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ABSTRACT

Objective: Treatment of pain associated with osteoarthritis (OA) is unsatisfactory and 

innovative approaches are needed. The secretome from human adipose-derived 

mesenchymal stem cells (hASC-Conditioned Medium, CM) has been successfully used to 

relieve painful symptoms in models of chronic pain. The aim of this study was to explore 

the efficacy of the hASC-CM to control pain and neuroinflammation in an animal model of 

OA.

Methods: OA was induced in mice by intra-articular monosodium-iodoacetate (MIA) 

injection. Thermal hyperalgesia and mechanical allodynia were assessed. Once 

hypersensitivity was established (7 days after MIA), hASC-CM was injected by IA, IPL and 

IV route and its effect monitored over time. Neuroinflammation in nerve, dorsal root ganglia 

and spinal cord was evaluated measuring proinflammatory markers and mediators by RT-

qPCR. Protein content analysis of secretome by Mass Spectrometry was performed.

Results: A single injection with hASC-CM induced a fast and long lasting antihyperalgesic 

and antiallodynic effect. The IV route of administration appeared to be the most efficacious 

although all the treatments were effective. The effect on pain correlated with the ability of 

hASC-CM to reduce the neuroinflammatory condition in both the peripheral and central 

nervous system. Furthermore, the secretome analysis revealed 101 factors associated 

with immune regulation.

Conclusion: We suggest that hASC-CM is a valid treatment option for controlling OA-

related hypersensitivity, exerting a rapid and long lasting pain relief. The mechanisms 

underpinning its effects are likely linked to the positive modulation of neuroinflammation in 

peripheral and central nervous system that sustains peripheral and central sensitization.

1. INTRODUCTION
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Osteoarthritis (OA) is the most common form of chronic degenerative joint disease, 

affecting millions of people worldwide (Hunter et al., 2014; Mandl, 2019). It is characterized 

by the articular cartilage breakdown, subchondral bone remodeling, osteophyte formation 

and synovitis. It is suggested that both mechanical factors and inflammation cause a 

progressive joint damage (Barr et al., 2015; Felson et al., 2013). Although in patients there 

is a discrepancy between joint damage and painful manifestations, pain is a recurrent 

symptom in OA and the primary reason to seek medical help (Rainbow et al., 2012; Barr et 

al., 2015; Bedson and Croft, 2008). Current strategies for pain management are not 

satisfactory and often associated with substantial adverse effects (Alshami, 2014).

In the osteoarthritic joint, cells, such as synoviocytes, inflammatory cells, or chondrocytes 

produce chemokines, cytokines, and proteases, which can sensitize primary sensory 

neuron afferents (Orita et al., 2011; Schaible, 2012). The continuous increased nociceptive 

input from the periphery further results in central sensitization in dorsal horn spinal cord. 

Pathological changes in the joint cause hyperexcitability of the dorsal horn neurons (Grubb 

et al., 1993; Orita et al., 2011; Schaible, 2012), reducing their thresholds and enhancing 

their responses to knee stimulation. These sensitized dorsal horn neurons expand their 

receptive fields, a mechanism that underlies the spread of hypersensitivity from the knee 

joint to adjacent areas. The expansion of receptive fields and the reduction of mechanical 

thresholds around the joint area are consistently observed in OA patients (Arendt-Nielsen 

et al., 2010).

The development of neuroinflammation in dorsal root ganglia (DRG) and spinal cord has 

been described in rodent models of OA (Zhang et al., 2013; Haywood et al., 2018; de 

Sousa Valente, 2019). Neuroinflammation is characterized by microglia and astrocyte 

activation and by the production and release of proinflammatory cytokines and 

chemokines that sensitize neurons. Neuroinflammation is a common feature of different 

types of chronic pain (Thakur et al., 2012; Haywood et al., 2018). Indeed, some authors 
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have suggested that in OA a neuropathic pain component may be present (Thakur et al., 

2012; Haywood et al., 2018). Interestingly, in experimental models, the modulation of 

neuroinflammation by different pharmacological treatments has been positive in relieving 

OA associated pain (de Sousa Valente, 2019). 

In the search for novel effective treatments, stem cells and their secretome have been 

successfully applied to ameliorate pain in several conditions. More than 300 clinical trials 

have assessed/ are evaluating the safety and efficacy of Mesenchymal Stem Cells (MSCs) 

for pain management (clinicaltrials.gov;condition or disease: pain; other terms: MSC; 

Status: Active, not recruiting/ completed). MSCs were initially proposed in regenerative 

medicine based on their differentiation potential in several orthopedic conditions (Steinert 

et al., 2012; de Girolamo et al., 2015). However, the lack of a correlation between 

functional improvement and effective cell engraftment and/or differentiation in situ has led 

to the assumption that MSCs exert their effects primarily through their secreted products. 

Many studies provide pivotal support for this paracrine hypothesis and MSC-based therapy 

is increasingly focused on their secreted factors rather than their differentiation ability 

(Caplan, 2017; Crivelli et al., 2017). The MSC secretome, defined as the set of MSC-

derived bioactive factors (soluble proteins, nucleic acids, lipids and extracellular vesicles), 

showed therapeutic effects similar to those observed after MSC transplantation (Harrell et 

al., 2019; Praveen Kumar et al., 2019), bypassing some drawbacks of cell-based therapy, 

such as undesired differentiation and potential activation of allogeneic immune response 

(Lukomska et al., 2019; Volarevic et al., 2018). Therapeutic effects of MSC secretome 

depend upon its ability to reach target cells and deliver genetic material, growth and 

immunomodulatory factors.

We previously demonstrated that intravenously injected human adipose-derived MSC 

(hASC) secretome was able to decrease neuropathic pain in diabetic mice, throughout a 
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modulation of peripheral immune responses and a reduction of the neuroinflammatory 

conditions in DRG and spinal cord (Brini et al., 2017).

The monosodium-iodoacetate (MIA)-induced OA model is largely used to evaluate pain 

and possible therapies in mice and rats. Intra-articular (IA) MIA injection results in 

functional impairment similar to human OA (Zhang et al., 2013; de Sousa Valente, 2019). 

Animals show MIA-induced pain-related behavior such as thermal hyperalgesia and 

mechanical allodynia that develop early after MIA injection (Ferreira-Gomes et al., 2012; 

Ogbonna et al., 2013; Zhang et al., 2013; de Sousa Valente, 2019; Lockwood et al., 2019). 

The neuroinflammatory activation in DRG and spinal cord leads to plasticity changes at the 

spinal cord level (Ferreira-Gomes et al., 2012; Ogbonna et al., 2013; Lockwood et al., 

2019).

Our present study explores the efficacy of hASC secretome on pain behaviors and 

neuroinflammation in a MIA murine model of OA. Once assessed the presence of pain in 

OA mice, we injected hASC secretome in the affected paw by three different 

administration routes: intravenous (IV) intra-articular (IA) or intra-plantar (IPL). The effect 

of a single IV, IPL and IA hASC secretome injection was evaluated overtime on thermal 

hyperalgesia and mechanical allodynia. Neuroinflammation in nerve, DRG and spinal cord 

was assessed by measuring the expression levels of proinflammatory cytokines that are 

involved in microglia and astrocyte activation and in cell damage. Moreover, a proteomic 

analysis of hASC secretome unravels some of the factors that could be involved in 

counteracting OA-related symptoms.

2. MATERIALS AND METHODS

2.1 Animals

A total of 48 nine-week-old male C57BL/6J mice (Charles River Laboratories, Calco, Italy) 

were used. The animals were housed with 12-h dark/light cycle at 22 ± 1°C RT and 
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humidity of 55 ± 10% in groups of three per cages (type II—26 cm × 20 cm × 14 cm) with 

bedding, nesting material and enriched environment. Rodents chow consisted of standard 

pellet and tap water ad libitum. Mice were acclimatized for 1 week and handled by 

exposure to a passive hand, tickling and hand restraint for few minutes/day. All animal 

experiments complied with ARRIVE guidelines. Animal care and experimental procedures 

were in accordance with the International Association for the Study of Pain and European 

Community (E.C.L358/118/12/86) guidelines and were approved by the Animal Care and 

Use Committee of the Italian Ministry of Health (Authorization 180/2020 to PS). All efforts 

were made to minimize animal suffering and to reduce the number of animals used in 

accordance with the 3R principles. Correct strategies to minimize potential confounders 

were applied. The behavioral experiments were performed by researchers blind to 

treatment conditions until the completion of statistical analysis. 

2.2 Induction of osteoarthritis

Mice were randomized in two experimental groups, saline-treated (controls, CTR) and 

MIA-treated, using the coin flipping method (Moschetti et al., 2019). Animals were 

anesthetized with anesthetic isoflurane plus 100% oxygen. Induction of anesthesia was 

performed in a chamber by 5% isoflurane and maintained with a nose with 0.7% (flow rate 

= 0.5-1 l/min) (Liu et al., 2014). OA was induced by a single IA injection into the right knee 

of 1 mg of MIA (Sigma-Aldrich, Italy) in a volume of 10μl of sterile saline (Ogbonna et al., 

2013). CTR mice received an intra-articular injection of sterile saline (10μl in the right 

knee).

2.3 Cell harvesting and cultures

Adipose-derived stem cell (hASC) cultures were obtained from waste tissues collected at 

IRCCS Istituto Ortopedico Galeazzi according to the procedure PQ 7.5.125, version 4. 
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Written informed consent was obtained from all donors. hASC were isolated following well-

established protocols (Giannasi et al., 2020). Briefly, hASC were isolated by enzymatic 

digestion of subcutaneous adipose tissue from patients undergoing aesthetic or prosthetic 

surgery, with 0.75mg/ml type I Collagenase (Worthington Biochemical Corporation, 

Lakewood, NJ, USA) for 30 minutes and filtering of the stromal vascular fraction. Cells 

were cultured in DMEM supplemented with 10% FBS (Euroclone, Italy), 2mM L-glutamine, 

50U/ml penicillin and 50μg/ml streptomycin at 37°C in a humidified atmosphere with 5% 

CO2. hASC were characterized as previously described (Niada et al., 2016).

2.4 Conditioned Medium (secretome) production

Conditioned medium (CM) was collected from hASC (V-VI passage) as previously 

described (Niada et al., 2018; Niada et al., 2020). In details, ~90% confluent hASC were 

washed twice with PBS, then for one hour in starving medium (phenol red-free DMEM – 

D1145 Sigma-Aldrich, 2mM L-glutamine, 50U/ml penicillin and 50μg/ml streptomycin), and 

afterwards, cultured in new fresh starving medium. After 72 hours, CM was centrifuged for 

15 min at 2500g, 4°C to remove dead cells, cell debris and large apoptotic bodies. The 

supernatant was then centrifuged at 4000g, 4°C, inside Amicon Ultra-15 Centrifugal Filter 

Devices with 3kDa cut-off (Merck Millipore, Burlington, MA, USA). Protein content was 

measured by Bio-Rad Protein Assay Dye Reagent Concentrate (#5000006), following 

manufacturer's instructions. Conditioned Medium derived from 2*106 hASC (hASC-CM) 

(Brini et al., 2017), corresponding to 43.5±10.5 µg of protein, was used.

2.5 Secretome treatment

Seven days after OA induction, mice in an evident state of sensory hypersensitivity (MIA-

animals) were randomized into the following groups using the coin flipping method:

 MIA: no treatment
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 MIA + hASC-CM/vehicle IV: animals receiving caudal tail vein injection of hASC secretome 

in 200μl of PBS supplemented with 2.5% heparin (vehicle) or vehicle alone.

 MIA + hASC-CM/vehicle IPL: animals receiving intraplantar injection (right paw) of hASC 

secretome in 15μl of vehicle or vehicle alone.

 MIA + hASC-CM/vehicle IA: animals receiving intra-articular injection (right knee) of hASC 

secretome in 15μl of vehicle or vehicle alone.

2.6 Behavioral test

Hypersensitivity evaluations were done before (0, basal) and 3, 7, 8, 9, 10, 14 and 21 days 

after OA-induction. For mechanical allodynia and thermal hyperalgesia, three different 

measurements were recorded for each mouse and mean calculated. Values obtained from 

mice of the same experimental group were then averaged and used for statistical analysis. 

A limping test was performed 21 days after OA induction corresponding to 14 days after 

hASC-CM administration.

2.6.1 Mechanical allodynia: von Frey test

Mechanical allodynia was evaluated through mechanical touch sensitivity using a blunt 

probe (Von Frey filament, 0.5 mm diameter, ranging up to 10 g in 10 s) on the hind-paws 

central plantar surface by dynamic plantar aesthesiometer (Ugo Basile, Italy). Responses 

to mechanical stimuli (Paw Withdrawal Thresholds, PWT) were expressed in grams (g).

2.6.2 Thermal hyperalgesia: plantar test

Thermal hyperalgesia was tested using a plantar test apparatus (Ugo Basile, Italy). The 

mid-plantar area of hind paws was stimulated through a constant radiant intensity heat 

beam (Ø 0.5 cm, Ω 20 IR) and the time (seconds, cut-off 22 s) it took to paw withdrawal 

was recorded (Paw Withdrawal Latency (PWL)).

2.6.3 Locomotor function: limping test
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The animal was placed in a Plexiglas box (70x70x30 cm) and left free to move for 60 

seconds. During the test, the animal was carefully observed by several researchers and a 

score from 1 to 5 was assigned, based on its behavior. 

If the mouse did not limp or drag the right hind leg within this observation period, then no 

anomaly was highlighted and the max score of 5 was attributed. The animal behavior was 

graded according to the following 5 points scale: 

5, no response; 

4, quick limp or drag of the right leg; 

3, prolonged dragging or repeated limp (more than twice) of the right leg; 

2, repeated limping of the right leg with distinct dragging;

1, constant dragging of the right leg, without ever resting it.

All the researchers were blind to treatments. For each mouse, the values attributed by at 

least three independent researchers were averaged and used for statistical analysis.

2.7 Tissue collection

21 days after MIA, corresponding to 14 days after a single IV, IPL or IA hASC-CM 

treatment, mice were terminally anesthetized by isoflurane overdose. Spinal cord (L3-L6), 

ipsilateral DRG (L3-L6), and ipsilateral sciatic nerve and its distal branches (tibial, common 

peroneal and sural nerves) were isolated, snap frozen in liquid nitrogen and stored at 

−80°C. 

2.8 RT-qPCR

RNA was extracted from homogenized tissue using TRIzol® reagent (Invitrogen, Carlsbad, 

USA) according to manufacturer’s instruction. cDNA was obtained from 1000 ng RNA 

using reverse transcriptase kit LunaScript™ (BioLabs, UK). mRNA levels of interleukin-1β 

(IL-1β), interleukin 6 (IL-6), glial fibrillary acidic protein (GFAP), cluster of differentiation 68 



10

(CD68), activating transcription factor 3 (ATF3) and toll-like receptor 4 (TLR4) 

(Mm00434228_m1, Mm00446190_m1, Mm01253033_m1, Mm03047343_m1, 

Mm00476033_m1, Mm00445274_m1) were measured with quantitative PCR by 

QuantStudio(TM)5, (Thermofisher Scientific, USA) using Taqman Gene expression assays 

and Luna® Universal Probe qPCR Master Mix (BioLabs, UK). The mRNA levels were 

normalized to GAPDH (Mm99999915_g1) and data were analyzed using the 2-ΛΛCT 

method. Each sample was run in duplicate alongside non-template controls.

2.9 nLC-MS/MS and data analysis

CM samples (20 µg/each) from 3 hASC populations were analyzed by nLC-MS/MS at 

Proteomics and Metabolomics Facility (ProMeFa - San Raffaele Scientific Institute, Milan), 

as previously described (Niada et al., 2020).To quantify proteins, the raw data were loaded 

into the MaxQuant (Cox et al., 2011) software version 1.6.1.0. Label-free protein 

quantification was based on the intensities of precursors. Processes/pathway analysis was 

performed by STRING (Szklarczyk et al., 2015) with default settings. 

2.10 Statistical analysis

Experiments were designed to minimize the number of animals based on the results 

obtained in our previous studies (Brini et al., 2017) and on pre-study power analysis 

considering the antiallodynic response as the primary endpoint. Statistical analysis was 

performed using GraphPad Prism 6 (San Diego, CA). Normality and equal variance were 

checked before choosing statistical tests. Data represent mean ± SD of 6 animals/group. 

Hyperalgesia and allodynia results were analyzed using Two-way repeated-measures 

ANOVA with Bonferroni’s post hoc test. Limping scores and biochemical data were 

analyzed using One-way ANOVA followed by Bonferroni's test. Differences were 

considered significant at p ≤ 0.05.
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3. RESULTS

3.1 hASC-CM reversed MIA induced hypersensitivity

As reported in Fig. 1, the intra-articular injection of MIA elicited a significant thermal 

hyperalgesia (panel A) and mechanical allodynia (panel B) in the ipsilateral paw (Two-way 

ANOVA RM p<0.001 vs CTR). Hypersensitivity was present 3 days after MIA injection and 

lasted for 21 days.

Seven days after MIA, when hypersensitivity was fully developed, hASC-CM or vehicle 

were injected by 3 different routes of administration: IA and IPL in the ipsilateral paw or IV. 

IV, IPL or IA vehicle administration in MIA mice did not affect thermal hyperalgesia (panel 

A) and mechanical allodynia (panel B). In contrast hASC-CM was able to significantly 

reduce thermal hyperalgesia (panel A: Two-way ANOVA RM vs respective MIA vehicle 

treated mice: p<0.001) and mechanical allodynia (panel B: Two-way ANOVA RM vs 

respective MIA vehicle treated mice: p<0.001) independently of the route of administration. 

A significant reduction of hypersensitivity was present 1 day after treatments (p<0.001 vs 

respective MIA vehicle treated mice) and lasted up to 14 days later (p<0.001 vs respective 

MIA vehicle treated mice). Significant differences were observed among the routes of 

administration. The IV hASC-CM treatment was more effective than the IPL or the IA ones 

in reversing thermal hyperalgesia (panel A, IV vs. IPL and IA p<0.001). Moreover, the IA 

route was less efficacious that the IPL one in reducing thermal hyperalgesia (IA vs IPL 

p<0.001).

As shown in panel B, the IV route was also significantly more effective than the IPL one 

(p<0.05) and the IA one (p<0.001) in reducing mechanical allodynia, starting from day 2 

after administration. The IA route was less efficacious that the IPL one (p<0.01). The 

allodynia relief induced by the IV route was complete (p>0.05 vs CTR), while the 

thresholds of animals treated with IPL and IA hASC-CM appeared significantly lower than 

the control data (p<0.01).
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Neither PWL nor PWT measured in the contralateral paws were modified by any treatment 

or condition (data not shown). At day 21, an evident lameness was present in MIA mice 

(panel C) (p<0.001 vs CTR) and only IV hASC-CM treatment significantly reduced the 

limping (p<0.05).

3.2 Effects of hASC-CM on inflammatory markers in sciatic nerve, DRG and spinal 

cord of MIA treated mice

The evaluation of neuroinflammation was performed 21 days after MIA, that is 14 days 

after a single IV, IPL or IA hASC-CM treatment. 

As reported in Fig.2, in the sciatic nerve of MIA mice, we observed a significant 

upregulation of all the evaluated parameters (ANOVA, p<0.001 vs controls). IL-1β and IL-6 

increased levels were reduced by the IV and the IPL hASC-CM administration, but not by 

the IA injection (panel A, IL-1β: p<0.001 IV and IPL vs MIA; panel B IL-6: p<0.001 IV vs 

MIA; p<0.05 IPL vs MIA). GFAP upregulation was significantly blunted by IV, IPL and IA 

hASC-CM (p<0.001 vs MIA). CD68 (p<0.001 vs MIA), TLR4 (p<0.001 vs MIA) and ATF3 

(p<0.001 IV and IPL vs MIA; p<0.05 IA vs MIA) expression was also reduced by hASC-CM 

independently of the route of administration. 

A relevant neuroinflammatory status was observed also in DRG (Fig.3). A significantly 

increased level of IL-1β was present and IV, IPL, IA hASC-CM similarly decreased the 

cytokine expression (p<0.001 vs MIA).

IV and IPL, but not IA hASC-CM also reduced CD68 (p<0.001 IV vs MIA: p<0.05 IPL vs 

MIA) and ATF3 upregulation (p<0.001 IV and IPL vs MIA), while TLR4 overexpression was 

blunted by all hASC-CM administration routes (IV, IPL vs MIA p<0.001; IA vs MIA p<0.01). 

In this tissue, IL-6 and GFAP were not affected by MIA or treatments.

As reported in Fig.4, in the spinal cord all the neuroinflammatory markers were increased 

in MIA mice (p<0.01 vs controls), indicating the involvement of CNS. IL-1β and ATF3 
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upregulation was significantly prevented only by IV hASC-CM administration (p<0.01 and 

p<0.001 vs MIA, respectively), that was also able to partially control TLR4 activation. IL-6 

and GFAP levels were similarly reduced by IV, IPL and IA hASC-CM (p<0.001 vs MIA). 

Moreover, IV (p<0.001 vs MIA), IPL and IA hASC-CM (p<0.01 vs MIA) blunted CD68 

expression.  

3.3 Proteomic analysis of hASC-CM

To propose possible mediators of hASC-CM action, we analysed its protein content. nLC-

MS/MS allowed the quantification of 671 factors in hASC-CM samples. Without 

considering proteins that were not present in all the samples, we selected 354 factors 

(Supplementary Table 1) that were analysed using STRING in order to identify enriched 

pathways and processes. A number of significantly enriched Reactome pathways and GO 

processes were identified (Supplementary Table 2 and 3). Of note, the majority of these 

pathways/processes are involved with the immune response. In fact, among the top 10 

pathways three refer to immune system modulation (Fig.5 A-B). Gene Ontology (GO) 

analyses showed, as expected, an enrichment in secreted and extracellular vesicle 

proteins, but also strongly support the involvement of hASC-CM related factors with 

immune system regulation (Fig.5C). 

4. DISCUSSION

Chronic pain is frequently present in OA patients, and its pharmacological treatment is 

never satisfactory for both scarce efficacy and side effects. 

In the present work, using the well consolidated model of MIA-induced OA, we 

demonstrate that hASC-CM can be a valid therapeutic approach for pain relief. Our results 

suggest that the hASC-CM effect is likely mediated by the modulation of 

neuroinflammation in the peripheral and central nervous system.
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During experimental OA, joint afferents typically expand their receptive fields to areas 

adjacent to the injected joint; the same expansion of receptive fields and reduction of 

mechanical thresholds around the joint area have been observed in OA patients (Miller 

and Malfait, 2017). As expected, after MIA injection in the joint we observed the 

development of referred pain, expressed as thermal hyperalgesia and mechanical 

allodynia in the ipsilateral paw. Hypersensitivity appeared in 3 days and remained stable 

up to 21 days after MIA.

We decided to treat MIA animals with hASC-CM 7 days after OA induction, once 

hypersensitivity was stable and became comparable to chronic pain even though the 

animals were not in an end-stage disease yet.

Independently of the route of administration, a single hASC-CM treatment induced a fast 

and long lasting pain relief, still present 14 days later. The rapid and persistent analgesic 

effect of a single hASC-CM administration is a common feature, since it was observed in 

the treatment of different types of chronic pain, such as neuropathic and inflammatory pain 

in the rodent (Guo et al., 2011; Praveen Kumar et al., 2019; Brini et al., 2017).

hASC-CM was effective after IPL, IA and IV injection. However, IV administration was 

significantly more efficacious than the others were, while the IA one was the less active. It 

is important to point out that the evoked response to the mechanical stimulus was 

completely abolished after IV hASC-CM administration. This aspect is relevant since in OA 

patients a clear mechanical component of pain is predominant, and a quantitative sensory 

testing has shown the presence of reduced thresholds to mechanical stimuli both at the 

affected joint and at remote sites (Suokas et al., 2012). Moreover, the IV secretome 

administration significantly improved also spontaneous locomotor activity, reducing limping 

behavior.

In recent years MSCs and, to a lesser extent, their secretome have been increasingly 

considered as promising tools in the regenerative medicine field. Nevertheless, several 
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aspects concerning their clinical application still need to be clarified, such as the choice of 

the best route of administration in the different pathological conditions. In joint pathology, 

IA administration represents the gold standard choice for orthopedic surgeons. However, 

our results indicate that IA, although effective, is the least efficacious route of 

administration for treating OA-associated chronic pain. Conversely, in our OA model, the 

systemic injection of hASC-CM represents the most effective treatment. These 

observations lead us to hypothesize that the antihyperalgesic and antiallodynic action is 

not only exerted in the joint, but rather on peripheral and central nervous system where the 

events seem to lead to pain sensitization.  

Chronic pain is often characterized by the presence of neuroinflammation in both 

peripheral and central nervous system, and a pathological cross-talk between neuronal 

and non neuronal cells is a common substrate to several chronic pain conditions (de 

Sousa Valente, 2019). Our data confirm and expand the concept of an overt 

neuroinflammation affecting the nerve, the DRG and the spinal cord also in a mouse 

model of OA pain. In the literature, there are no studies/observations at the nerve level in 

the MIA mouse model. Considering that pain measurements are performed at the paw 

level (referred pain) and that the sciatic nerve and its distal afferents (tibial, common 

peroneal and sural nerves) are those that innervate the paw, we decided to analyze 

neuroinflammation in the sciatic nerve. In this tissue, we observed an unexpected 

overexpression of inflammatory cytokines and macrophage markers. Activated Schwann 

cells or infiltrating macrophages could be responsible for the increase of inflammatory 

markers in the sciatic nerves and may be a consequence of demyelination phenomena 

(Muley et al., 2017). We also detected in this tissue a significant increase of ATF3.  The 

relevant increase of ATF3 in the nerve can be attributed to the fact that it can be 

upregulated in several cell types. In fact both Schwann cells and CD68 positive cells 
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infiltrating the damaged tissue can overexpress it, and it has also been reported that ATF3 

could be retrogradely transported  from DRG to axons  (Hunt et al., 2012).

Further experiments on nerve morphology and conduction are needed to understand the 

role of neuroinflammation of the sciatic nerve in OA chronic pain. Also in DRG, we 

observed an overexpression of mRNA for macrophage/microglia markers such as CD68, 

TLR4 and for the proinflammatory cytokine IL-1β. Our data suggest a crucial role of TLR4 

and of infiltrated macrophages in PNS; upon activation, these cells release a broad 

spectrum of proinflammatory mediators like cytokines and chemokines contributing to 

damage and sensitizing processes (Miller and Malfait, 2017). The sensitization process 

proceeds to the spinal cord, where we demonstrated microglia activation and IL-1β 

overexpression, in agreement with previous reports (Im et al., 2010; de Sousa Valente, 

2019).

 In contrast with the established role of microglia in the development of hypersensitivity in 

the MIA model of OA, the role of astrocytes is less clear, indeed studies reported either a 

lack of astrocyte response (Ogbonna et al., 2013) or an increase of GFAP (Lin et al., 

2017). Our results about the increase of GFAP mRNA both in nerve and spinal cord, 

support the hypothesis that, 21 days after MIA injection, the activation of Schwann cells in 

the nerve and of astrocytes in the spinal cord contribute to the transition to chronic pain. 

Moreover, also ATF3 mRNA, a marker of neuronal damage, is consistently overexpressed 

in the nervous tissues. This confirms previous data on its activation in rat models of OA 

(Ivanavicius et al., 2007; Thakur et al., 2012; Ferreira-Gomes et al., 2012), that was not 

formerly described in the mouse (Ogbonna et al., 2013). One explanation could be the 

different time point of the analysis, since our data refer to 21 days after MIA injection, 

when the hypersensitivity is chronic. 

Treatment with hASC-CM has a relevant positive impact on the neuroinflammatory 

parameters. According to what we observed for pain relief, the IV route of administration is 
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also the most effective one in relieving neuroinflammation. In fact, proinflammatory 

cytokines, macrophage marker upregulation, microgliosis, astrocyte activation and ATF3 

overexpression are reduced to physiological levels after IV treatment. Differently, after IPL 

and IA hASC-CM administration the reduction of neuroinflammation, although still evident, 

does not affect all the analyzed markers and mediators. For example, the IA treatment fails 

to normalize ATF3 upregulation in all the tissues or reestablish basal levels of TLR4 and 

IL-1β in spinal cord. Therefore, we think that there is a reasonable correlation between the 

degree of efficacy of the three tested routes of administration to ameliorate painful 

behaviors and the control of neuroinflammation in the peripheral and central nervous 

system.

Considering these results, we are confident enough to hypothesize that the effect of 

hASC-CM is exerted mainly in the nervous system rather than directly in the joint.

The biologically active substances contained in the hASC-CM (cytokines, chemokines, cell 

adhesion molecules, lipid mediators, growth factors, hormones, exosomes, microvesicles, 

etc.) can activate/deactivate specific signaling pathways in the peripheral and central 

nervous system with a final protective outcome (Harrell et al., 2019; Praveen Kumar et al., 

2019). Furthermore, the lasting antiallodynic and antihyperalgesic effect of hASC-CM may 

favor the hypothesis of a reprogramming of the immune and neuronal environments that, 

once activated, change the course of neuroinflammation and pain establishment in this OA 

model. We would like to highlight that our study was performed in a mouse model. 

Although a pain relief lasting 14 days after a single treatment is very relevant in the mouse, 

we cannot speculate on the duration of the effect in humans, as in patients OA and 

associated pain may last for several years. However, the useful and surprising long lasting 

effect of hASC-CM has been already described in other rodent models of pathological 

conditions, such as diabetic neuropathy and nephropathy (Brini et al., 2017), liver disease, 
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urological dysfunction and Alzheimer disease (Mita et al., 2015; Lee et al., 2015; Yiou et 

al., 2016).

The present study is focused on the secretome, that represents a novel and safer 

approach, and we did not directly compare its efficacy with that of hASCs. In a preliminary 

experiment in this MIA model we evaluated the effect of hASCs only on hyperalgesia and 

the results were similar to those reported for secretome (data not shown). Previous work 

from our group demonstrated that IV hASC-CM and hASCs similarly relieved pain and 

neuroinflammation in a murine model of diabetic neuropathy, suggesting that secretome 

may mimic the effects of the cell therapy on pain and neuroinflammation (Brini et al., 

2017). However, considering the studies that indicate a reparative effect of IA injected 

MSCs (Jayaram et al., 2019; Doyle et al., 2020), together with the evidence of a certain, 

even though limited, engraftment of these cells in the OA joint (Satué et al., 2019; 

Enomoto et al., 2020; Park et al., 2017), and their plasticity and ability to modify their 

secretome in response to the environment (e.g. inflammatory mediators) (Barry, 2019), we 

cannot rule out that cells would be more effective than secretome when injected locally in 

the joint. It can be hypothesized that cells and secretome may indeed have synergistic or 

complementary effects, but further experiments are needed in this direction. 

To figure out a cocktail of possible mediators involved in the hASC-CM anti-

neuroinflammatory action, we analysed its proteomic profile. The investigation of the 

enriched pathways and processes indicated that ten out of the top twenty processes are 

associated with immunity, and 101 factors were identified as associated with immune 

regulation. Several factors present interesting features related to neuroinflammation down 

modulation. ADAM10 has been shown to repress hippocampal neuroinflammation (Zhu et 

al., 2018). Annexin is a key player in the resolution of peripheral inflammation and act at 

CNS level by modulating microglia activity and preventing the production of 

proinflammatory mediators (McArthur et al., 2010). Clusterin is involved in neuronal 
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protection (Gregory et al., 2017) and it might modulate neuroinflammation by suppressing 

complement activation. Gelsolin possesses analgesic and anti-inflammatory properties 

(Gupta et al., 2015). Pentraxin 3, an essential mediator of anti-inflammatory and protective 

effects in peripheral inflammatory conditions also exerts its function in CNS reducing 

neuroinflammation (Rajkovic et al., 2019). At last, Tissue-Inhibitor-Metalloproteases 

(TIMPs) might play a fundamental role in dampening down pain. This could be explained 

by the known fine tuning between Metalloproteases (MMPs) and TIMPs activity that in 

pathological inflammatory status is often compromised. In the pain context, TIMPs have 

been shown to reduce mechanical and thermal hypersensitivity following nerve damage by 

inhibiting MMPs activity (Kawasaki et al., 2008; Knight et al., 2019).

Exosomes are also present in hASC-CM (Niada et al., 2019), and they carry specific 

mRNA or miRNA, which could potentiate the reparative and healing process of injured 

tissues. Although it is possible that for different pathological conditions, diverse mediators 

may be responsible for the hASC-CM beneficial effect, we think that what makes the 

secretome unique is indeed the simultaneous presence of all these multiple factors. Of 

note, cell secretome composition could be modified in order to enhance its efficacy. 

Multiple priming strategies, such as cytokine, pharmacological or chemical treatment and 

hypoxia, are currently under investigation (Noronha et al., 2019). In the light of Dazzi’s 

group and others findings, (Galleu et al., 2017; Liu et al., 2020) the induction of cell 

apoptosis and the inclusion of all the apoptotic bodies in conditioned medium might 

represent a good strategy, too.

The interest in the use of stem cell-derived secretome rather than stem cells themselves 

for the treatment of inflammatory and degenerative diseases is rapidly increasing. Indeed 

MSC-secretome bypasses many limitations of MSC-based therapy, including unwanted 

differentiation and potential activation of allogeneic immune response (Lukomska et al., 

2019; Volarevik et al., 2018). Several important advantages of secretome compared with 
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its cell-based counterpart have to be considered including a reduced product variability, a 

higher reproducibility, an easy and less cost effective storage, together with a safer profile, 

and dosage (Harrell et al., 2019; Praveen Kumar et al., 2019).

Although the use of secretome has already reached patients (Katagiri et al., 2016; 2017) 

and no adverse effects were described, we are also aware that several steps are needed 

before proceeding to large-scale use of secretome for human treatment. Current Good 

Manufacturing Practices (cGMP) compliant protocols for the preparation, the storage, and 

the stability of the MSC secretome, together with control parameters are needed. 

Moreover, optimal protein concentration of the dose, administration route, and frequency 

and volume of injection, must still be determined in the perspective of a clinical translation.

5.0 CONCLUSION

We demonstrate that hASC-CM is a valid treatment option for controlling OA related 

hypersensitivity, exerting a rapid and lasting relief of painful symptoms. Several routes of 

administration may be exploited, although the systemic injection appears to be the most 

active in our MIA model of OA. The mechanisms at the basis of the effects can be 

ascribed to the ability of hASC-CM to positively modulate the neuroinflammation that 

sustains peripheral and central sensitization in peripheral and central nervous system. In 

the future, we will use our model to evaluate the efficacy of cocktails of selected factors, 

soluble or trapped in extracellular vesicles in order to provide a future clinical treatment for 

OA.
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LEGENDS

Fig. 1. Allodynia and hyperalgesia. Development of thermal hyperalgesia (panel A), 

mechanical allodynia (panel B) and limping (panel C),following MIA intra-articular 

administration (right knee) and the effect of vehicle or hASC-CM administration in MIA mice 

at day 7 after MIA by three different routes: intravenous (IV), intraplantar (IPL) and intra-

articular (IA). Data are presented as the mean ± SD of 6 mice per group. Statistical analysis 

of thermal hyperalgesia and mechanical allodynia was performed by means of Two-way 

ANOVA for repeated measures followed by the Bonferroni's post test. Treatment: F (7, 35) 

panel A= 592.2, p<0.0001; panel B=205.1, p<0.0001; Time: F (7, 35) panel A=1676, 

p<0.0001; panel B=368.7, p<0.0001; Interaction: F (49,245) panel A=86.27, p<0.0001; 

panel B=24.99, p<0.0001. Statistical analysis of limping was performed by One-way ANOVA 

followed by Bonferroni’s post test, F (4, 25) =9.316, p<0.0001. 

***p<0.001, **p<0.01, *p<0.05 vs CTR (intra-articular treated with saline), °°°p<0.001, 

°p<0.05hASC-CM vs vehicle by the same route of administration in MIA mice, ###p<0.001, 

##p<0.01, #p<0.05 vs IV hASC-CM, +++p<0.001,++p<0.05 vs IPL hASC-CM.

Fig. 2. Biochemical evaluation in sciatic nerve. mRNA levels of neuroinflammatory 

markers (IL-1β, IL-6, GFAP, CD68, ATF3 and TLR4 reported in panels a, b, c, d, e, f, 

respectively) were measured in ipsilateral sciatic nerve using Real Time-qPCR. Evaluations 

were performed 21 days after MIA intra-articular administration (right knee), corresponding 

to 14 days after hASC-CM injection. hASC-CM was administered to MIA-mice by three 

different routes: intravenous (IV), intraplantar (IPL), intra-articular (IA). Results were 

expressed in relation to GAPDH and presented as fold-increases over the levels of CTR-

mice. Data are expressed as the mean±SD from 6 mice per group. Statistical analysis was 

performed by One-wayANOVA followed by Bonferroni’s post test. F(4,25) IL-1β=70.59, 
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p<0.0001; IL-6=16.80, p<0.0001; GFAP=48.95, p<0.0001; CD68 =49.88, p<0.0001, 

ATF3=33.80, p<0.0001; TLR4 =17.88, p<0.0001. ***p<0.001,**p<0.01,*p<0.05 vs CTR 

(intra-articular saline treatment); °°°p<0.001,°p<0.05 vs MIA ; ###p<0.001,#p<0.05 vs IV 

hASC-CM, +++p<0.001,++p<0.01 vs IPL hASC-CM.

Fig. 3. Biochemical evaluation in DRG. mRNA levels of neuroinflammatory markers (IL-

1β, IL-6, GFAP, CD68, ATF3 and TLR4 reported in panels a, b, c, d, e, f respectively) were 

measured in ipsilateral DRG by using Real Time-qPCR. Evaluations were performed 21 

days after MIA intra-articular administration (right knee), corresponding to 14 days after 

hASC-CM injection. hASC-CM was administered to MIA-mice by three different routes: 

intravenous (IV), intraplantar (IPL), intra-articular (IA). Results were expressed in relation to 

GAPDH and presented as fold-increases over the levels of CTR-mice. Data are expressed 

as the mean±SD from 6 mice per group. Statistical analysis was performed by One-

wayANOVA followed by Bonferroni’s post test. F(4,25) IL-1β=13.22, p<0.0001; IL-6=5.172, 

p=0.0035; GFAP=2.886, p=0.0430; CD68=13.99, p<0.0001; ATF3=23.54, p<0.0001; 

TLR4=40.66, p<0.0001. ***p<0.001,**p<0.01,*p<0.05 vs CTR (intra-articular saline 

treatment), °°°p<0.001,°°p<0.01,°p<0.05 vs MIA, ###p<0.001,##p<0.01,#p<0.05 vs IV 

hASC-CM, ++p<0.01 vs IPL hASC-CM.

Fig. 4. Biochemical evaluation in spinal cord. mRNA levels of neuroinflammatory 

markers (IL-1β, IL-6, GFAP, CD68, ATF3 and TLR4 reported in panels a, b, c, d, e, f 

respectively) were measured in spinal cord by using Real Time-qPCR. Evaluations were 

performed 21 days after MIA intra-articular administration (right knee), corresponding to 14 

days after hASC-CM injection. hASC-CM was administered to MIA-mice by three different 

routes: intravenous (IV), intraplantar (IPL), intra-articular (IA). Results were expressed in 

relation to GAPDH and presented as fold-increases over the levels of CTR-mice. Data are 
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expressed as the mean±SD from 6 mice per group. Statistical analysis was performed by 

One-wayANOVA followed by Bonferroni’s post test.Treatment: F(4,25) IL-1β=6.895, 

p=0.0007; IL-6=49.81, p<0.0001; GFAP=35.03, p<0.0001; CD68=7.434, p=0.0004; 

ATF3=13.42, p<0.0001; TLR4=6.209, p=0.0013. ***p<0.001,**p<0.01,*p<0.05 vs CTR 

(intra-articular saline treatment), °°°p<0.001,°°p<0.01, vs MIA, #p<0.05 vs IV hASC.

Fig. 5. STRING analysis of hASC-CM proteome. Top 10 Reactome Pathways associated 

to hASC-secreted factors (panel A). Protein-protein interactions of the 101 factors involved 

in Neutrophil degranulation (HSA-6798695), Innate Immune System (HSA-168249) and 

Immune System (HSA-168256) (panel B). Gene Ontology analyses of hASC-CM proteins 

(panel C). Top 20 processes were selected on the basis of false discovery rate (FDR) p 

value (Log FDR p value are reported as orange bars). Fold enrichment was calculated as 

follows: fold enrichment = (observed protein count/ hASC-CM characteristic proteins)/ 

(background gene count/total gene number) and it is reported as blue bars.

Supplementary Table 1. Lists of proteins (gene names are reported) used for STRING 

analyses.

Supplementary Table 2. STRING Reactome pathway analyses of hASC-CM proteins, 

ordered by FDR p value. 

Supplementary Table 3. STRING Gene Ontology analyses of hASC-CM proteins, ordered 

by FDR value. Fold Enrichment: (n/m)/ (N/M); n= proteins identified in all hASC-CM sample 

(supplementary table 1) belonging to the pathway/process; m= protein list; N= all 

genes/proteins belonging to the pathway/process; M= patall genes/proteins (universe). 

Benjamini: benjamini p-value.
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 Pain and neuroinflammation in nerve, DRG and spinal cord are present in 

osteoarthritic mice
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 Human adipose-derived mesenchymal stem cell secretome induces fast and lasting 

relief of hypersensitivity 

 Reduction with secretome of neuroinflammation in nerve, dorsal root ganglia and 

spinal cord

 The IV route is more efficacious than the intra-plantar or intra-articular ones on pain 

and neuroinflammation 

 The effect of secretome is exerted in the nervous system rather than in the joint.


