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Abstract 

Therapeutic effects of mesenchymal stem cell (MSC) infusion have been revealed in various human 
disorders, but impacts of diseased micro-environments are only beginning to be noticed. Donor 
diabetic hyperglycemia is reported to impair therapeutic efficacy of stem cells. However, whether 
recipient diabetic condition also affects MSC-mediated therapy is unknown. We and others have 
previously shown that MSC infusion could cure osteopenia, particularly in ovariectomized (OVX) 
mice. Here, we discovered impaired MSC therapeutic effects on osteopenia in recipient type 1 
diabetes (T1D). Through intensive glycemic control by daily insulin treatments, therapeutic effects 
of MSCs on osteopenia were maintained. Interestingly, by only transiently restoration of recipient 
euglycemia using single insulin injection, MSC infusion could also rescue T1D-induced osteopenia. 
Conversely, under recipient hyperglycemia induced by glucose injection in OVX mice, 
MSC-mediated therapeutic effects on osteopenia were diminished. Mechanistically, recipient 
hyperglycemic micro-environments reduce anti-inflammatory capacity of MSCs in osteoporotic 
therapy through suppressing MSC interaction with T cells via the Adenosine 
monophosphate-activated protein kinase (AMPK) pathway. We further revealed in diabetic 
micro-environments, double infusion of MSCs ameliorated osteopenia by anti-inflammation, 
attributed to the first transplanted MSCs which normalized the recipient glucose homeostasis. 
Collectively, our findings uncover a previously unrecognized role of recipient glycemic conditions 
controlling MSC-mediated therapy, and unravel that fulfillment of potent therapeutic effects of 
MSCs requires tight control of recipient micro-environments. 

Key words: Mesenchymal stem cells; cell therapy; recipient; glycemic micro-environment; osteopenia; 
anti-inflammation. 

Introduction 
Systemic infusion of mesenchymal stem cells 

(also known as mesenchymal stromal cells, MSCs) has 
been extensively investigated to treat a variety of 
human disorders [1-6], through either circulatory 
immunomodulation/anti-inflammation [7] or local 

regenerative effects via homing to lesions post 
infusion [8, 9]. Notably, their therapeutic efficacy was 
not always achieved [10-12]; in particular cases, MSC 
transplantation was conditionally beneficial in certain 
recipient settings [13-17]. It has been reported that 
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recipient inflammatory cytokines play an important 
role in triggering immunosuppressive capacity of 
donor MSCs [18, 19]. However, given that 
degenerative and immunological disorders are often 
complicated with combined diseased factors such as 
metabolic alterations [20-22], further elucidating the 
impacts of recipient micro-environments on 
therapeutic effects of MSCs and the underlying 
mechanisms may promote utility of these cells.  

Recently, the influences of diseased metabolic 
micro-environments on MSC function and 
MSC-mediated therapy have just begun to be noticed. 
We discovered that diabetic milieu provokes 
dysfunction of endogenous MSCs in diabetes 
mellitus-induced osteopenia [23]. Furthermore, donor 
diabetic hyperglycemic condition has been reported 
to adversely affect stem cell-mediated therapeutic 
effects in cardiac repair and angiogenesis [24]. With 
regard to exogenous MSC application, although 
pre-clinical and clinical studies have revealed 
potential benefits of MSC infusion on diabetic 
hyperglycemia [25, 26], therapeutic effects of MSCs on 
diabetic complications are limited, which might be 
attributed to the restricted donor MSC function in in 
vivo diseased conditions [27, 28]. Nevertheless, 
detailed investigations of how the recipient diabetic 
micro-environment affects the therapeutic effects of 
donor MSCs are still lacking. 

We and others have previously established the 
methodology of using systemic MSC transplantation 
to cure osteopenias in mice [7, 8, 29, 30]. Current 
pre-clinical studies have confirmed therapeutic effects 
of MSCs in ovariectomy (OVX)-induced bone loss [7, 
9, 30-33], in which estrogen deficiency exerts 
pathologic effects through immunologically mediated 
mechanisms [34], as shown by our findings that 
administration of Tumor necrosis factor-alpha 
(TNF-α) neutralizing antibody could rescue 
OVX-induced skeletal defects [35, 36]. Furthermore, 
immunomodulatory/anti-inflammatory capacity of 
MSCs has been recognized as an underlying principle 
for MSC-mediated therapy in OVX-induced 
osteopenia [7]. Type 1 diabetes (T1D) is also 
recognized as a chronic autoimmune disorder 
characterized by hypoinsulinemia and hyperglycemia 
[37-39], which develops severe bone loss with 
endogenous MSC impairments [23, 40, 41]. Whether 
diseased micro-environments in T1D inhibit the 
therapeutic effects and anti-inflammatory capacity of 
exogenous infused MSCs in osteopenia are unknown. 

In this study, to investigate the potential effects 
of recipient diabetic micro-environments on donor 
MSC therapy, we firstly investigated and compared 
therapeutic effects of MSC infusion on osteopenia 
respectively induced by OVX and T1D. We 

discovered that recipient diabetic milieu impaired 
therapeutic effects of MSC infusion on osteopenia. We 
further demonstrated that therapeutic effects of donor 
MSCs were maintained under glycemic control in 
recipient T1D but were diminished in glucose 
injection-induced hyperglycemia in OVX mice. 
Mechanistically, we showed that hyperglycemic 
micro-environments reduce anti-inflammatory 
capacity of MSCs in osteoporotic therapy through 
suppressing MSC interaction with T cells via the 
Adenosine monophosphate-activated protein kinase 
(AMPK) pathway. We further revealed that in 
diabetic micro-environments, double infusion of 
MSCs ameliorated osteopenia by anti-inflammation, 
which was attributed to the first transplanted MSCs 
which normalized the recipient glucose homeostasis. 
Collectively, our findings uncover the role of recipient 
glycemic conditions controlling MSC-mediated 
therapy, and unravel that fulfillment of potent 
function of donor MSCs requires tight control of 
recipient micro-environment. 

Methods 
Animals 

All experiments were approved by Fourth 
Military Medical University and were performed 
following the Guidelines of Intramural Animal Use 
and Care Committee of Fourth Military Medical 
University. Animal experiments were performed 
following the ARRIVE guidelines.  

12-week-old female wild type (WT) C57BL/6 
mice (weight, 20-22g) (Laboratory Animal Center, 
Fourth Military Medical University, China) and 
12-week-old female green fluorescent protein 
(GFP)+/+ transgenic mice (weight, 20-22g) (C57BL/6 
background, Fourth Military Medical University, 
China) were used, as stated before [8]. WT mice were 
randomly assigned to experimental groups as donor 
or recipient samples. GFP+/+ mice were selected as 
donor samples for MSC tracing. Investigators have 
been blinded to the sample group allocations. The 
mice were maintained with good ventilation and a 
12-h light/dark cycle, and were kept feeding and 
drinking ad libitum before being sacrificed.  

Osteoporotic modeling 
Osteopenias induced by OVX and T1D were 

modeled according to previous studies [23, 25]. 
Briefly, for the OVX model and its Sham control, 
female mice underwent either a bilateral OVX or a 
Sham operation by the dorsal approach under general 
anesthesia. For the T1D model and its control (Ctrl), 
female mice accepted either 50 mg/kg/d multiple low 
dose of streptozotocin (STZ) (Sigma-Aldrich, USA) for 
5 consecutive days (1 injection/d) dissolved in 
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approximately 200-μL 0.1 M citrate buffer (pH 4.5) or 
equivalent citrate buffer through intraperitoneal 
injection. Intraperitoneal injections were performed 
via the right lower quadrant of the abdominal area, 
1-cm away from the midabdominal line. Mice were 
kept at head-down position to ensure that 
intraperitoneally injected fluid was not accidentally 
placed in intestine. 

Blood glucose quantification 
The concentrations of non-fasting blood glucose 

(GLU) were measured every 3 d throughout the 
experiments and at indicated time points after insulin 
(INS) and GLU injections into each recipient mice. 
Blood GLU concentrations were quantified using a 
glucometer (Roche Bioproducts, Switzerland) 
following tail vein-puncture whole blood sampling 
[23]. Mice with over 250 mg/dL GLU in blood were 
classified as diabetic or hyperglycemic [25]. 

MSC isolation, verification and infusion 
Isolation, culture and infusion of murine MSCs 

and MSCsGFP from bone marrow were as previously 
described [8, 23, 29]. Briefly, murine bone marrow 
cells were seeded, incubated overnight, and rinsed 
with phosphate buffer saline (PBS) to remove the 
non-adherent cells. The adherent cells were cultured 
with alpha-minimum essential medium 
supplemented with 20% fetal bovine serum, 2-mM 
L-glutamine, 100-U/mL penicillin, and 100-g/mL 
streptomycin (all from Invitrogen, USA) at 37℃ in a 
humidified atmosphere of 5% CO2. Primary MSC or 
MSCGFP colonies were applied for infusion after 
digestion with 0.25% trypsin (MP Biomedicals, USA) 
to yield appropriate number (2~3×106 MSCs or 
MSCsGFP could be harvested from one mouse). MSCs 
were then suspended in PBS at 5×106/mL, and 1×106 
MSCs or MSCsGFP in 200-μL PBS or equivalent PBS 
were administered via caudal vein into each recipient 
mouse at indicated time points. 

MSCs were verified according to previous 
reports [8, 23, 42]. For colony formation, 1st-passaged 
MSCs at a density of 1×104 cells/dish in 5-cm culture 
dishes were cultured for 14 d, fixed with 4% 
paraformaldehyde and stained with crystal violet 
(Sigma-Aldrich, USA) for colonies with over 50 cells. 
For cell morphological evaluation, 1st-passaged MSCs 
at a density of 5×105 cells/well in 6-well plates were 
cultured for 1 d, and the cell morphology was 
evaluated. For osteogenic differentiation, the seeded 
MSCs were further induced in media containing 
100-μg/mL ascorbic acid (MP Biomedicals, USA), 
2-mM β-glycerophosphate (Sigma-Aldrich, USA) and 
10-nM dexamethasone (Sigma-Aldrich, USA) for 14 d, 
and alizarin red (Sigma-Aldrich, USA) staining was 

performed to determine the mineralization. For 
adipogenic differentiation, the seeded MSCs were 
induced in media containing 0.5-mM 
isobutylmethylxanthine (MP Biomedicals, USA), 
0.5-mM dexamethasone and 60-mM indomethacin 
(MP Biomedicals, USA) for 14 d, and oil red O 
(Sigma-Aldrich, USA) staining was performed to 
determine the lipid droplet formation. The above 
photographs were all taken using an inverted optical 
microscope (CKX41; Olympus, Japan). 

For flow cytometric analysis of the surface 
makers [8, 23, 42], primary MSC colonies were 
digested and suspended in PBS supplemented with 
3% fetal bovine serum at 1×106 cells/mL. 2×105 
cells/tube were added with 1-μL FITC-conjugated 
anti-mouse CD11b antibody, 1-μL PE-conjugated 
anti-mouse CD29 antibody, 1-μL PE-conjugated 
anti-mouse CD34 antibody, 1-μL PE-conjugated 
anti-mouse CD45 antibody, 1-μL PE-conjugated 
anti-mouse CD106 antibody, and 1-μL 
FITC-conjugated anti-mouse stem cell antigen-1 
(Sca-1) antibody (all from Abcam, UK). Non-immune 
immunoglobulin of the same isotype was used as the 
negative control. MSCs were incubated in 4℃ for 30 
min in dark, and then washed twice with PBS 
supplemented with 3% fetal bovine serum. The 
percentages of positively stained cells were 
determined with a flow cytometer (FACSAria; BD 
Biosciences, USA) equipped with the FACSDiva 
Version 6.1.3 software. 

Evaluation of recipient diabetes on MSC 
therapy 

WT mice were divided into 8 groups: the Sham 
group (n = 6), the OVX group (n = 6), the OVX+PBS 
group (n = 6), and the OVX+MSC group (n = 6); the 
Ctrl group (n = 6), the T1D group (n = 6), the T1D+PBS 
group (n = 6), and the T1D+MSC group (n = 6). Blood 
GLU levels were determined every 3 d till sacrifice. At 
D1, Sham/OVX operations and first citrate 
buffer/STZ injections were carried out. At D25, PBS 
or MSC infusion was performed according to 
previous reports on diabetes and osteopenia 
developments [8, 23, 25]. At D38 and D52 
(respectively 16 d and 2 d prior to sacrifice), double 
calcein labeling were performed, as stated below. At 
D54, mice were sacrificed, and bone and blood were 
sampled. 

Evaluation of recipient glycemic control on 
MSC therapy 

WT T1D mice were divided into 4 groups: the 
T1D+Ctrl+PBS group (n = 6), the T1D+Ctrl+MSC 
group (n = 6), the T1D+INS therapy (INST)+PBS 
group (n = 6), and the T1D+INST+MSC group (n = 6). 
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Blood GLU levels were determined every 3 d till 
sacrifice. From D1 to D5, 5 consecutive STZ injections 
were carried out. INS glargine (Lantus; 
Sanofi-Aventis, France) was diluted in the 
recommended buffer: distilled water (pH 4.0) 
containing 3-mg/L Zn2+ and 1.7-g/L glycerol. From 
D25 to D54, INS glargine or equivalent buffer (Ctrl) 
was subcutaneously applied at 20-U/kg INS daily 
(about 0.4~0.5 U per mouse), corresponding to the 
maximum tolerable dose used in early animal studies 
[43-45]. INS doses were also finely adjusted to 
maintain blood GLU levels in the same range as the 
non-diabetic mice. At D25, at 30 min after the first 
buffer or INS treatment, PBS or MSC infusion was 
performed. At D38 and D52 (respectively 16 d and 2 d 
prior to sacrifice), double calcein labeling were 
performed. At D54, mice were sacrificed, and bone 
and blood were sampled. 

Evaluation of recipient transient euglycemia 
on MSC therapy 

WT T1D mice were divided into 4 groups: the 
T1D+Ctrl+PBS group (n = 6), the T1D+Ctrl+MSC 
group (n = 6), the T1D+INS+PBS group (n = 6), and 
the T1D+INS+MSC group (n = 6). Blood GLU levels 
were determined every 3 d till sacrifice and at 
indicated time points after a single INS injection. 
From D1 to D5, 5 consecutive STZ injections were 
carried out. INS glargine (Lantus; Sanofi-Aventis, 
France) was diluted in the buffer stated above. At 
D25, a single subcutaneous injection of INS glargine 
or equivalent buffer (Ctrl) was applied at 0.2-U/kg 
INS (about 0.004~0.005 U per mouse), corresponding 
to the dose used in human trials and based on the 
dose used in insulin tolerance tests [44, 46, 47]. The 
INS dose was also adjusted to transiently restore 
euglycemia in diabetic mice based on our preliminary 
tests. At D25, at 30 min after buffer or INS injection, 
PBS or MSC infusion was performed under 
euglycemia. At D38 and D52 (respectively 16 d and 2 
d prior to sacrifice), double calcein labeling were 
performed. At D54, mice were sacrificed, and bone 
and blood were sampled. 

Evaluation of recipient transient 
hyperglycemia on MSC therapy 

WT OVX mice were divided into 4 groups: the 
OVX+Ctrl+PBS group (n = 6), the OVX+Ctrl+MSC 
group (n = 6), the OVX+GLU+PBS group (n = 6), and 
the OVX+GLU+MSC group (n = 6). Blood GLU levels 
were determined every 3 d till sacrifice and at 
indicated time points after a single GLU injection. At 
D1, OVX operations were carried out. GLU 
(Sigma-Aldrich, USA) was diluted in distilled water. 
At D25, a single intraperitoneal injection of GLU or 

equivalent distilled water (Ctrl) was applied at 
2.0-g/kg GLU, corresponding to the dose used in 
glucose tolerance tests [47]. The GLU dose was also 
adjusted to induce transiently hyperglycemia in 
non-diabetic mice based on our preliminary tests. At 
D25, at 15 min after distilled water or GLU injection, 
PBS or MSC infusion was performed under 
hyperglycemia. At D38 and D52 (respectively 16 d 
and 2 d prior to sacrifice), double calcein labeling 
were performed. At D54, mice were sacrificed, and 
bone and blood were sampled. 

Evaluation of therapeutic effects of double 
MSC infusion 

WT T1D mice were divided into 3 groups: the 
T1D+PBS group (n = 6), the T1D+single MSC (sMSC) 
group (n = 6), and the T1D+double MSC (dMSC) 
group (n = 6). Blood GLU levels were determined 
every 3 d till sacrifice. From D1 to D5, 5 consecutive 
STZ injections were carried out. At D25, PBS or the 1st 
MSC infusion was performed in all groups. At D39 
(14-d later), the 2nd MSC infusion was performed in 
only the T1D+dMSC group. At D50 and D64 
(respectively 16 d and 2 d prior to sacrifice), double 
calcein labeling were performed. At D66, mice were 
sacrificed, and bone and blood were sampled. 

Micro-computed tomography (Micro-CT) 
analysis 

For trabecular and cortical bone mass and 
microarchitecture evaluation, a desktop micro-CT 
system (eXplore Locus SP; GE Healthcare, USA) was 
employed, as previously documented [8, 23]. At 
sacrifice, the left femora were removed, fixed 
overnight in 4% paraformaldehyde, and prepared into 
1-mm blocks with the distal femoral metaphysis 
included. The specimens were scanned at a resolution 
of 8 μm, a voltage of 80 kV, and a current of 80 μA. 
Trabecular bone data were obtained at a region of 
interest in the distal metaphysis, from 0.3 mm to 0.8 
mm away from the epiphysis. Cortical region of 
interest was defined in the midshaft, from 3.3 mm to 
3.8 mm away from the epiphysis. Data were analyzed 
with the Micview V2.1.2 software, and the 
quantification was performed using parameters of 
bone volume per tissue volume (BV/TV), bone 
mineral density (BMD), trabecular thickness (Tb.Th), 
trabecular number (Tb.N), trabecular separation 
(Tb.Sp) and cortical thickness (Ct.Th) [8, 48]. 

Bone histomorphometric analyses 
Bone formation rates were examined by double 

calcein labeling according to previous studies [8, 23]. 
At 16 d and 2 d prior to sacrifice, mice received 
intraperitoneal injections of 20 mg/kg calcein 
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(Sigma-Aldrich, USA). Calcein was dissolved at 2 
mg/mL in PBS supplemented with 1 mg/mL 
NaHCO3 (Sigma-Aldrich, USA), and was injected at 
10 μL/g each time away from light. Intraperitoneal 
injections were performed via the right lower 
quadrant of the abdominal area, 1-cm away from the 
midabdominal line. Mice were kept at head-down 
position to ensure that intraperitoneally injected fluid 
was not accidentally placed in intestine. At sacrifice, 
right femora were isolated, fixed in 80% ethanol, and 
embedded in methyl methacrylate. The specimens 
were sagittally sectioned into 30-μm sections using a 
hard tissue slicing machine (SP1600; Leica, Germany) 
away from light. Both double-labeled and 
single-labeled cortical endosteum surfaces were 
evaluated by a fluorescence microscope (STP6000; 
Leica, Germany) with an excitation wavelength of 488 
nm. Quantification was performed using the 
parameters of mineral apposition rate (MAR) and 
mineralized surface per bone surface (MS/BS) by the 
ImageJ 1.47 software. Bone formation rate (BFR) was 
calculated as MAR×MS/BS, according to previous 
studies [8, 23, 49].  

Bone resorption rates were examined by tartrate 
resistant acid phosphotase (TRAP) staining, as stated 
before [7, 8]. At sacrifice, tibiae were isolated, fixed 
with 4% paraformaldehyde, decalcified with 10% 
ethylene diamine tetraacetic acid (pH, 7.2-7.4), and 
embedded in paraffin. 5-μm sagittal serial sections of 
proximal metaphyses were prepared (RM2125; Leica, 
Germany). TRAP staining was performed on the 
sections using a commercial kit according to the 
manufacturers’ instructions (387-1A; Sigma-Aldrich, 
USA). Quantification was determined using the 
parameters of number of osteoclasts per bone surface 
(N.Oc/BS) and osteoclast surface per bone surface 
(Oc.S/BS) by the ImageJ 1.47 software [7, 8].  

T-cell culture and co-culture assays with MSCs 
As stated [7, 50], murine spleen cells derived 

from WT C57BL/6 mice were collected and treated 
with ACK lysis buffer (Lonza, Switzerland) to remove 
red blood cells. T cells were isolated and stimulated 
for 2 d with 3-μg/mL plate-bound anti-mouse CD3 
antibody (eBioscience, USA) and 2-μg/mL soluble 
anti-mouse CD28 antibody (eBioscience, USA) in 
alpha-minimum essential medium supplemented 
with 20% fetal bovine serum, 2-mM L-glutamine, 
100-U/mL penicillin, and 100-g/mL streptomycin (all 
from Invitrogen, USA) at 37 ℃  in a humidified 
atmosphere of 5% CO2. For low glucose (LG) 
treatment, 5-mM GLU (Invitrogen, USA) was added 
into culture media. For high glucose (HG) treatment, 
25-mM GLU was added [24]. For mannitol (MA) 
(Invitrogen, USA) treatment as the osmotic control, 

20-mM MA was added together with 5-mM GLU [51]. 
For advanced glycation end products (AGEs) or its 
solvent treatment, AGE-BSA (BioVision, USA) 
dissolved in PBS at a 200-μg/ml concentration of 
AGEs or equivalent PBS was added [52]. For the 
AMPK activator Metformin (MET) or its solvent 
treatment, metformin hydrochloride (Sigma-Aldrich, 
USA) dissolved in PBS at a 2-mM concentration of 
MET or equivalent PBS was added [53].  

T-cell co-culture assays with MSCs were 
designed as 7 experiments based on previous 
methods [18]. For T-cell direct co-culture assay with 
MSCs in different micro-environments, 1st-passaged 
MSCs were seeded at 5×105 cells/well in 6-well plates 
for 24 h. Stimulated T cells at 5×106 cells/well were 
either cultured without MSCs (Blank, BL) or directly 
added onto MSCs in LG, MA or HG media, or normal 
media supplemented with PBS or 200-μg/ml AGEs 
for 6 h. For T-cell direct co-culture assay with MSCs 
after T-cell pre-treatment, stimulated T cells were 
pre-treated with HG for 6 h, and were then directly 
added onto seeded MSCs or not (BL) in HG, MA or 
LG media for 6 h. For T-cell direct co-culture assay 
with MSCs after MSC pre-treatment, 1st-passaged 
MSCs were seeded and pre-treated in LG, MA or HG 
media for 6 h, or normal media supplemented with 
PBS or 200-μg/ml AGEs for 6 h. In particular 
experiments, the MSCs were rescued by PBS or 2-mM 
MET for another 6 h after HG pre-treatment. 
Stimulated T cells were then either cultured without 
MSCs (BL) or directly added onto MSCs in normal 
media for 6 h. For T-cell direct co-culture assay with 
serial MSCs, stimulated T cells were firstly directly 
cultured with MSCs in HG media for 6 h, aspirated, 
and then cultured without the 2nd batch of MSCs (BL) 
or directly added onto the 2nd MSCs in HG, MA or LG 
media for 6 h. For T-cell direct co-culture assay with 
rescued MSCs, stimulated T cells were firstly directly 
cultured with MSCs in HG media for 6 h, aspirated, 
and then cultured without the rescued MSCs (BL) or 
directly added onto PBS- or 2-mM MET- rescued 
MSCs in normal media for another 6 h. For T-cell 
indirect co-culture assay with MSCs, MSCs were 
seeded in 6-well plates as the bottom of a Transwell 
system (Corning, USA). Stimulated T cells were either 
cultured without MSCs (BL) or added into the upper 
chamber of the Transwell system in LG media for 6 h. 
For T-cell treatments, stimulated T cells were cultured 
in LG, MA or HG media, or normal media 
supplemented with PBS or 200-μg/ml AGEs for 6 h. 
The media and T cells of the above experiments were 
collected respectively for TNF-α level and T-cell 
apoptosis determinations, as stated below. 
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Enzyme-linked immunosorbent assay (ELISA) 
For serum examination, before necropsy, 

samples of the whole peripheral blood were collected 
from the retro-orbital venous plexus at 500 μL. For 
media examination, after T-cell culture and co-culture 
assays, samples of conditional media were collected at 
200 μL. The serum and cell-free media were isolated 
by centrifuging at 3000 rpm 10 min followed by 12000 
rpm 10 min to remove cell debris at 4℃. INS, glycated 
hemoglobin (HbA1c), hemoglobin, and the bone 
resorption marker Cross linked C-telopeptide of type 
1 collagen (CTX-1) in serum, and inflammatory 
cytokine TNF-α in both serum and media were 
detected using murine ELISA kits according to the 
manufacturers’ instructions (R&D Systems, USA) [7, 
8]. 

Apoptosis analysis 
After culture and co-culture assays, T cells were 

harvested and evaluated by FITC-conjugated Annexin 
V and PI double staining according to the 
manufacturer’s instruction of Annexin V Apoptosis 
Detection Kit I (BD Biosciences, USA). After 
incubation, cell apoptosis was detected with a flow 
cytometer (CytoFLEX; Beckman Coulter, USA) 
equipped with the CXP 2.1 software. The percentages 
of early apoptotic (FITC+PI-) plus late 
apoptotic/necrotic (FITC+PI+) cells were expressed as 
apoptotic percentages, as stated [23, 54]. 

Detection of T cells in vivo 
Before necropsy of OVX and T1D mice that 

accepted PBS or MSC infusion, samples of peripheral 
blood were collected from retro-orbital venous plexus 
and were treated with ACK lysis buffer (Lonza, 
Switzerland) to remove red blood cells. 1×106 cells 
were incubated with 1-μL FITC-labeled anti-mouse 
CD3 antibody (Abcam, UK) for 40 min on ice. After 
washing with PBS twice, the percentages of CD3+T 
cells in peripheral blood mononuclear cells (PBMNCs) 
were determined with a flow cytometer (CytoFLEX; 
Beckman Coulter) equipped with the CXP 2.1 
software [7, 50]. 

MSC tracing 
Donor MSCs in recipient peripheral blood was 

determined before and at 6 h, 12 h and 24 h post MSC 
or MSCGFP infusion (n = 3 for each time point). The 
existence of infused MSCs based on forward 
scattering and side scattering was evaluated with a 
flow cytometer (FACSAria; BD Biosciences, USA) 
equipped with the FACSDiva Version 6.1.3 software. 
For further tracing by GFP labeling, the percentages of 
GFP+ cells in PBMNCs were also determined by flow 
cytometry at indicated time points [8]. 

For detection of donor MSC inhabitation in 
recipient bone marrow, donor MSCsGFP were applied 
in recipient OVX and T1D models at D25 of the 
experimental period. At 24 h (n = 3 for each model) 
and 4 w (n = 3 for each model) post MSCGFP infusion, 
mice were sacrificed. Femora were isolated, fixed in 
4% paraformaldehyde, cryoprotected with 30% 
sucrose, decalcified with 10% ethylene diamine 
tetraacetic acid (pH, 7.2-7.4), and embedded in the 
optimal cutting temperature compound. The 
specimens were snap-frozen and sectioned into 15-μm 
sagittal sections (CM1950; Leica, Germany). Sections 
were blocked with 5% bovine serum albumin 
(Sigma-Aldrich, USA) dissolved in PBS for 1 h in 
room temperature. Sections were then stained with a 
rabbit anti-GFP primary antibody (Cell Signaling 
Technology, USA) for 2 h in room temperature at a 
concentration of 1:100, followed by a goat 
anti-rabbit-FITC secondary antibody (Cell Signaling 
Technology, USA) for 30 min in room temperature at 
a concentration of 1:200, and counterstained with 
Hoechst, as stated [8, 25]. Non-immune 
immunoglobulin of the same isotype was used as the 
negative control. The sections were observed under a 
fluorescence microscopy (DP70; Olympus, Japan). The 
images were further analyzed using the ImageJ 1.47 
software. 

Quantitative real-time polymerase chain 
reaction (qRT-PCR) analysis 

Total RNA was collected from MSCs after 
pre-treatment by LG, MA and HG followed by the 
co-culture assay with T cells. RNA was extracted by 
direct adding of Trizol Reagent (Takara, Tokyo, 
Japan) to the culture plates and purified by 
phenol-chloroform extraction. cDNA synthesis and 
PCR procedures were performed as described [23, 55]. 
The primer sequences of the genes detected in this 
study were listed in the Supplementary Material 
(Table S1). Relative expression level of each gene was 
obtained by normalizing against Gapdh abundance. 

Western blot analysis 
Western blot was performed as previously 

described [36, 55]. Whole-cell lysates of MSCs after 
pre-treatment by LG, MA and HG followed by the 
co-culture assay with T cells were prepared using the 
Cell Lysis Buffer (Beyotime, China). Proteins were 
extracted, loaded on sodium dodecyl 
sulfate-polyacrylamide gels, transferred to 
polyvinylidene fluoride membranes (Millipore, USA), 
and blocked with 5% bovine serum albumin 
(Sigma-Aldrich, USA) in PBS with 0.1% Tween for 2 h 
in room temperature. The membranes were incubated 
overnight at 4 ℃  with the following primary 
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antibodies: a rabbit anti-mouse primary antibody at a 
concentration of 1:1000 for Ampk (Cell Signaling 
Technology, USA); a rabbit anti-mouse primary 
antibody at a concentration of 1:1000 for p-Ampk (Cell 
Signaling Technology, USA); a rabbit anti-mouse 
primary antibody at a concentration of 1:500 for Fas 
ligand (Fasl) (Santa Cruz Biotechnology, USA); and a 
rabbit anti-mouse primary antibody at a concentration 
of 1:4000 for Gapdh (Abcam, UK). The membranes 
were then incubated with peroxidase-conjugated goat 
anti-rabbit secondary antibodies (Boster, China) at a 
concentration of 1:40000 for 1 h in room temperature. 
The blotted bands were visualized using an enhanced 
chemiluminescence Kit (Amersham Biosciences, USA) 
and a gel imaging system (5500; Tanon, China). The 
grey values and folder changes of the bands were 
determined using the ImageJ 1.47 software. 

Pancreas islet histology 
Pancreas islets from Ctrl and T1D mice accepting 

PBS infusion and T1D mice accepting sMSC or dMSC 
infusion (n = 6 per group) were examined. At 
sacrifice, pancreas were rapidly isolated, fixed 
overnight with 4% paraformaldehyde, and embedded 
in paraffin. 5-μm serial sections were prepared 
(RM2125; Leica, Germany) and underwent H&E 
staining, according to previous reports [56, 57]. 
Quantification of pancreas islet area over total area 
was determined using the ImageJ 1.47 software. 

Statistical analysis 
All the results are represented as the mean ± 

standard deviation (SD). The data were analyzed 
using two-tailed Student’s t tests (for two group 
comparisons) or one-way analysis of variance 
(ANOVA) followed by the Newman-Keuls post-hoc 
tests (for multiple group comparisons) in the 
GraphPad Prism 5.01 software. Values of P < 0.05 
were considered to be statistically significant. 

Results 
Recipient diabetes mellitus impairs 
therapeutic effects of MSC infusion on 
osteopenia 

To investigate the potential effects of recipient 
micro-environments on MSC therapy, we established 
osteopenic models with differential pathologies but 
similar phenotypes in mice [23]: OVX model, in which 
MSC infusion has been well-documented to prevent 
or restore bone loss [7, 9, 30-33], and T1D model 
induced by multiple low dose of STZ injections [23, 
25]. We confirmed in the present study that these 
models differed in the glycemic environments: OVX 

mice showed euglycemia during the experimental 
period while T1D mice demonstrated hyperglycemia 
(Fig. S1A). Nevertheless, OVX and T1D mice 
exhibited similar activation of systemic inflammation, 
as shown by common elevation of serum TNF-α levels 
(Fig. S1B), loss of trabecular and cortical bone mass 
(Fig. S1C-I), impairments of bone formation rates (Fig. 
S1J-M) and stimulation of bone resorption rates (Fig. 
S1N-Q). Therefore, therapeutic effects of MSC 
infusion on osteopenias and inflammation were 
compared in these models. 

Allogeneic MSCs used in this study were capable 
of forming colonies and differentiating into 
multilineage cells (Fig. S2A-D), and were in 
accordance with surface profiles currently recognized 
to represent MSCs (Fig. S2E) [8, 23, 42]. MSCs were 
infused at D25, at which time point hyperglycemia in 
T1D mice was stable around 400 mg/dL, as shown 
previously [25] and here by 3 consecutive 
quantifications (Fig. S1A), and substantial bone loss 
was reported to occur in both OVX and T1D mice [23]. 
Post infusion, flow cytometry demonstrated 
successful transplantation of donor MSCs into 
recipient circulation (Fig. S3A-E).  

We discovered that MSC infusion restored bone 
mass in OVX mice, but not in T1D mice, as shown by 
micro-CT analysis (Fig. 1A). Corresponding 
parameters of BV/TV (Fig. 1B) and BMD (Fig. 1C) 
confirmed the rescue of trabecular bone loss in OVX 
but not in T1D model. Quantitative analysis of 
trabecular bone microarchitecture regarding Tb.Th 
(Fig. 1D), Tb.N (Fig. 1E) and Tb.Sp (Fig. 1F) further 
demonstrated therapeutic effects of MSCs on 
osteopenia in only OVX mice. The impaired MSC 
therapy in T1D-induced osteopenia was also revealed 
by cortical bone analysis on Ct.Th (Fig. 1G). To 
investigate whether the effects of MSC infusion on 
osteopenias were attributed to interventions on bone 
remodeling process, we examined bone formation 
and bone resorption rates in OVX and T1D mice post 
PBS or MSC transplantation. Double calcein labeling 
(Fig. 1H) and the corresponding parameters of MAR 
(Fig. 1I), MS/BS (Fig. 1J) and BFR (Fig. 1K) 
demonstrated that MSC therapy restored bone 
formation rates in only OVX mice. TRAP staining (Fig. 
1L) and quantification of N.Oc/BS (Fig. 1M) and 
Oc.S/BS (Fig. 1N) further revealed that suppression of 
elevated bone resorption rates by MSCs was 
abolished in T1D mice, which was confirmed by the 
changes of serum bone resorption marker CTX-1 (Fig. 
1O). These data collectively indicated that recipient 
diabetes mellitus impairs therapeutic effects of MSC 
infusion on osteopenia. 
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Figure 1. Recipient diabetes mellitus impairs therapeutic effects of MSC infusion on osteopenia. (A-G) Representative micro-CT images (A) and 
quantitative analysis of trabecular (B-F) and cortical (G) bone microarchitecture in the distal metaphyses of femora, from OVX and T1D mice accepting PBS or MSC 
infusion. Bars: 500 μm. (H-K) Representative images of calcein double labeling (H) with quantification (I-K) of bone formation rates in distal femora. Bars: 50 μm. 
(L-N) Representative images of TRAP staining (red) (L) with parameters (M, N) of bone resorption rates in distal femora. Bars: 25 μm. (O) ELISA analysis of bone 
resorption marker in serum. n = 6 per group. Data represents mean ± SD. *P < 0.05; NS, not significant (P > 0.05). Data were analyzed using ANOVA followed by 
Newman-Keuls post-hoc tests. 

Glycemic control in recipient diabetes 
maintains therapeutic effects of MSC 
transplantation on osteopenia 

We next examined whether treatment of 
recipient diabetes by INST could maintain therapeutic 
effects of donor MSCs on osteopenia. According to 
previous studies, glycemic control in T1D model was 
performed by daily subcutaneous application of 
approximately 20-U/kg INS, which was the 
maximum tolerable dose used in early animal studies 
[43-45]. We confirmed that INST rescued 
hyperglycemia and maintained euglycemia in T1D 
mice (Fig. 2A). INST also reduced the percentages of 
HbA1c in T1D model (Fig. 2B). However, INST did 
not restore bone mass in T1D during the experimental 
period (Fig. 2C-I), nor did it recover the normal 
balance between bone formation (Fig. 2J-M) and bone 

resorption rates (Fig. 2N-Q). Furthermore, despite 
that MSC infusion could restore normal glycemia and 
HbA1c percentages both with and without INST (Fig. 
2A, B) as reported previously [25], MSC infusion 
alone could not restore bone mass and bone 
remodeling process without INST (Fig. 2C-Q), 
consistent with data in Fig. 1.  

Nevertheless, under glycemic control, we 
discovered that MSC infusion exerted therapeutic 
effects on osteopenia, as shown by improved bone 
mass (Fig. 2C) and strengthened trabecular (Fig. 
2C-H) and cortical (Fig. 2I) bone microarchitecture. 
These effects were due to increased bone formation 
rates (Fig. 2C-I) and decreased bone resorption rates 
(Fig. 2N-Q) after MSC infusion under glycemic 
control. These results suggested that glycemic control 
in recipient diabetes maintains therapeutic effects of 
MSC transplantation on osteopenia. 
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Figure 2. Glycemic control in recipient diabetes maintains therapeutic effects of MSC transplantation on osteopenia. (A) Non-fasting blood glucose 
levels of T1D mice with buffer (Ctrl) or INST treatments and PBS or MSC infusion. INS was applied daily at 20 U/kg from D25 to D54. MSCs were infused at D25. 
Grey dashed line indicates diabetic criterion of 250 mg/dL. (B) ELISA analysis of HbA1c percentages after sacrifice at D54. (C-I) Representative micro-CT images (C) 
and quantification of trabecular (D-H) and cortical (I) bone mass in distal femora, from T1D mice accepting PBS or MSC infusion in Ctrl and during INST. Bars: 500 
μm. (J-M) Representative images of calcein double labeling (J) with quantification (K-M) of bone formation rates in distal femora. Bars: 50 μm. (N-P) Representative 
images of TRAP staining (red) (N) with parameters (O, P) of bone resorption rates in distal femora. Bars: 25 μm. (Q) ELISA analysis of bone resorption marker 
CTX-1 in serum. n = 6 per group. Data represents mean ± SD. *P < 0.05; NS, not significant (P > 0.05) (ANOVA followed by Newman-Keuls post-hoc tests). 

 

Infusion of MSCs in recipient transient 
euglycemia rescues diabetes-induced bone loss 

Next, we intended to explore whether the 
maintained therapeutic effects of donor MSCs on 
osteopenia were attributed to the euglycemic 
micro-environment restored by INS during infusion. 
We applied a single injection of INS at 0.2 U/kg, i.e. 
1% dose of INS used for intensive glycemic control in 
mice. This dose was selected in correspondence to the 
dose used in human trials and based on the dose used 
in insulin tolerance tests [44, 46, 47]. We found that 
one-time injection of low-dose INS could transiently 
reduce hyperglycemia in T1D mice (Fig. 3A) without 
affecting the long-term glycemic condition (Fig. 3B). 
Conversely, MSC infusion could not affect glycemia 

in a short time (Fig. 3A) but could gradually reduce 
hyperglycemia (Fig. 3B), both with and without a 
single INS treatment. Importantly, when donor MSCs 
were infused under euglycemia at 30 min post INS 
injection, the therapeutic effects on T1D-induced 
osteopenia were maintained, as demonstrated by 
micro-CT analysis on both trabecular and cortical 
bone mass (Fig. 3C-I). The capability of donor MSCs 
to restore normal balance between bone formation 
and bone resorption rates was also restored when 
MSCs were infused under recipient euglycemia (Fig. 
3J-Q). These findings revealed that normalizing the 
recipient glycemic micro-environments prior to MSC 
transplantation guaranteed the therapeutic effects of 
donor MSCs on diabetes-induced bone loss. 
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Figure 3. Infusion of MSCs under recipient transient euglycemia rescues diabetes-induced bone loss. (A, B) Non-fasting blood glucose levels of T1D 
mice which accepted single buffer (Ctrl) or INS injection at 0.2 U/kg at D25 followed by PBS or MSC infusion. MSCs were infused under euglycemia at 30 min after 
INS injection at D25. Grey line indicates diabetic criterion of 250 mg/dL. (C-I) Representative micro-CT images (C) and quantification of trabecular (D-H) and 
cortical (I) bone mass in distal femora, from T1D mice accepting PBS or MSC infusion in Ctrl and after INS injection. Bars: 500 μm. (J-M) Representative images of 
calcein double labeling (J) with quantification (K-M) of bone formation rates in distal femora. Bars: 50 μm. (N-P) Representative images of TRAP staining (red) (N) 
with parameters (O, P) of bone resorption rates in distal femora. Bars: 25 μm. (Q) ELISA analysis of bone resorption marker CTX-1 in serum. n = 6 per group. Data 
represents mean ± SD. *P < 0.05; NS, not significant (P > 0.05) (ANOVA followed by Newman-Keuls post-hoc tests). 

Recipient hyperglycemia diminishes 
therapeutic effects of MSC infusion on 
osteopenia 

To clarify whether recipient glycemic 
micro-environments govern therapeutic effects of 
MSC infusion on osteopenia, we used one-time 
injection of 2.0-g/kg GLU to transiently build 
hyperglycemia in OVX mice. The dose applied was 
correspondent to the dose used in glucose tolerance 
tests [47]. We revealed that a single GLU application 
mimicked hyperglycemic micro-environments from 
15 min to 60 min post injection (Fig. 4A), without 
altering the euglycemia in OVX mice in the long run 

(Fig. 4B). Besides, MSC infusion did not affect the 
GLU-induced transient hyperglycemia (Fig. 4A) or 
the sustained euglycemic condition (Fig. 4B). Notably, 
GLU injection before MSC infusion impaired the 
therapeutic effects of donor MSCs on OVX-induced 
osteopenia, as demonstrated by micro-CT analysis on 
both trabecular and cortical bone parameters (Fig. 
4C-I). Double calcein labeling and TRAP staining also 
confirmed inhibitory effects of GLU injection on MSC 
function to restore normal bone remodeling process 
(Fig. 4J-Q). These findings suggested that recipient 
hyperglycemia diminishes therapeutic effects of MSC 
infusion on osteopenia. 
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Figure 4. Recipient hyperglycemia diminishes therapeutic effects of MSC infusion on osteopenia. (A, B) Non-fasting blood glucose levels of OVX mice 
which accepted single distilled water (Ctrl) or 2.0-g/kg GLU injection at D25 followed by PBS or MSC infusion. MSCs were infused under hyperglycemia at 15 min 
after GLU injection at D25. Grey line indicates diabetic criterion of 250 mg/dL. (C-I) Representative micro-CT images (C) and quantification of trabecular (D-H) and 
cortical (I) bone mass in distal femora, from OVX mice accepting PBS or MSC infusion in Ctrl and after GLU injection. Bars: 500 μm. (J-M) Representative images of 
calcein double labeling (J) with quantification (K-M) of bone formation rates in distal femora. Bars: 50 μm. (N-P) Representative images of TRAP staining (red) (N) 
with parameters (O, P) of bone resorption rates in distal femora. Bars: 25 μm. (Q) ELISA analysis of bone resorption marker CTX-1 in serum. n = 6 per group. Data 
represents mean ± SD. *P < 0.05; NS, not significant (P > 0.05) (ANOVA followed by Newman-Keuls post-hoc tests). 

Hyperglycemic micro-environments reduce 
anti-inflammatory rather than homing 
capacity of MSCs in osteoporotic therapy 

According to reported data, systemically 
transplanted MSCs rescue bone loss through either 
circulatory immunomodulation/anti-inflammation 
[7] or local effects via homing to recipient bone 
marrow post infusion [8, 9]. In this study, we 
confirmed that infused MSCs existed in recipient 

circulation for less than 24 h by using MSCs from 
GFP-transgenic donor mice (Fig. S3E). We further 
confirmed that MSCsGFP homed to recipient bone 
marrow within 24 h post infusion and inhabited for 4 
w (Fig. S3F). However, recipient diabetes mellitus did 
not impair homing and inhabitation of donor 
MSCsGFP (Fig. S3G), indicating that the abolished 
therapeutic effects of MSCs in T1D may not be 
attributed to the influenced local effects. 
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Therefore, we investigated whether impairments 
of systemic immunomodulatory/anti-inflammatory 
capabilities of donor MSCs occurred in recipient 
diabetes. T cells have been well-documented as the 
key targets of MSCs in immunomodulation in treating 
auto-immune diseases and in osteoporosis [7, 18, 50]. 
Flow cytometric analysis showed that MSC infusion 
suppressed the percentage of CD3+T cells in PBMNCs 
in OVX model, but did not reduce CD3+T-cell 
percentage in T1D model (Fig. S4A, B). We have 
previously reported that TNF-α was the key 
inflammatory cytokine to induce bone loss and 
endogenous MSC impairments [35, 36]. In this study, 
we further discovered that TNF-α elevated to similar 
levels in OVX and T1D mice (Fig. S1B), and that MSC 
infusion reduced TNF-α level only in OVX mice (Fig. 
5A). These data suggested that anti-inflammatory 
capacity of donor MSCs was impaired in recipient 
diabetes. 

To elucidate the underlying mechanisms, we 
applied T-cell assays with or without co-culture of 
MSCs in LG or HG micro-environments. MA was 
used as the osmotic control of GLU [51]. We mimicked 
the in vivo experiment in vitro, by directly added T 
cells onto MSCs in LG, MA or HG media for 6 h (Fig. 
5B). The co-culture duration was based on flow 
cytometric results that most infused MSCs existed in 
recipient circulation within 6 h (Fig. S3B). ELISA 
detection on TNF-α level in conditional media 
showed that compared to the Blank (BL) group, MSC 
co-culture in LG exerted anti-inflammatory effects, 
which were abolished by HG but not MA treatments 
(Fig. 5C). Moreover, these changes were attributed to 
apoptosis of T cells induced by MSCs in LG but not in 
HG (Fig. S4C, D). These findings collectively indicated 
that hyperglycemic micro-environments reduce 
anti-inflammatory capacity of MSCs in osteoporotic 
therapy. 

High glucose treatments suppress MSC 
interaction with T cells but not recipient T-cell 
responses to donor MSCs via the AMPK 
pathway 

To further dissect the mechanisms, we 
investigated whether the reduced anti-inflammation 
of MSCs in recipient diabetes was due to altered 
responses of T cells or impaired function of MSCs. We 
discovered that INST did not restore the 
inflammatory conditions, while donor MSC infusion 
reduced recipient inflammation under both glycemic 
control and transient euglycemia (Fig. 5D, E). To 
mimic these in vivo experiments, T cells were 
pre-treated with HG for 6 h and directly added onto 
MSCs or not (BL) in HG, MA or LG media for 6 h (Fig. 
5F). Data showed that lowering the GLU 

concentrations in micro-environments could maintain 
anti-inflammatory capacity of MSCs (Fig. 5G) and the 
capacity to induce apoptosis of T cells (Fig. S4E, F). 
Furthermore, these results revealed that pre-treatment 
in HG did not affect recipient T-cell responses to 
donor MSCs in LG micro-environment.  

 Next, we found that hyperglycemia in OVX 
mice diminished anti-inflammatory capacity of 
infused MSCs in vivo (Fig. 5H). After in vitro 
mimicking by MSC pre-treatments in LG, MA or HG 
media for 6 h (Fig. 5I), we further discovered that HG 
pre-treatment impaired anti-inflammatory capacity of 
MSCs when they were co-cultured with T cells 
thereafter (Fig. 5J). Also, the capacity to induce 
apoptosis of T cells was inhibited in HG-treated MSCs 
(Fig. S4G, H). Furthermore, when a 2nd batch of MSCs 
were applied to T cells in LG for another 6 h (Fig. 5K), 
TNF-α levels and T-cell numbers were reduced as 
expected (Fig. 5L; Fig. S4I, J). In addition, we found 
that anti-inflammation of MSCs was dependent on 
cell contact with T cells (Fig. S5A-D), and that T-cell 
survival and TNF-α secretion were not influenced by 
HG treatment (Fig. S5E-H). Besides, in vitro treatments 
of MSCs but not T cells with AGEs, which were 
accumulated with hyperglycemia and were 
recognized as a detrimental factor of bone and MSCs 
[41, 52, 58], also impaired anti-inflammatory capacity 
of MSCs (Fig. S6). These data collectively revealed 
that diabetic micro-environments inhibited 
anti-inflammatory capacity of MSCs by suppressing 
MSC interaction with T cells, but not T-cell responses.  

To identify the molecular mechanisms, we 
screened in MSCs under LG, MA and HG 
micro-environments by qRT-PCR for the reported 
immunomodulatory factors [59]: Fasl [7, 50], 
Hepatocyte growth factor (Hgf) [60], Indoleamine 
2,3-dioxigenase (Ido) [61], Interleukin-10 (Il10) [62], 
Inducible nitric oxide synthase (Inos) [18], Matrix 
metalloproteinase-2 (Mmp2) [63], Matrix 
metalloproteinase-9 (Mmp9) [63] and Transforming 
growth factor-beta 1 (Tgfβ1) [60, 64]. Given the results of 
T-cell co-culture assays, the expression of putative 
molecular mediator(s) in MSCs was supposed to be 
downregulated by HG, but not MA, compared to LG. 
We discovered that of these candidates, only mRNA 
expression of Fasl was inhibited by HG but not MA in 
MSCs, while Hgf and Mmp9 expressions were 
suppressed by both HG and MA (Fig. 5M). Fasl is 
documented as the key factor involved in 
MSC-induction of T-cell apoptosis dependent on cell 
contact [7, 50], underlying the results obtained in the 
above T-cell assays. The regulation of Fasl expression 
by HG in MSCs was further confirmed at the protein 
level (Fig. 5N).  
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Figure 5. HG micro-environments reduce anti-inflammatory capacity of MSCs via the AMPK pathway. (A, D, E, H) ELISA analysis of inflammatory 
cytokine TNF-α in serum, respectively from mice analyzed in Figures 1-4. n = 6 per group. (B, F, I, K) Experimental designs to mimick in vivo phenomena in vitro and 
to clarify HG effects on anti-inflammatory capacity of MSCs or response of T cells. MA was used as the osmotic control. For LG treatment, 5-mM GLU was added. 
For HG treatment, 25-mM GLU was added. For MA treatment, 20-mM MA was added together with 5-mM GLU. (C, G, J, L) ELISA analysis of TNF-α in media from 
the respective experiments of B, F, I, K. n = 4 per group. (M) qRT-PCR analysis of mRNA expression profiles of immunomodulatory factors of MSCs after 
treatments by LG, MA and HG. n = 3 per group. (N) Western blot detection of protein expression levels in MSCs after treatments by LG, MA and HG. Numbers 
below bands indicate fold changes normalized to gapdh. (O, Q) Experimental designs to rescue HG-induced anti-inflammatory/immunomodulatory impairments of 
MSCs using the AMPK activator MET after (O) and before (Q) co-culture with T cells. MET was dissolved in PBS and was applied at 2 mM. (P, R) ELISA analysis of 
TNF-α in media from the respective experiments of O and Q. n = 4 per group. Data represents mean ± SD. *P < 0.05; NS, not significant (P > 0.05) (ANOVA followed 
by Newman-Keuls post-hoc tests). 
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For the affected signaling pathways, AMPK, an 
important intracellular energy sensor, is documented 
as a downstream effector of HG [21, 65, 66], and 
AMPK has been reported as a promoter of Fasl 
expression via stimulating Fasl transcription by 
phosphorylation [67]. In the present study, we 
examined and confirmed that HG treatment on MSCs 
suppressed the p-Ampk protein level without 
affecting the total Ampk protein level (Fig. 5N), 
indicating that hyperglycemic suppression of 
anti-inflammatory capacity of MSCs is possibly via 
the AMPK pathway. To verify the assumption, we 
applied a recognized AMPK activator, MET [53, 68], 
to rescue impaired function of MSCs after HG 
treatment. We found that, when applied on MSCs 
after MSC co-culture with T cells in HG 
micro-environment, MET rescued the 
immunomodulatory capacity of MSCs, as 
demonstrated by re-co-culture of MSCs with the 
HG-treated T cells (Fig. 5O, P; Fig. S4K, L). 
Furthermore, MET pre-treatment also restored 
anti-inflammatory capacity of MSCs and the capacity 
to induce apoptosis of T cells after HG application 
(Fig. 5Q, R; Fig. S4M, N). Together, the above data 
suggested that high glucose treatments suppressed 
anti-inflammation/immunomodulation of MSCs via 
the AMPK pathway. 

A second infusion of MSCs in recipient glucose 
homeostasis ameliorates diabetic osteopenia 
by anti-inflammation 

The above findings, particularly data from the 
T-cell co-culture assay with serial MSCs (Fig. 5K, L; 
Fig. S4I, J), inspired us to determine the therapeutic 
effects of serial MSC infusion on osteopenia in 
recipient diabetes mellitus. In consistence with 
previous reports, both sMSC and dMSC infusion 
gradually restored normal glycemic 
micro-environment in T1D mice (Fig. 6A) [25, 56, 69]. 
These effects were attributed to the regeneration of 
pancreas islets (Fig. S7A, B), which recovered the INS 
secretion (Fig. S7C) and reduced the HbA1c 
percentages in circulation (Fig. S7D). These results 
prompted us to investigate the therapeutic effects of a 
second infusion of MSCs in the skeletal complication 
of diabetes. 

The time point regarding the 2nd MSC infusion 
was set at 14 d post the 1st MSC infusion, based on 
previous reports [69, 70] and our data in the 
euglycemia established by the 1st infused MSCs (Fig. 
6A). ELISA analysis on serum TNF-α levels 
demonstrated that dMSC infusion significantly 
reduced systemic inflammation in T1D mice (Fig. 6B). 
Micro-CT analysis revealed that dMSC infusion 
restored both trabecular and cortical bone mass in 

T1D mice (Fig. 6C), as quantified by corresponding 
trabecular parameters of BV/TV (Fig. 6D), BMD (Fig. 
6E), Tb.Th (Fig. 6F), Tb.N (Fig. 6G) and Tb.Sp (Fig. 
6H), and the cortical parameter of Ct.Th (Fig. 6I). 
Further analysis on bone remodeling rates (Fig. 6J) 
confirmed the therapeutic effects of dMSC infusion on 
diabetic osteopenia, in that both bone formation rates 
(Fig. 6K-M) and bone resorption rates (Fig. 6N, O) 
were restored. Together, these findings uncovered 
that a second infusion of MSCs in recipient glucose 
homeostasis ameliorates diabetic osteopenia by 
anti-inflammation. 

Discussion 
Therapeutic effects of MSC infusion have been 

revealed in various human disorders [1-6], but the 
role and mechanisms underlying recipient 
micro-environmental impacts on donor MSC function 
are not fully understood. In this study, we discovered 
that recipient diabetes mellitus impaired therapeutic 
effects of MSC infusion on osteopenia, which was 
attributed to the hyperglycemic condition reducing 
anti-inflammatory capacity of MSCs through 
suppressing MSC interaction with T cells via the 
AMPK pathway. We have also revealed that 
restoration of recipient glucose homeostasis prior to 
MSC transplantation could promote the therapeutic 
effects of MSC infusion to ameliorate diabetic 
osteopenia by anti-inflammation. To our knowledge, 
this is the first study to uncover the role of recipient 
glycemic conditions controlling MSC-mediated 
therapy, and to unravel that fulfillment of potent 
function of donor MSCs requires normalization of 
recipient micro-environment. 

Donor cell-recipient communications are pivotal 
to MSC-mediated tissue regeneration and therapy [8, 
71], while the impacts of recipient comorbidities are 
only beginning to be noticed [13-17]. Previous 
findings have pointed out that recipient 
immunological components, particularly T 
lymphocytes and inflammatory cytokines TNF-α and 
Interferon-gamma, actively respond to the 
transplanted MSCs and initiate the 
immunomodulatory function of donor MSCs [18, 19, 
71]. However, conflicting results still exist regarding 
therapeutic effects of MSCs on immune disorders [72]; 
specifically, MSC transplantation could be 
conditionally therapeutic depending on recipient 
micro-environmental alterations [14, 17], but detailed 
investigations of how the diseased recipient 
micro-milieu affects the donor MSC function are 
lacking. In this study, we for the first time uncovered 
that recipient diabetes mellitus impairs 
MSC-mediated therapy and immunomodulation, 
despite the onset of inflammation observed here and 
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reported previously [37]. Given that hyperglycemia 
might combine with degenerative and immunological 
disorders [20, 22], check of recipient glycemic 
conditions prior to therapeutic use of MSCs is 

recommended based on our data. Furthermore, our 
results suggest that the infusion timing may be vital to 
MSC therapy, e.g. transplantation upon fasting might 
be beneficial to therapeutic efficacy of MSCs. 

 
 

 
Figure 6. A second infusion of MSCs in recipient glucose homeostasis ameliorates diabetic osteopenia by anti-inflammation. (A) Non-fasting blood 
glucose levels of T1D mice after PBS, sMSC or dMSC injection. The 1st MSCs were infused at D25. The 2nd MSCs were infused 14 d later at D39. Grey dashed line 
indicates diabetic criterion of 250 mg/dL. (B) ELISA analysis of inflammatory cytokine TNF-α in serum, from T1D mice accepting PBS, sMSC or dMSC infusion. (C-I) 
Representative micro-CT images (C) and quantitative analysis of trabecular (D-H) and cortical (I) bone microarchitecture in the distal metaphyses of femora. Bars: 
500 μm. (J-O) Representative images of calcein double labeling and TRAP staining (J) with quantification of bone formation rates (K-M) and bone resorption rates (N, 
O) in distal femora. Bars: 50 μm (up) and 25 μm (bottom). n = 6 per group. Data represents mean ± SD. *P < 0.05; NS, not significant (P > 0.05) (ANOVA followed 
by Newman-Keuls post-hoc tests). 
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Diabetes is a metabolic disease of high incidence 
with various complications affecting cardiovascular, 
nervous, and skeletal systems. Particularly, severe 
osteoporosis could develop in T1D, which is also 
recognized as a chronic autoimmune disorder 
characterized by hypoinsulinemia and hyperglycemia 
[37, 38]. MSC therapy based on systemic infusion has 
been proved effective in reconstructing the damaged 
islets and reverting hyperglycemia both in animal and 
in human researches, while little is known about the 
potential improvements in complicated lesions [25, 
26, 73, 74]. Interestingly, despite INS-based intensive 
glycemic control in T1D, complications may still 
persist and progress after even transient 
hyperglycemia [51, 75]. In the present study, we 
confirmed that INST and sMSC infusion after the 
onset of T1D could only restore euglycemia without 
rescue on osteopenia and inflammation, suggesting 
“tissue/organ-specifically targeted” therapeutic 
effects. This phenomenon has also been defined as 
“metabolic memory” and remains poorly understood 
and a major challenge in treating diabetes [51, 75]. In 
addition, although elongation of the observing time 
may provide traces of systemic improvements after 
hyperglycemic treatments, evidence is lacking. We 
hereby provide a solution in which pre-normalization 
of recipient glycemic micro-environment by a single 
INS or MSC administration could promote the 
anti-inflammatory and therapeutic effects of the later 
infused MSCs on complicated lesions. Controversies 
exist as to whether sMSC infusion alleviates 
immunological dysfunction in T1D [25, 73, 76-78] and 
whether multiple administration of MSCs exert more 
profound therapeutic effects [56, 69, 70, 79, 80]. Based 
on our findings, donor-recipient interactions may 
occur in a dynamic pattern, in which recipient 
glycemic conditions at the infusion time points 
potently influence the bidirectional balance. Further 
experiments are now undergoing in OVX mice, in 
which we apply a 2nd MSC infusion after the transient 
hyperglycemia fading away. Despite the 
controversies, we unraveled that fulfillment of potent 
function of donor MSCs requires tight control of 
recipient micro-environment. 

Our findings also help to clarify the therapeutic 
mechanisms underlying MSC curing islet damages in 
T1D. Current understanding of the antidiabetic effects 
of infused MSCs is unrelated to their 
transdifferentiation potential but to their paracrine 
impacts, of which immunomodulation is the research 
focus [25, 28, 80, 81]. However, current data are 
controversial in whether MSC infusion could exert 
systemic immunomodulatory effects [76, 78] or local 
beneficial effects on pancreas micro-environments [25, 
73, 77], which need MSC to migrate to pancreatic 

lymph nodes [25, 77]. Based on our data, systemic 
anti-inflammatory capacity of infused MSCs was 
impaired in hyperglycemia, but the MSC migration 
capacity post infusion was not affected. Therefore, it 
would be safe to assume that a portion of infused 
MSCs could migrate to pancreas and restore the local 
micro-environments, and that the local trophic effects 
might account for the major contributions to the 
improved islets after MSC infusion. Conversely, for 
complicated lesions of T1D like osteoporosis, the 
maintenance of systemic immunomodulatory effects 
may overweigh homing and local effects in 
preserving MSC therapeutic efficacy. Also in an 
inflammation-induced osteopenia, the OVX model, 
previous findings have shown that 
immunomodulation of MSCs to induce T-cell 
apoptosis via Fasl is indispensable for their 
therapeutic effects [7]. Nevertheless, in the 
anti-inflammatory drug glucocorticoid-induced 
osteoporosis, homing of infused MSCs is pivotal 
while no immunomodulatory was observed, as stated 
in our previous report [8]. The above findings 
collectively indicate that therapeutic effects of MSCs 
are micro-environment-dependent; the efficacy differs 
in organ- and disease- specific patterns upon 
differential systemic and local niches (for diabetes) 
and upon different systemic conditions (for 
osteoporosis). These assumptions should be carefully 
investigated in future researches and taken into 
consideration in clinical application of MSCs. 

Immunomodulatory/anti-inflammatory 
capacity of MSCs has been recognized as a significant 
principle for MSC-mediated therapy in not only 
autoimmune diseases [50] but also osteoporosis [7]. 
Despite that immune cells such as dendrite cells, 
natural killer cells, macrophages and B cells were 
generally influenced by MSCs [59], T cells are 
recognized to be the major target of 
immunosuppressive properties of MSCs [18, 50]. 
Previous findings have shown that 
immunosuppression of MSCs is both innate and 
inducible, respectively depending on the constitutive 
Fasl-Fas pathway to induce T-cell apoptosis [50], and 
several cytokines promoted in response to 
inflammation to suppress T-cell proliferation [18]. 
Here, we further revealed that anti-inflammation of 
MSCs is also reducible by recipient hyperglycemic 
micro-environment. Given that homing capacity of 
MSCs was not influenced by the diabetic 
micro-environment, the reduction of 
anti-inflammatory capacity was key to the impaired 
therapeutic effects of MSCs in T1D-induced 
osteoporosis. Furthermore, we screened and 
discovered that MSC function, but not T-cell 
responses, is diminished in diabetic 
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micro-environments, which should be attributed to 
detrimental effects of both high glucose and its 
metabolic product AGEs [58, 82], considering the 
complex pathological condition in vivo. Potential 
contributions of other immune cells might be 
involved. We have also verified that Fasl, not any of 
other reported cytokines, may be responsible for the 
MSC impairment. As far as we know, the 
high-glucose effects on Fasl expression and the 
underlying mechanisms are not documented. Fasl 
expression is primarily regulated by transcription 
factors [83], and its promotor activity is also reported 
to be stimulated by phosphorylation of AMPK [67], an 
important cellular energy sensor [21]. In accordance 
with previous studies, we revealed that p-Ampk 
protein expression is down-regulated by high-glucose 
treatment [65, 66], probably contributing to the 
inhibition of Fasl. Furthermore, by using the AMPK 
activator MET, we confirmed that rescuing AMPK 
signaling could restore anti-inflammatory capacity of 
MSCs in hyperglycemic micro-environments. As far 
as we know, this is the first report to reveal that the 
AMPK pathway plays a necessary role in maintaining 
immunomodulation of MSCs. Detailed mechanisms 
are needed to be elucidated in future works. In 
addition, consistent with previous data [13], we 
showed that MSCs are not intrinsically 
immunoprivileged and that in detrimental recipient 
micro-environments, allogeneic MSCs lose their 
immunomodulatory capacity but induce a T-cell 
immunological response. Our findings should be 
interpreted with specific attention in future utility of 
MSCs in clinical. 

In summary, our findings uncover a previously 
unrecognized role of recipient glycemic conditions 
controlling MSC-mediated therapy, and unravel that 
fulfillment of potent function of donor MSCs requires 
tight control of recipient micro-environment. 
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