senescent cells in mice37. Cai et al. developed a prodrug
strategy wherein they designed SSK1, which cleared senescent cells in
different tissues52. Considering the clinical translation of several senolytic
drugs for the treatment of osteoarthritis, further studies exploring the

effects of senolytic therapies on the MR imaging signal of arthritis joints
are crucial and hold significant potential to advance our understanding
and treatment of osteoarthritis.

A major advantage of our β-gal responsive Gd-chelate is that it can be
applied repeatedly in the same subject, to evaluate changes in senescent cell
distribution or quantity over time. Our imaging technique is not associated
with any irradiation and exposure and can easily be integrated with clinical
standardMRI protocols. Future studies have to show if our probe can detect
changes in senescence-related diseases on longitudinal imaging studies.
Additionally, the successful translation of our probe to first-in-human
clinical trials will require biodistribution studies and comprehensive tox-
icology tests. Our β-gal responsive Gd-chelate could be used to select
patients with a high burden of senescent cells, prescribe tailored treatment
strategies, and monitor response to these therapies, ultimately decelerating
disease progression and enhancing the quality of life for patients with OA
and other age-related disorders.

In conclusion, we introduced a new β-gal responsive Gd-chelate for
detecting senescent cells in porcine knee joints on MR images. Upon vali-
dation in clinical osteoarthritis, this new β-gal responsiveGd-chelate has the
potential to aid in diagnosing senescence linked to natural aging and
degenerative joint diseases. It could also serve as a new clinically translatable
biomarker for monitoring the effectiveness of new therapies designed to
eliminate senescent cells (senolytics).

Methods
Characterization of β-gal responsive Gd-chelate
Our β-gal responsive biomarker is composed of a Gd-chelate and a pendant
coordinating carboxylate unit connected via a six-carbon (C6) linker to an
anilinemoiety (Fig. 6). Prior to enzyme activation, theGd (III) coordination
sphere is fully occupied by the β-galactosyl moiety and a bridging ligand,
blocking interaction with water protons. This translates to a weak signal on
T1-weighted MRI scans. Exposure to β-gal triggers cleavage of the
β-galactosyl moiety, releasing the bridging ligand and exposing a coordi-
nation site on Gd (III). This newly accessible site permits interaction with
water protons, resulting in a strong signal enhancement on T1-weighted
MRI scans34.

The chemical structure of our β-gal responsive Gd-chelate is shown in
Fig. 6. It has a molecular weight of 986Da. The r1 relaxivity of the probe in
the absence of β-gal is 3.2 mM−1 s−1 at 1.41 T and 37 °C and the r1 relaxivity
of the probe in the presence of β-gal is 3.91mM−1 s−1 at 1.41 T and 37 °C
(Supplementary material: Fig. 4A, Table 1). The r2 relaxivity of the probe in
the absence ofβ-gal is 3.16mM−1 s−1 at 1.41 T and37 °Cand the r2 relaxivity
of the probe in the presence of β-gal is 4.08mM−1 s−1 at 1.41 T and 37 °C
(Supplementary material: Fig. 4B, Table 1). The relaxivity at 1.41 T was
measured by scanning increasing concentrations of 0.23, 0.33, 0.47, 0.65,
and 0.84mM of the β-gal responsive Gd-chelate, with and without the
addition of 17U β-gal at pH 6.0. Suppl. Fig. 5 shows R1 relaxation rate
measurements in vitro, assessing test-retest and inter-reader agreement
within each group (senescent-senescent and viable-viable) to confirm
reproducibility of R1 measurements.

The r1 relaxivity of the probe in the absence of β-gal is 3.9 mM−1 s−1 at
3 T and 37 °C and the r1 relaxivity of the probe in the presence of β-gal is
4.7mM−1 s−1 at 3 T and 25 °C. The relaxivity was measured by scanning
increasing concentrations of 0.125, 0.25, 0.5, 0.625, 0.75 and 1mM of the
β-gal responsive Gd-chelate, with and without the addition of 10U β-gal at
pH6.0.The relaxivity at 3 Twasmeasuredby standard linearfittingof theR1
relaxation rate measurements at different concentrations of the β-gal
responsive Gd-chelate. Simple linear regression analysis was used for linear
fitting of the relaxation rate versus concentrations and calculated by
y = alpha+ beta*x.

Induction of senescence in MSCs, as confirmed by ELISA and
β-gal assays
Bonemarrow-derivedMSCswere isolated from10ml of bonemarrowfluid
aspirated from the iliac crest of donor pigs using established techniques53.
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The cells were cultured in Dulbecco’s modified Eagle medium (DMEM)
containing 1% penicillin–streptomycin (pen-strep) and 10% fetal bovine
serum (FBS) at 5% CO2 and 37 °C. The media was replenished every
24–48 h. After reaching ~90% confluency, adherent MSCs were further
expanded, used for experiments, or stocked at−195 °C.MSCswereusedat a
low passage number (p = 3 or p = 4) to avoid spontaneous senescence.

Triplicate samples of 1 × 107 MSCs in 12-well plates in DMEMmedia
were exposed to 400 nM doxorubicin on day 1 and day 3, followed by
analysis for senescence on day 5. Triplicate samples of 1 × 107 MSCs in
DMEMmedia served as non-exposed controls. Control and senescent cells
were washedwith phosphate-buffered saline (PBS) twice and fixed with 2%
paraformaldehyde in PBS for 10min at room temperature. The fixative
solution was removed by washing the cells thrice with 1% bovine serum
albumin (BSA) in PBS. Cells were stained for senescence detection using the
Senescence Green Probe from the CellEvent Senescence Green Detection
Kit (C10851, Invitrogen). Briefly, the probewaswarmed to 37 °C for 10min
in the dark before being added to the cells for a 2-h incubation at 37 °C
without CO2 and under dark conditions. Following incubation, cells were
washed three times with PBS and then imaged using a fluorescent micro-
scope (Keyence, BZ-X710, Cupertino, CA).

In addition, the supernatants were collected for ELISA analysis.
Commercially available kits were used to measure IL-6 (RAB0310, Sigma,
St. Louis, MA) and IL-8 (RAB0321, Sigma, St. Louis, MA) levels in the
supernatants, as per the manufacturer’s instructions.

Western blotting
Lysates from control and senescent cells were subjected to SDS-PAGE on
a 10% or 4–20% precast gel (Invitrogen, Carlsbad, CA) run at constant
voltage (225 V) and transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA). The membrane was blocked for 1 h at room temperature
in blocking buffer [Tris-buffered saline+ Tween 20 (TBST) with 1%
BSA] to reduce nonspecific binding. The membranes were then incu-
bated with the respective primary antibodies overnight. All primary
antibodies usedwere either validated by the supplier or in our laboratory.
The primary antibodies used were LaminB (no. 13435, 1:1000 dilution;
Cell Signaling), p21 (no. ab188224, 1:1000 dilution; Abcam), and p53
(no. 9282, 1:1000 dilution; Cell Signaling); GAPDH (1:10,000 dilution,
no. 5174, Cell Signaling). After four 10-min washes with TBST, mem-
branes were incubated for 1 h with the respective species-specific
horseradish peroxidase-conjugated secondary antibodies (Bio-Rad,
Hercules, CA) in TBST containing 1% BSA. Themembranes were rinsed
again four times with TBST for 10 min each time, and bands were
detected using Supersignal luminol enhancer (Perbio Science UK, Che-
shire, UK) followed by exposure to blue light-sensitive X-ray film
(Hyperfilm; Amersham Biosciences, Little Chalfont, UK). Equal protein
loading was verified by reprobing membranes with anti-β-actin anti-
body. The relative intensities of protein bands (relative density units)
were quantified by scanning densitometry using ImageJ software
(Molecular Dynamics, Sunnyvale, CA).

Fig. 6 | Concept of imaging senescent cells with a β-gal sensitive Gd-chelate.
A Concept of β-Gal-activation by cleavage of a pendant carboxylate ligand. The
β-Gal-activated MR probe is composed of gadolinium (Gd III) conjugated to a
hydrophilic β-Gal substrate. Before enzyme reaction, the coordination sphere of Gd
is saturated by a β-galactosyl moiety and a bridging ligand, preventing the interac-
tion with water protons and resulting in low signal on T1-weightedMRI scans. After
exposure to β-gal, the β-galactosylmoiety is cleaved, opening the coordination site of
Gd III for proton interaction and resulting in an increased (hyperintense)MRI signal
on T1-weighted MR scans. BMolecular changes of β-gal sensitive Gd-chelate after

exposure to β-gal. Upon stress/damage, cells in the joint compartment undergo
senescence, resulting in the expression of β-gal. Before activation by β-gal, the
β-galactosyl moiety (blue) of the Gd-chelate prohibits water access to Gd (III). After
exposure to β-gal, the β-galactosyl moiety is cleaved and an electron cascade (red)
provides an open coordination site for water to bind to Gd (III). C Study design.
Viable or senescentmesenchymal stromal cells were implanted in cartilage defects of
the distal femur of pig knee joints. The β-gal responsive Gd-chelate was injected into
the knee joint, leading to activation of the β-gal sensitive Gd-chelate in senescent cell
transplants and not viable cell transplants, as measured by MRI.
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Determining theoptimal incubation timeandconcentrationof the
β-gal responsive Gd-chelate
To determine the optimal concentration of the Gd-chelate for the detection
of β-gal-mediatedMRI signal changes, decreasing concentrations of 1, 0.75,
0.625, 0.5, 0.25, and 0.125mM β-gal responsive Gd-chelate were suspended
in PBS (25 °C, pH 7.4). In a pilot study, we doubled the initial concentration
from 0.125 to 0.25, 0.5 and 1mM. Since 0.25 and 0.5 provided the best
results, we repeated the experiment with additional concentrations between
0.5 and 1mM. One series of samples was left untreated, and a second series
was incubatedwith 10units ofβ-gal enzyme (Sigma-Aldrich, St. Louis,MO)
at 37 °C for 8 h. To determine the optimal incubation time of theGd-chelate
for the detection of β-gal-mediatedMRI signal changes, nine test tubes with
0.5mM β-gal responsive Gd-chelate were prepared with the addition of
10mM phosphate buffered saline or with the addition of 17 U of
β-galactosidase. All samples underwentT1 relaxation timemeasurements at
pH 7.4, 37 °C, and 1.7 T, at 10, 20, 30, 40, 60, 80, 120, and 150min after
incubation with either PBS or β-galactosidase. To minimize air-induced
artifacts, triplicate samples of the aforementioned solutions in Eppendorf
tubes were submerged in water baths before acquiring MRI images. All
samples underwent MRI on a 3 T MRI scanner (Bruker BioSpec, Billerica,
MA) using a T1-weighted sequence (TR = 12,115ms, TE = 24ms,
FOV= 40mm× 20mm, matrix = 96 × 64, slice thickness = 1mm, GLB
image size = 96mm× 96mm); inversion recovery sequence
(TI = 35–10,000ms, TR = 11,050–21,015ms, TE = 24ms, FOV= 40mm
× 20mm, matrix = 96 × 64, slice thickness = 1mm, image size = 96mm
× 96mm) and T2-weighted multi-slice multi-echo sequence (MSME): TR:
3000ms, TE: 132ms, slice thickness = 1mm, FOV= 35mm× 35mm,
matrix = 160 × 160.

MRI differentiation of senescent and viable cells with the β-gal
responsive Gd-chelate
Triplicate samples of 1 × 107 MSCs in T-75 flasks in DMEM media were
exposed to 400 nMdoxorubicin on day 1 and day 3, followed by analysis for
senescence on day 5. Triplicate samples of 1 × 107 MSCs in T-75 flasks in
DMEMmedia served as non-exposed controls. Control and senescent cells
were washed with phosphate-buffered saline (PBS) twice and trypsinized to
obtain cell suspensions. Cell suspensions of triplicate samples of 1 × 107

control and senescent cells were incubated with 0.5mM or 0.25mM β-gal
responsive Gd-chelate in PBS at 37 °C for 8 h. After the incubation with the
β-gal responsive Gd-chelate, the cells were pipetted well to resuspend the
cells to obtain a suspension for MRI. All samples underwent MRI on a 3 T
MRI scanner (Bruker BioSpec, Billerica, MA), using a T1-weighted fast SE
sequence for anatomical orientation (repetition time [TR] = 700, time to
echo [TE] = 12ms, 80mm× 40mm field of view [FOV], 192 × 192-pixel
matrix, 12 averages) and a variable TR rapid acquisition with relaxation
enhancement (RARE) sequence (TE = 10ms, TR = 40, 75, 150, 300, 500,
700, 1000, 1500, and 2000ms, RARE factor = 2, 80mm× 40mm FOV,
500 × 250 pixel matrix, 2 averages) for generating T1-maps and measuring
R1 relaxation rates.

Cell viability assay
To assess the impact of the incubation of the cells with 0.25 and 0.5mM
β-gal responsive Gd-chelate for 24 h, we performed a viability assay, using a
commercially available cell Counting Kit 8 (WST-8) (ab228554, Abcam,
Cambridge, UK). The cells were seeded in 96-well plate and incubated with
0.5 or 0.25mM β-gal responsive Gd-chelate at 37 °C for 8 h. 10 μl/well of
WST-8 solutionwas added to eachwell and the plate was incubated at dark,
37 °C for 3 h. The absorbance was measured at 460 nm.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES)
The concentration of Gd (III) in the above-mentioned test tubes with
control and senescence cells (which had been incubated with 0.5 and
0.25mM β-gal responsive Gd-chelate) was determined by ICP-OES. Each
samplewas diluted to 1mLwith concentrated nitric acid andwater for ICP-

OES analysis. Gd wasmeasured on a VG Elemental PQExcell spectrometer
that was standardized with eight concentrations spanning 0–50 ppb Gd
(III). In (III) (1 ppb) was used as an internal standard.

Ex vivo detection of senescent cells in pig knee specimens
Ten knee joints of five Yucatan minipigs (2 male, 3 female) were acquired
postmortem from the Veterinary Service Center at Stanford Medicine as a
donation in accordance with the 3R principles (Reduce, Refine, Replace).
The specimen originated from animals that had undergone other experi-
ments at the facility that did not affect the knee joints.We created two 5mm
full-thickness cartilage defects in the distal femur of each knee specimen. To
evaluate the ability of the β-gal responsive Gd-chelate to differentiate
senescent andviable cells in arthritic joints,we incubated 1 × 107 control and
senescent cells with 0.25mM β-gal responsive Gd-chelate at 37 °C for 8 h,
implanted them into the cartilage defects and scanned the specimenona 3 T
MRI scanner (3 T GE MR 750, GE Healthcare, Boston, MA), using a T1-
map sequence (TR = 40, 75, 150, 300, 500, 700, and 2000ms, TE = 10ms,
FOV 80mm× 40mm,matrix 500 × 250 pixel, 2 averages) and T1 weighted
fast SE sequence (TR = 700ms, TE = 10ms, RARE factor = 2,
80mm× 40mm FOV, 500 × 250 sampling matrix, and 2 averages).

In vivo detection of senescent cells with MRI and the β-gal
responsive Gd-chelate
All animal studies were approved by the institution’s Administrative Panel
on LaboratoryAnimal Care (APLAC29859) andwere conductedunder the
supervision of the Stanford Veterinary Service team. Four 4–12-month-old
female Yucatan minipigs were obtained from S&S Farms Selma, CA).
Following delivery to the facility, all animals underwent a 4-day quarantine
and stabilization period. Study animals were housed individually indoors in
an AAALAC-accredited facility with a 12/12-h light/dark cycle, controlled
temperature (68–76 °F), humidity (30–70%), and ventilation (10–15 air
changes hourly). All animals were housed in pens adjacent to pens housing
other pigs andwere allowed to ambulate at all times. Animals were fed twice
daily and had free access to drinking water ad libitum. Environmental
enrichment with toys and food rewards was provided on a regular basis.
Prior to anesthesia for surgery, imaging, and euthanasia, food was withheld
for 12 h.

All animals underwent bilateral knee surgeries to create full-thickness
cartilage defects, followed by an MRI on the following day. All procedures
wereperformedunder general anesthesia. For surgery, animalswere sedated
with tiletamine and zolazepam (Telazol; Zoetis, Kalamazoo, MI; 2–8mg
i.m./kg), intubated, and maintained under general anesthesia with 1–3%
isoflurane. An eye lubricant was applied to protect the eyes. Animals were
monitored continuously, and health status was documented at least every
15min for heart rate, respiration rate, body temperature, ventilation, oxy-
genation, and depth of anesthesia by eliciting reflex responses. For each pig,
the stifle area was shaved, cleaned with betadine and chlorhexidine, and
draped. Sciatic and femoral nerve blocks were performed under ultrasound
guidance. Pigs were placed into the supine position on a heating mat and
secured to the surgical table. A surgical incision was performed on the
medial aspect of the joint, allowing for lateral dislocation of the patella and
access to the knee joint.

We created sixteen 5mm wide full-thickness cartilage defects in eight
distal femurs (two defects per knee joint) with a sterile biopsy punch and
curette.We implanted1 × 107 senescentMSCs and 1 × 107 viableMSCs into
the cartilage defects and secured themwith fibrin glue (Evicel; Ethicon Inc.,
Somerville, NJ, USA)54. In each distal femur, one defect contained senescent
MSCs and the other contained viable MSCs. The incision was closed in
layers using Vicryl 2-0 and 3-0 (Ethicon Inc.). Upon recovery, animals were
allowed unrestricted weight bearing. Animals were monitored for signs of
pain and distress and analgesia was provided accordingly.

The next day, animals were anesthetized with isoflurane and under-
went intraarticular injection of 2.5mM of β-gal responsive Gd-chelate
intraarticularly into each knee joint. The higher concentration compared to
in vitro studies was chosen to account for the dilution of our probe in joint
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fluid. At two hours after intraarticular injection of the β-gal responsive Gd-
chelate, MRI was performed on a 3 T clinical scanner (3 T GEMR 750, GE
Healthcare, Boston,MA) under isofluorane anesthesia, using a knee surface
coil and a variable TR saturation recovery sequence (TR = 40, 75, 150, 300,
500, 700, and 2000ms, TE = 14ms, FOV 17 cm) and T1 weighted fast SE
sequence (TR = 600ms, TE = 10.07ms, FOV 17 cm, slice
thickness = 2mm, spacing = 0.2 and 2 averages). A pilot imaging study was
done by performing an MRI of a pig knee joint before the intra-articular
injection of the β-gal responsive Gd-chelate.

After completion ofMRI, the anesthetized animals were euthanized. A
commercially available euthanasia solution (Euthasol, Virbac Corp, Wes-
tlake, TX, USA) was administered intravenously under deep anesthesia at
1mL per 4.5 kg of bodyweight. Deathwas confirmedby complete cessation
of heartbeat by cardiac auscultation. Following this confirmation, samples of
the stifles were excised for postmortem MRI and histopathological assess-
ment. The knee joints were excised and underwent a postmortem scan on a
3 TpreclinicalMRI scanner (Bruker, BioSpec 3 TMRI, Billerica,MA,USA),
using a knee surface coil and with the sameMRparameters used to scan the
explants, which were described above.

MR image data analyses
MRI scans of contrast agent samples, cell samples, joint specimens, live pigs,
and explants were analyzed by generating T1-maps with the FIJI software
(Bethesda, MD). The T1-maps were created by fitting the MRI signal at
increasing TRs to the formula Sn = So(1−exp(−TRn/T1)) where the Sn:
longitudinal magnetization at time n, So: equilibrium longitudinal magne-
tization, TR: repetition time and T1: spin-lattice relaxation time. We then
measured the T1-relaxation times of contrast agent samples, viable and
senescent cells in vitro, ex vivo, and in vivo on the T1-maps through
operator-defined regions of interest (ROI). We calculated R1-relaxation
rates asR1 = 1/T1.We alsomeasured the signal intensity of the cell implants
and the background noise on anatomical T1-weighted SE images through
ROIs and calculated the Signal-to-Noise Ratio (SNR) = SIcell implant/noise.

Validation of senescence MR imaging biomarker with
immunocytochemistry
The excised pig knees were fixed in 10%neutral buffered formalin, followed
bydecalcification in Formical-2000 for oneweek. Subsequently, tissueswere
paraffin-embedded and sectioned into 10-µm slices using a cryostat
microtome (Leica CM1800). For immunocytochemistry (ICC), slides
underwent deparaffinization by sequential immersions in xylene (5min),
100% ethanol (2min), and 95% ethanol (1 min), followed by rehydration in
water. The samples were fixed with 4% paraformaldehyde for 10min and
then washed in triplicate with PBS. Following fixation, tissue sections were
permeabilized with 0.25% Triton X-100 in PBS (PBST) for 10min at room
temperature. Subsequently, sections were blockedwith 1%BSA in PBST for
30min at room temperature, then washed and incubated overnight with
primary monoclonal antibodies (mAb) p16 mAb (ab51243, Abcam), p21
mAb (ab188224, Abcam), and β-gal mAb (ab203749, Abcam), F4/80
(ab6640, Abcam, Cambridge, UK), CD31 (3528T Cell Signaling), CD73
(13160TCell Signaling), CD105 (14606S Cell Signaling) andCD90 (13801S
Cell Signaling) at 4 °C. After washing, sections were incubated with sec-
ondary antibody (Alexa Fluor 488goat anti-rat IgG,A11006, Invitrogen) for
2 h at room temperature in the dark. Finally, sections were washed and
mounted forfluorescencemicroscopy (KeyenceBZ-X710).Histopathologic
images of distal femur cartilage were obtained using a defined experimental
protocol on the fluorescence microscope (Keyence, Itasca). The mean
fluorescence intensity of the green senescent cells was calculated from the
sum of the values of all the pixels in the tissue of interest divided by the
number of pixels (%of stained/total area) using ImageJ software in a 2×field
of view25.

Statistical analysis
The Wilcoxon ranksum test was applied to all analyses except the two pig
studies, where the clustered Wilcoxon ranksum test was conducted. All

analyses were done using Stata (Stata 18.0, College Station, TX) and R (R
4.3.2, R Core Team (2023)). p < 0.05 indicates statistically significant
findings.

Data availability
The main data supporting the results of this study are available within the
paper and its Supplementary Information. The raw MRI data (DICOM
format) are available from the corresponding author on request.
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