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Excess glucose alone depress young 
mesenchymal stromal/stem cell osteogenesis 
and mitochondria activity within hours/days 
via NAD+/SIRT1 axis
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Abstract 

Background  The impact of global overconsumption of simple sugars on bone health, which peaks in adolescence/
early adulthood and correlates with osteoporosis (OP) and fracture risk decades, is unclear. Mesenchymal stromal/
stem cells (MSCs) are the progenitors of osteoblasts/bone-forming cells, and known to decrease their osteogenic 
differentiation capacity with age. Alarmingly, while there is correlative evidence that adolescents consuming greatest 
amounts of simple sugars have the lowest bone mass, there is no mechanistic understanding on the causality of this 
correlation.

Methods  Bioinformatics analyses for energetics pathways involved during MSC differentiation using human cell 
information was performed. In vitro dissection of normal versus high glucose (HG) conditions on osteo-/adipo-line‑
age commitment and mitochondrial function was assessed using multi-sources of non-senescent human and murine 
MSCs; for in vivo validation, young mice was fed normal or HG-added water with subsequent analyses of bone mar‑
row CD45− MSCs.

Results  Bioinformatics analyses revealed mitochondrial and glucose-related metabolic pathways as integral to MSC 
osteo-/adipo-lineage commitment. Functionally, in vitro HG alone without differentiation induction decreased 
both MSC mitochondrial activity and osteogenesis while enhancing adipogenesis by 8 h’ time due to depletion of nic‑
otinamide adenine dinucleotide (NAD+), a vital mitochondrial co-enzyme and co-factor to Sirtuin (SIRT) 1, a longevity 
gene also involved in osteogenesis. In vivo, HG intake in young mice depleted MSC NAD+, with oral NAD+ precursor 
supplementation rapidly reversing both mitochondrial decline and osteo-/adipo-commitment in a SIRT1-dependent 
fashion within 1 ~ 5 days.

Conclusions  We found a surprisingly rapid impact of excessive glucose, a single dietary factor, on MSC SIRT1 
function and osteogenesis in youthful settings, and the crucial role of NAD+—a single molecule—on both MSC 
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mitochondrial function and lineage commitment. These findings have strong implications on future global OP 
and disability risks in light of current worldwide overconsumption of simple sugars.

Keywords  Human mesenchymal stromal/stem cells (MSCs), Osteogenesis, Adipogenesis, Mitochondria, High 
glucose, Mouse model, Nicotinamide adenine dinucleotide (NAD+), Nicotinamide mononucleotide (NMN), Sirtuin 1 
(SIRT1)

Introduction
Excessive simple sugar/monosaccharide consumption is 
a global concern by strongly increasing numerous dis-
ease risks [1–7] but surprisingly its association with 
bone health and osteoporosis (OP), an age-related dis-
ease of bone fragility with outsized contributions to 
global disease disability by increasing fracture risks 
[8–10], has remained largely unclear. The cell respon-
sible for bone formation is the osteoblast, a descend-
ant cell type of the multilineage mesenchymal stromal/
stem cell (MSC)—first identified in the non-hematopoi-
etic/CD45− compartment of the bone marrow—which 
can also differentiate into other skeletal-related line-
ages particularly adipocytes and chondrocytes [11, 12]. 
MSC osteogenesis appears to be fragile, with senescence 
decreasing its osteogenic capacity but increasing adipo-
genic capacity [13–18]. The rapid aging of populations 
worldwide has made OP a critical public health concern, 
and despite the availability of numerous treatments and 
recent discoveries of potent biologics, patient compli-
ance remains problematic due to slow improvement 
coupled with rare but severe adverse effects in all classes 
of therapeutics [19]. Unlike most tissues/organs, over 
90% of peak bone mass is acquired by the age of 20, dec-
ades before the onset of OP and fracture risk, with bone 
loss beginning after the age of 30 [20–22]. Moreover 
during this time period, suboptimal lifestyle choices—
one of few modifiable OP risk factors—including poor 
dietary habits strongly increase OP and fracture risks 
later in life [23]. Alarmingly, there are worrisome trends 
of plateauing height growth and low bone mass in ever 
younger people, with correlative evidence showing ado-
lescents consuming the greatest amounts of simple sug-
ars having the lowest bone mass [24–26]. Despite global 
sugar overconsumption and the widening epidemic of 
OP, molecular understanding of how excessive simple 
sugar/monosaccharide intake affects MSC osteogenic 
lineage commitment in youthful, non-senescent settings 
remains largely unexplored, with the existing few mech-
anistic studies yielding inconsistent results [27–30].

Found in all living cells, a vital co-enzyme involved in 
mitochondrial function is nicotinamide adenine dinu-
cleotide (NAD+) [31]. Intake of excessive or high glucose 
(HG), the most common monosaccharide, triggers gly-
colysis which depletes NAD+ levels by requiring NAD+ 

to accept electrons and form NADH. Under normal 
glucose conditions, however, mitochondrial function is 
maintained which improves NAD+ levels and also the 
function of Sirtuin (SIRT) 1 [32], an NAD+-dependent 
histone deacetylase with crucial roles in organismal lon-
gevity [33, 34] and MSC osteogenesis [35, 36]. While 
it is well known that aging and senescence decreases 
NAD+ levels and bone mass [37, 38], the more relevant 
questions for bone health which anabolically peaks in 
adolescence/early adulthood, has surprisingly not been 
answered: whether modulating NAD+ levels in young/
non-senescent settings would impact MSC osteogenesis, 
and the role of simple sugar overconsumption on osteo-
genic commitment in young/non-senescent MSCs. We 
therefore investigated the role and any underlying mech-
anism of HG intake in modulating MSC mitochondrial 
function and lineage commitment in in vitro human and 
murine MSCs and in vivo. Our findings demonstrate sur-
prisingly that HG intake alone can rapidly—within hours 
in  vitro and 1–5  days in  vivo—deplete NAD+ levels, 
decreasing mitochondrial function and switching MSC 
lineage commitment from osteogenesis to adipogenesis 
by decreasing downstream SIRT1 actions. The findings 
not only demonstrate the detrimental and unexpected 
rapid impact of HG intake alone simultaneously on MSC 
mitochondrial function and osteogenic commitment in 
non-senescent settings, but also show the implications 
of simple sugar overconsumption on bone health even in 
youthful settings.

Methods
Cell culture and differentiation
Human bone marrow (BM) MSCs were obtained from 
commercial sources (Promocell, Heidelberg, Germany), 
while mouse BMMSCs were isolated from C57BL/6  J 
strain (National Laboratory Animal Center, Taipei, 
Taiwan). Human placental MSCs (PMSCs) were iso-
lated as previously reported from term placental tis-
sue (38–40  weeks’ gestation) obtained from healthy 
donor mothers after informed consent approval [39]. All 
human MSCs were cultured in low-glucose Dulbecco’s 
Modified Eagle’s medium (DMEM) (Invitrogen -Thermo 
Fisher Scientific) with 10% FBS (Hyclone-Thermo Fisher 
Scientific), 100U/ml of penicillin/streptomycin, 2  mM 
L-glutamine (all from Gibco-Thermo Fisher Scientific) 
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[40]. Non-senescent MSCs, including passages 8–10 for 
BMMSCs and passages 15–20 for PMSCs, were used 
as previously reported [15, 41, 42]. Mouse C3H10T1/2 
MSCs were obtained from American Type Culture Col-
lection (ATCC, Manassas, VA, USA) and maintained 
in Basal Medium Eagle medium (BMEM) (Invitrogen-
Thermo Fisher) with 10% FBS, 100 U/ml of penicillin/
streptomycin, 2  mM L-glutamine [43]. Adipogenic and 
osteogenic differentiation with quantification of Oil Red 
O and Alizarin Red staining, respectively, were per-
formed as previously reported [15, 39].

Bioinformatic analyses
Transcriptomic profiling databases were obtained from 
the National Center for Biotechnology Information-
Gene Expression Omnibus database for bioinformatic 
analyses: GSE20631 for human BMMSCs, GSE45169 for 
human adipocytes, GSE101140 for human osteoblasts, 
and GSE128423 for single-cell RNA sequencing of uncul-
tured BM CD45− osteolineage cells and MSCs harvested 
from male C57BL/6 mice at age 6–8 weeks [44]. Principal 
component analysis (PCA) of transcriptomic profiles was 
performed using Partek® Flow® software (Partek, Inc., 
St. Louis, MO), while enriched pathways in Gene Ontol-
ogy (GO) Biological Processes were performed using 
Gene set enrichment analysis (GSEA) which showed 

positive enrichment with a normalized enrichment score 
(NES) > 1 and a p-value < 0.05, as well as Metascape anal-
ysis in which significance was set at p-value < 0.01 [45]. 
The Molecular Activation Prediction (MAP) tool was 
used to interrogate networks and pathways with expres-
sion levels of involved genes using Ingenuity Systems 
Pathway Analysis (IPA) software (QIAGEN, Hilden, Ger-
many) [46]. IPA showed regulatory relationships between 
up-regulatory (red) and down-regulatory (green) mol-
ecules, while the MAP tool predicted that the targeted 
processes or involved molecules were activated (orange) 
or inhibited (blue) through relationships with posi-
tive regulation (orange lines), negative regulation (blue 
lines), inconsistent findings (yellow lines), or being not 
predicted (gray lines). Dashed lines represented indirect 
interactions based on published data.

Real‑time PCR
RNA was extracted with TRIzol reagent (Invitrogen-
Thermo Fisher Scientific) and cDNA synthesis was per-
formed with ReverTra Ace set (TOYOBO, Osaka, JP), 
both according to the manufacturer’s protocols. SYBR 
was applied for the assessment of PCR products by ABI 
7500 Fast Real-Time PCR system (Thermo Fisher Scien-
tific). Primers for human and murine genes are listed in 
Table 1.

Table 1  The list of primer sequence for qPCR

Gene Forward primer Reverse primer

Human GAPDH (internal control) 5’-GTG​GAC​CTG​ACC​TGC​CGT​CT-3’ 5’-GGA​GGA​GTG​GGT​GTC​GCT​GT-3’

GLUT1 5’-CAT​CAA​CCG​CAA​CGA​GGA​GAAC-3’ 5’-CAG​CAC​CAC​AGC​GAT​GAG​GAT-3’

GLUT2 5’-GCT​GCC​GCT​GAG​AAG​ATT​AGAC-3’ 5’-CCT​GAC​TAG​CTC​CTG​CCT​GTT-3’

GLUT3 5’-ACG​GCC​TCA​TGG​AGA​ATG​AACAG-3’ 5’-AGC​AGC​ATT​CAG​AAG​CGT​CCT-3’

GLUT4 5’-ATC​CTT​GGA​CGA​TTC​CTC​ATTGG-3’ 5’-CAG​GTG​AGT​GGG​AGC​AAT​CT-3’

ADIPOQ 5’-GCT​CAG​CAT​TCA​GTG​TGG​GA-3’ 5’-GTA​CAG​CCC​AGG​AAT​GTT​GC-3’

IBSP 5’-GGC​CAC​GAT​ATT​ATC​TTT​ACA​AGC​A-3’ 5’-CCT​CAG​AGT​CTT​CAT​CTT​CA-3’

CEBPB 5’-AAA​CTC​TCT​GCT​TCT​CCC​TCTG-3’ 5’-GTT​GCG​TCA​GTC​CCG​TGT​A-3’

KLF5 5’-CCT​GGT​CCA​GAC​AAG​ATG​TGA-3’ 5’-GAA​CTG​GTC​TAC​GAC​TGA​GGC-3’

RUNX2 5’-CCA​GAT​GGG​ACT​GTG​GTT​ACTG-3’ 5’-TTC​CGG​AGC​TCA​GCA​GAA​TAA-3’

ALPL 5’-AGC​TGA​ACA​GGA​ACA​ACG​TGA-3’ 5’-CTT​CAT​GGT​GCC​CGT​GGT​C-3’

Murine Actb (internal control) 5’-GAA​ATC​GTG​CGT​GAC​ATC​AAAG-3’ 5’-TGT​AGT​TTC​ATG​GAT​GCC​ACAG-3’

Glut1 5’-GGT​GCC​AGC​CAA​AGT​GAC​AAC-3’ 5’-GTC​GGT​TCG​GAA​GAG​GTC​TCAT-3’

Glut2 5’-TTC​CAG​TTC​GGC​TAT​GAC​ATCG-3’ 5’-CTG​GTG​TGA​CTG​TAA​GTG​GGG-3’

Glut3 5’-CGG​TGT​GGA​GTT​GAA​CAG​CAT-3’ 5’-ATA​GCA​GCA​CTC​AGA​AGC​AGTC-3’

Glut4 5’-AGC​CAG​CCT​ACG​CCA​CCA​TA-3’ 5’-CTG​GTG​TGA​CTG​TAA​GTG​GGG-3’

Adipoq 5’-TGT​TCC​TCT​TAA​TCC​TGC​CCA-3’ 5’-CCA​ACC​TGC​ACA​AGT​TCC​CTT-3’

Ibsp 5’-TAG​TTC​CGA​AGA​GGA​GGG​GG-3’ 5’-CCC​TGC​TTT​CTG​CAT​CTC​CA-3’

Cebpb 5’-ACA​AGC​TGA​GAG​ACG​AGT​ACA​AGA​-3’ 5’-GCA​GCT​GCT​TGA​ACA​AGT​TCCG-3’

Klf5 5’-AGG​ACT​CAT​ACG​GGC​GAG​AA-3’ 5’-ATG​CAC​TGG​AAC​GGC​TTG​G-3’

Runx2 5’-GGT TAA TCT CCG​CAG​ GTC ACT-3’ 5’-CAC TGT GCT GAA GAG GCT GTT-3’

Alpl 5’-CTG​ACT​GAC​CCT​TCG​CTC​TC-3’ 5’-TGC​TTG​GCC​TTA​CCC​TCA​T-3’
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Mitochondrial activity assays
Mitochondrial activity was determined by the assessment 
of OCR using Seahorse XFe24 Analyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) as previously reported 
[47] and mitochondrial ΔΨm. with JC-1 (Thermo Fisher 
Scientific) staining according to the manufacturer’s pro-
tocol. For OCR assay, 2 × 104 MSCs were seeded in a 
24XF cell culture microplate, cultured for 8 h, and then 
replaced with Seahorse XF DMEM media in which con-
tain 2% FBS, 2 mM glutamine and 1 g/L glucose with a 
7.4 pH and incubated at 37 °C for extra 30 min. OCR was 
determined with a sequential treatment of 1 μM oligomy-
cin, 2 μM carbonyl cyanide-p-trifluoromethoxyphenylhy-
drazone (FCCP) and rotenone combined with antimycin 
A during the analysis process. For mitochondrial ΔΨm. 
assay, 2 × 105 MSCs were treated with 2.5  μM JC-1 and 
then incubated at 7  °C for 30  min. Fluorescence signals 
were captured by fluorescence microscopy or quantified 
by flow cytometry. Depolarized mitochondrial ΔΨm. was 
assessed by detecting green fluorescence signals while 
polarized mitochondrial ΔΨm. was assessed by detecting 
red fluorescence signals. Gating for fluorescent signals of 
green+/red−, green+/red+ and green−/red+ was also per-
formed for frequency analyses of low, intermediate and 
high mitochondrial ΔΨm., respectively.

Nicotinamide adenine dinucleotide (NAD+)/NADH assay
The ratio of cellular NAD+/NADH was assessed with 
colorimetric assay according to the manufacturer’s pro-
tocol (Abcam, Cambridge, UK). Briefly, NADH amount 
was first measured by heating at 60ºC for 30  min to 
decompose NAD+ with developer reaction for measure-
ment at OD 450 nm, and then convert NAD+ to NADH 
for measurement of total NAD+ and NADH (NADt). 
NAD + /NADH ratio can be calculated by the formula: 
(NADt-NADH)/NADH.

SIRT1 protein detection
Human BMMSCs were cultured in specific conditions for 
8  h, with subsequent extraction of total cellular protein 
for assessment of SIRT1 expression with β-actin as an 
internal control by western blot analyses (all antibodies 
from Santa Cruz, CA, USA).

In vivo mouse experimentation
Animal experimentation was conducted following approved 
protocols by the Institutional Animal Care and Use Com-
mittee of the National Taiwan University (No. 20170426). 
6-week-old C57BL/6 male mice were given drinking water 
with added glucose prepared by adding 13  g D-glucose 
(Sigma) into 100 ml drinking water [48] for 1 day or 5 days. 
Nicotinamide mononucleotide (NMN) was also orally pro-
vided in drinking water with a concentration of 2 g/L [49], 

and sirtinol was intraperitoneally administered with a dose 
of 1  mg/kg/day [50]. Mice were euthanized on day 1 or 
day 5, with uncultured CD45- BM cells harvested for RNA 
extraction and assessment of gene expression as well as JC-1 
staining for assessment of mitochondrial function.

Statistical analysis
For comparisons between two groups, Student’s t-test 
was used, while for comparisons between multiple 
groups, ANOVA was used followed by Tukey test. A 
value of p < 0.05 was considered statistically significant. 
Analyses were performed using GraphPad Prism soft-
ware (CA, USA) and data are shown as mean ± SD.

Results
Glucose‑related metabolic pathways and mitochondria 
activity are integral to MSC lineage commitment, 
with HG alone without additional lineage induction able 
to shift human & murine MSCs to favor adipogenesis 
at the expense of osteogenesis
To assess the involvement of various energetic pathways 
in MSC lineage commitment towards adipogenesis or 
osteogenesis, we first performed PCA analysis of whole 
transcriptomic profiling of human BMMSCs, adipo-
cytes and osteoblasts to ascertain that the 3 cell types 
have distinctive profiles (Fig.  1A). Bioinformatics analy-
ses revealed a number of carbohydrate- and glycolysis-
related metabolic pathways to be significantly enriched 
in adipocytes vs. BMMSCs, while mitochondria-related 
and glucose homeostasis pathways were significantly 
enriched in osteoblasts vs. BMMSC (Fig. 1B). GSEA also 
supported the importance of glucose-related processes 
in adipocytes but not osteoblasts vs. BMMSCs by sig-
nificantly upregulating “Positive regulation of glucose 
import” pathway (Fig.  1C) and “Regulation of glucose 
metabolic process” (Fig.  1D). In addition, we used the 
MAP tool from IPA and found that the process of “Glyco-
lysis” was upregulated in adipocytes but downregulated 
in osteoblasts when compared to BMMSCs (Fig.  1E), 
suggesting that this process is more critically involved 
in adipogenesis rather than osteogenesis. To determine 
whether changes in glucose levels could functionally 
affect MSC lineage commitment to adipogenesis or oste-
ogenesis, we first assessed the gene expression of glucose 
transporters in both human and murine MSCs of two 
tissue sources. We found that expression levels of insu-
lin-independent GLUT1/Glut1 and GLUT3/Glut3 were 
significantly higher than insulin-dependent GLUT2/Glut2 
and GLUT4/Glut4 in primary human BMMSCs, human 
placental MSCs (PMSCs), and mouse BMMSCs regard-
less of treated glucose levels—either low glucose (LG; 
5.5  mM) or HG (25  mM); similar findings were seen in 
the mouse C3H10T1/2 MSC line (C3H) which only 



Page 5 of 17Yen et al. Journal of Biomedical Science           (2024) 31:49 	

expressed the insulin-independent Glut1 (Figure S1). 
These data suggest that glucose uptake in MSCs is gen-
erally insulin-independent. In  vitro functional assess-
ment of adipogenesis was significantly increased in 
primary human and murine MSCs cultured in adipogenic 
medium (AM) containing HG compared to LG, as evi-
denced by Oil Red (OR) staining for oil droplets (Fig. 2A, 
B). However, osteogenic capacity of all three primary 
MSCs was significantly decreased in osteogenic medium 
(OM) with HG compared to LG, as assessed by Alizarin 
Red (AR) staining for calcium deposition (Figs.  2C, D). 
More surprisingly, even when MSCs were cultured in 
just control/expansion medium (CM) without any differ-
entiation induction, addition of HG (HG-CM) increased 
expression levels of adiponectin (ADIPQ/Adipoq), an 
adipocyte lineage gene, in human BMMSCs and PMSCs 
as well as mouse BMMSCs and C3H, while simultane-
ously decreasing levels of bone sialoprotein (IBSP/Ibsp), 

an osteogenic lineage gene, in all four MSCs (Fig. 2E-H), 
suggesting a potential role for HG alone in driving MSC 
lineage specification towards adipogenesis over osteo-
genesis even without overt induction by lineage-specific 
differentiation medium. Collectively, these results sug-
gest that HG alone can trigger lineage commitment of 
MSCs towards adipogenesis and away from osteogenesis.

HG alone decreased mitochondrial activity and triggered 
MSC adipogenesis over osteogenesis within 8 h due 
to depletion of NAD+
To further elucidate the mechanisms involved in trig-
gering of MSC adipogenic over osteogenic commitment 
by HG alone, we first assessed the earliest time point at 
which the adipogenic and osteogenic master transcrip-
tion factors CCAAT/enhancer-binding protein beta 
(Cebpb) and Runt-related transcription factor 2 (Runx2), 
respectively, are upregulated during differentiation into 

Fig. 1  Mitochondrial and glucose homeostasis pathways were highly associated with osteogenesis, while glycolysis-related pathways were highly 
associated with adipogenesis. A Principal component analysis (PCA) of transcriptomic profiles of human bone marrow (BM) mesenchymal stem 
cells (MSCs; n = 3, GSE20631), adipocytes (n = 3, GSE45169), and osteoblasts (n = 3, GSE101140). B Metascape pathway analyses for enriched GO 
Biological Processes in adipocytes and osteoblasts compared to BMMSCs using transcriptomic data, with pathways colored according to p values. 
C Enrichment of “Positive regulation of glucose import” pathway as performed by Gene set enrichment analysis (GSEA) in adipocytes or osteoblasts 
compared to BMMSCs, with normalized enrichment score (NES) and p value labeled. D Enrichment of “Regulation of glucose metabolic process” 
pathway as performed by GSEA in adipocytes and osteoblasts compared to BMMSCs, with NES and p value labeled. E Prediction of mechanisms 
involved in “Glycolysis” as performed with the Molecular Activation Prediction (MAP) tool using transcriptomic data from adipocytes or osteoblasts 
compared to BMMSCs
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the respective lineages. To our surprise, we found that 
each master lineage transcription factor was rapidly 
induced in the respective media at just 8  h (Fig.  3A). 
To explore whether HG alone without differentiation 
induction could influence MSC lineage commitment 
also at this early time point, we profiled the 2 master 
transcription factors as well as 2 early markers for each 
lineage—Kruppel-like factor 5  (Klf5) for adipogenesis 
and alkaline phosphatase  (Alpl) for osteogenesis—in 
C3H cultured in CM only with HG added. We found 
that expression levels of both Cebpb and Klf5 were sig-
nificantly upregulated in C3H with HG-CM at this early 
time point (Fig.  3B); conversely, expression of Runx2 
and Alpl were significantly downregulated at this time 
point in these same conditions (Fig.  3C). With the cru-
cial role of NAD+ in metabolism, mitochondrial activity, 
as well as MSC osteogenesis via the NAD+-dependent 
deacetylase SIRT1, we assessed whether HG altered cel-
lular levels of NAD+ and found that C3H cultured in 
HG-CM had a significantly decreased ratio of NAD+/

NADH compared to cells cultured in standard LG-CM at 
8 h (Fig. 3D). Bioinformatics analyses using the MAP tool 
predicted downregulation in the process of “Function of 
mitochondria” during MSC differentiation towards adi-
pocytes but upregulation during differentiation towards 
osteoblasts (Fig.  3E). To confirm this prediction, we 
assessed the oxidative phosphorylation (OXPHOS) path-
way using the Seahorse assay which revealed that MSCs 
cultured in HG demonstrated a significantly decreased 
maximal oxygen consumption rate (OCR; Fig.  3F, G, 
which suggests that the mitochondrial membrane poten-
tial (ΔΨm.)—an important parameter of mitochondrial 
function—was impaired by HG. To further validate 
these findings, we stained C3H cultured in HG-CM 
with a mitochondrial ΔΨm.-sensitive dye JC-1 and 
found at 8  h, these cells lost membrane potential com-
pared to C3H cultured in LG-CM: similar intensity of 
green fluorescence representing depolarized mitochon-
drial ΔΨm. between LG- and HG-treated cells could be 
seen, but significantly lower intensity of red fluorescence 

Fig. 2  High glucose (HG) alone can commit human and murine MSCs towards adipogenesis while inhibiting osteogenesis. A and B Representative 
data and pooled data of lipid droplet accumulation as assessed in human BMMSCs (top panel), human placental MSCs (PMSCs; middle panel), 
or murine BMMSCs (bottom panel) by staining with Oil Red (OR). Scale bar, 50 μm. C and D Representative and pooled data of extracellular 
mineralization as assessed in human BMMSCs (top panel), human PMSCs (middle panel), or murine BMMSCs (bottom panel) by staining 
with Alizarin Red (AR). Scale bar, 50 μm. E and F qPCR analyses of functionally adipogenic and osteogenic genes, adiponectin (ADIPOQ) and bone 
sialoprotein (IBSP), in human BMMSCs (E) and PMSCs (F), treated with LG or HG for 3 days. G and H qPCR analyses of Adipoq and Ibsp in murine 
BMMSCs (G) and mouse C3H10T1/2 mesenchymal progenitor/stem cells (C3H; H), treated with LG or HG for 3 days. N = 3 for each group in all 
figures. Data are shown as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001
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representing polarized mitochondrial ΔΨm. was seen in 
HG- vs. LG-treated cells (Fig. 4A, B). To globally visual-
ize the changes in mitochondrial ΔΨm. brought by HG, 
we performed t-distributed stochastic neighbor embed-
ding (t-SNE) analyses and found that both intermediate 
and high ΔΨm. were more prominent in LG-treated cells 
than HG-treated cells (Fig.  4C). Verification with flow 
cytometry analyses (Fig.  4D-F) also demonstrated that 
HG similarly decreased the intensity of polarized mito-
chondrial ΔΨm.; further analyses also showed that HG 
significantly decreased mitochondria with intermediate 
ΔΨm. (represented by double positivity for red and green 
fluorescence), while increasing mitochondria with low 
ΔΨm. (green fluorescence positivity only) and decreasing 
mitochondria with high ΔΨm. (red fluorescence positiv-
ity only) albeit non-significantly.

To explore whether NAD+-mediated mitochondrial func-
tion is involved in regulating MSC lineage commitment, we 

inhibited NAD+ biosynthesis with FK866 (FK) in LG-CM-
cultured C3H and at 8  h, and found that both the inten-
sity of polarized mitochondrial ΔΨm. (Fig.  4G) as well as 
the frequency of mitochondria with either intermediate or 
high ΔΨm. were significantly decreased; the frequency of 
mitochondria with low ΔΨm. was significantly increased 
(Fig. 4H). Furthermore, analyses of lineage gene expression 
in FK-treated C3H demonstrated a shift from osteogenesis 
to adipogenesis, as evident by significant upregulation of 
Cebpb and Klf5 with concomitant downregulation of Runx2 
and Alpl (Fig. 4I, J). Conversely, supplementation with nico-
tinamide mononucleotide (NMN), a precursor of NAD+ 
[31, 51], to C3H cultured in HG-CM resulted in an increase 
in NAD+ levels in just 8  h which reversed mitochondrial 
ΔΨm. and the frequencies of mitochondria with interme-
diate and high ΔΨm. (Fig. 4K, L); moreover, lineage com-
mitment was shifted back to osteogenesis and away from 
adipogenesis as evidenced by significant downregulation of 

Fig. 3  HG alone can trigger MSC adipogenesis over osteogenesis with depletion of nicotinamide adenine dinucleotide (NAD+) and depression 
of mitochondrial activity by 8 h. A qPCR analyses of early adipogenic and osteogenic genes, CCAAT/enhancer-binding protein beta (Cebpb) 
and Runt-related transcription factor (Runx2) as assessed in C3H with AM and OM, respectively. B qPCR analyses of early adipogenic genes, 
Cebpb and Kruppel-like factor 5 (Klf5) as assessed in C3H cells with CM containing LG or HG for 8 h. C qPCR analyses of early osteogenic genes, 
Runx2 and alkaline phosphatase (Alpl) as assessed in C3H cells with CM containing LG or HG for 8 h. D Ratio of cellular NAD+ to NADH (NAD.+/
NADH) as assessed in C3H with CM containing LG or HG for 8 h (n = 4 for each group). E MAP prediction of mechanisms involved in “Function 
of mitochondria” using transcriptomic data from human adipocytes (n = 3, GSE45169) or osteoblasts (n = 3, GSE101140) compared to BMMSCs (n = 3, 
GSE20631). F Oxygen consumption rates (OCRs) of C3H cultured in LG or HG conditions for 8 h as assessed by Seahorse assay. G Quantification 
of maximal OCRs in LG- or HG-cultured C3H. N = 3 for each group in all figures except D. Data are shown as mean ± SD. *, p < 0.05; **, p < 0.01; ***, 
p < 0.001
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Cebpb and Klf5 with significant upregulation of Runx2 and 
Alpl simultaneously (Fig.  4M, N). To further confirm the 
role of NAD+-mediated mitochondrial metabolism in MSC 
lineage commitment, we cultured C3H in CM containing 
galactose (Gal) which diverts cells from glycolysis to mito-
chondrial metabolism thereby rapidly increasing cellular 
NAD+ within a few hours (Figure S2A) [52]. Mitochondrial 
parameters in Gal-CM-cultured C3H demonstrated signifi-
cantly increased ΔΨm. (Figures S2B, C), with the frequency 
of mitochondria with low ΔΨm. significantly decreased 

while frequency of mitochondria with intermediate ΔΨm. 
was significantly increased (Figure S2D). Treatment with 
Gal also shifted C3H lineage commitment towards osteo-
genesis, with significant downregulation of Cebpb and Klf5 
alongside significant upregulation of Runx2 and Alpl at 8 h’ 
time (Figures S2E-F). HG in vitro conditions have long been 
known to promote oxidative stress in numerous cell types 
[53–55], therefore to evaluate whether oxidative stress was 
involved in this rapid lineage commitment shift in MSCs, 
we assessed levels of reactive oxidative species (ROS) in LG 

Fig. 4  HG alone depress MSC osteogenesis and mitochondrial activity while enhancing adipogenesis, which are all reversed with nicotinamide 
mononucleotide (NMN) supplementation. A Representative data for mitochondrial activity of C3H as assessed with JC-1 staining by fluorescence 
microscopy at hour 8. Scale bar, 50 μm. B Pooled data for depolarized and polarized mitochondrial membrane potential (ΔΨm.) in C3H, as assessed 
by measuring fluorescence signals with Image J (three photos for each group with a total of 81 cells for LG and 83 cells for HG). C Population 
analyses for low, intermediate and high mitochondrial activity with PhenoGraft on the t-distributed stochastic neighbor embedding (t-SNE) map. 
C3H cells were cultured with LG or HG for 8 h, and then stained with JC-1, followed by flow cytometric analysis with t-SNE-based algorithm. D 
Representative data for frequency analyses of low, intermediate and high mitochondrial activity as assessed in C3H with CM containing LG or HG 
by flow cytometry at hour 8. E Pooled data of depolarized and polarized mitochondrial ΔΨm. as assessed in C3H with CM containing LG or HG 
by analyzing green intensity and red intensity, respectively. F Pooled data for frequency analyses of low, intermediate and high mitochondrial 
activity as assessed in C3H with CM containing LG or HG. G Pooled data of depolarized and polarized mitochondrial ΔΨm. as assessed in C3H 
with LG-CM in the absence or presence of FK866 (FK; 5 nM). H Pooled data for frequency analyses of low, intermediate and high mitochondrial 
activity as assessed in C3H with LG-CM in the absence or presence of FK. I and J qPCR analyses of Cebpb and Klf5 (I) as well as Runx2 and Alpl (J) 
as assessed in C3H with LG-CM in the absence or presence of FK. K Pooled data of depolarized and polarized mitochondrial ΔΨm. as assessed 
in C3H with HG-CM in the absence or presence of NMN (50 μM). L Pooled data for frequency analyses of low, intermediate and high mitochondrial 
activity as assessed in C3H with HG-CM in the absence or presence of NMN. (M and N) qPCR analyses of Cebpb and Klf5 (M) as well as Runx2 and Alpl 
(N) as assessed in C3H with HG-CM in the absence or presence of NMN. N = 3 for each group in all figures except B. Data are shown as mean ± SD. *, 
p < 0.05; **, p < 0.01; ***, p < 0.001
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vs. HG-treated MSCs. We found that ROS levels were simi-
lar in LG- and HG-treated MSCs up until 24 h of time and 
not significantly changed until 48 h after (Figure S2G, H), 
which is much later than the depletion of NAD+ with HG at 
8 h. Collectively, these findings demonstrate that HG condi-
tions rapidly reduce cellular NAD+ levels, leading to dimin-
ished mitochondrial function and a shift in MSC lineage 
commitment from adipogenesis to osteogenesis within 8 h. 
These consequences of HG can be reversed by supplemen-
tation with NMN/NAD+ or inhibition of NAD+ depletion.

HG alone rapidly downregulates SIRT1 expression 
and functions to suppress mitochondrial activity as well 
as MSC osteogenesis via NAD+ depletion
SIRT1 activity is NAD+-dependent, which uniquely 
confers a dual role for this molecule in MSCs: modulat-
ing mitochondrial function as well as osteogenic lineage 

commitment [56]. Surprisingly, however, understand-
ing of how excess levels of simple sugars can affect these 
dual aspects of SIRT1’s actions in MSCs remain unclear. 
To explore whether the NAD+/SIRT1 axis is involved in 
HG-mediated MSC mitochondrial metabolic changes 
and adipogenic/osteogenic lineage commitment, we first 
assessed SIRT1 protein expression at 8 h and found that 
protein levels were significantly decreased in human 
BMMSCs cultured in HG-CM compared to cells cultured 
in LG-CM (Fig.  5A, B). Moreover, inhibition of NAD+ 
biosynthesis with FK significantly decreased SIRT1 pro-
tein levels in LG-CM-cultured human BMMSCs, whereas 
NMN supplementation significantly increased SIRT1 lev-
els in HG-CM-cultured cells. Higher NAD+ levels have 
been shown to enhance SIRT1 expression in a number of 
studies [57, 58], and the mechanism appears to be mainly 
through protein stabilization including NAD+-mediated 

Fig. 5  HG alone rapidly downregulates Sirtuin (SIRT) 1 expression and function to suppresses mitochondrial activity as well as MSC osteogenesis 
via NAD+ depletion. A & B Representative and pooled data for expression levels of SIRT1 protein in human BMMSCs cultured in LG-CM or HG-CM 
for 8 h as assessed by western blot, respectively (n = 4 for each group). C Pooled data of depolarized and polarized mitochondrial ΔΨm. as assessed 
in human BMMSCs treated with LG-CM in the absence or presence of sirtinol (S; 20 μM), or HG-CM in the absence or presence of NMN or NMN 
combined with S for 8 h (n = 3 for each group). D Pooled data for frequency analyses of low, intermediate and high mitochondrial activity 
as assessed in human BMMSCs treated with LG-CM in the absence or presence of S, or HG-CM in the absence or presence of NMN or NMN 
combined with S for 8 h (n = 3 for each group). (E and F) qPCR analyses of CEBPB and KLF5 (E) as well as RUNX2 and ALPL (F) as assessed in human 
BMMSCs treated with LG-CM in the absence or presence of S, or HG-CM in the absence or presence of NMN or NMN combined with S for 8 h 
(n = 4 for each group). G and H Representative and pooled data (n = 3 for each group), respectively, for oil drop accumulation in human BMMSCs 
as assessed with OR staining. Scale bar, 50 μm. I and J Representative and pooled data (n = 3 for each group), respectively, for calcium deposition 
in human BMMSCs as assessed with AR staining. Scale bar, 50 μm. Data are shown as mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001. #, p < 0.05 
for comparison excluding LG-OM (1.st bar)
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downregulation of JNK phosphorylation [59, 60] which 
we also found to be true (Figure S3A-D).

To assess the role of SIRT1 in modulating MSC mito-
chondrial activity, we treated LG-CM-cultured human 
BMMSCs with the SIRT1 inhibitor sirtinol (S) for 8  h 
which significantly decreased polarized mitochondrial 
ΔΨm. to levels similar to HG-CM-cultured cells; this 
could be rescued with NMN supplementation but not 
if SIRT1 activity was blocked (Figs. 5C & S3E-F). Flow 
cytometric analyses also demonstrated that inhibition 
of SIRT activity in LG-CM-cultured human BMMSCs 
increased the frequency of mitochondria with low 
ΔΨm., which were significantly decreased in HG-CM-
culture cells supplemented with NMN; further inhibi-
tion of SIRT1 activity reversed this effect (Figs.  5D & 
S3G). The inverse trend was seen for mitochondria with 
intermediate ΔΨm., in which SIRT1 inhibition in LG-
CM-cultured human BMMSCs decreased frequencies; 
in cells cultured in HG-CM, frequencies of such mito-
chondria were significantly increased after NMN sup-
plementation and decreased after simultaneous SIRT1 
inhibition (Figs. 5D & S3H-I). At 8 h’ time, adipogenic 
genes CEBPB and KLF5 were upregulated whereas oste-
ogenic genes RUNX2 and ALPL were downregulated 
in LG-CM-cultured human BMMSCs, as well as cells 
cultured in HG-CM with NMN supplementation after 
SIRT1 inhibition (Figs.  5E-F & S3J-M). Functional dif-
ferentiation assays validated the lineage-specific gene 
expression patterns (Figs.  5G-J & S3N-O): addition of 
HG to AM resulted in a doubling of oil droplet forma-
tion in human BMMSCs compared to LG-AM induc-
tion; conversely, HG-OM culture resulted in a more 
than 50% decrease in mineralization compared to 
LG-OM. Interestingly, SIRT1 inhibition in LG condi-
tions increased oil droplet accumulation in AM-cul-
tured human BMMSCs by over 40%, in OM-culture 

cells a more severe reduction of extracellular miner-
alization by nearly half was seen, and while NMN sup-
plementation in HG-AM significantly decreased oil 
droplet formation, simultaneous inhibition of SIRT1 
abrogated this effect; the converse was seen in HG-OM 
cultured human BMMSCs, with NMN supplementa-
tion resulting in a significant increase of mineraliza-
tion compared to baseline HG-OM levels, which was 
largely abrogated when SIRT1 was inhibited at the same 
time. Interestingly, increasing SIRT1 at the level of gene 
expression can also achieve similar results (Figure S3P-
T), underscoring the critical role of SIRT1 in MSC lin-
eage commitment. These findings demonstrate that LG 
conditions promote MSC osteogenesis as well as mito-
chondrial function through upregulation of the NAD+/
SIRT1 axis, while HG conditions promote MSC adipo-
genic commitment and decrease mitochondrial metab-
olism by downregulating this axis within 8 h.

In vivo HG intake rapidly downregulates mitochondrial 
activity and triggers adipogenic over osteogenic 
commitment in CD45− BM cells that can be rapidly 
and strongly reversed with oral NMN supplementation 
in a SIRT1‑dependent fashion
To investigate the translational relevance of the in  vitro 
results of HG conditions on MSC mitochondrial metab-
olism and lineage commitment, we first performed 
bioinformatics analyses to assess relevant pathways in 
single-cell RNA transcriptomics of uncultured CD45− 
BM osteolineage cells vs. MSCs harvested from young 
adult mice. We found that pathways involving bone for-
mation and mitochondrial activities including ΔΨm. 
and ATP synthesis were enriched (Fig.  6A); moreover, 
treatment with high levels of glucose was predicted 
to downregulate mitochondrial functions via multi-
ple transcription regulators including SIRT1 (Fig.  6B). 

(See figure on next page.)
Fig. 6  In vivo HG intake rapidly downregulates mitochondrial activity and triggers adipogenic over osteogenic commitment in CD45− 
BM cells that can be rapidly and strongly reversed with oral NMN supplementation in a SIRT1-dependent fashion. A Enrichment 
of bone- and mitochondria-related pathways as assessed in single-cell RNA transcriptomics of uncultured BM CD45− osteolineage cells vs. MSCs 
harvested from young adult mice (NCBI-GEO database: GSE128423) using Metascape analysis. B Pathway analysis on the process of “function 
of mitochondria” involving transcription regulators with treatment of high levels of glucose as performed by MAP tool in IPA. The MAP tool 
showed that “function of mitochondria” is downregulated (blue) through positively regulated (orange line), negatively regulated (blue lines), 
and unpredicted (yellow line) downstream molecules after treatment of high levels of glucose (red). C Representative data for frequency analyses 
of low and intermediate mitochondrial activity as assessed in uncultured CD45− BM cells of wildtype young adult C57BL/6 mice fed normal drinking 
water combined with intraperitoneal (i.p.) administration of S or not, or given drinking water with additional glucose with or without NMN, or NMN 
combined with i.p. injection of S. D Pooled data of depolarized and polarized mitochondrial ΔΨm. as assessed in CD45− BM cells. E Pooled data 
for frequency analyses of low and intermediate mitochondrial activity as assessed in uncultured CD45− BM cells. F and G qPCR analyses of Cebpb 
and Klf5 (F) as well as Runx2 and Alpl (G) in BM cells. N = 3 for each group in all figures. Data are shown as mean ± SD. *, p < 0.05; **, p < 0.01; ***, 
p < 0.001. H Heatmap plots as generated comparing relative expression levels of CEBPB/Cebpb, KLF5/Klf5, OR staining, RUNX2/Runx2, ALPL/Alpl, AR 
staining as well as in vitro and in vivo mitochondrial activities between LG and HG groups in vitro or H2O and glucose groups in vivo. (I) Summary: 
HG intake for a few hours or days rapidly depresses mitochondrial activity and osteogenesis while strongly promoting adipogenesis via the NAD+/
SIRT1 axis in non-senescent MSCs, with rescue of both mitochondrial activity and osteogenesis possible through NMN supplementation
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To functionally validate the role of SIRT1 and NAD+ in 
HG-downregulated mitochondrial metabolism and MSC 
osteogenesis in  vivo, we fed wildtype young adult mice 
drinking water with additional glucose and assessed the 

mitochondrial function as well as lineage-specific genes 
for adipogenesis and osteogenesis in uncultured CD45− 
BM cells which contain the MSC population [61, 62]. 
Acutely, blood glucose levels were significantly increased 

Fig. 6  (See legend on previous page.)
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in mice receiving glucose-supplemented drinking water 
compared to those receiving normal water at 4 h. How-
ever, the blood glucose levels were similar between the 
two groups on days 2 and 6 (Figure S4A). These results are 
in line with previous studies which show that in normal 
mice, glucose intake rapidly elevates blood glucose levels 
within hours but can be restored to normal levels there-
after [63, 64]. We found that CD45− BM cells isolated 
from mice after 1 day or 5 days of HG intake lost mito-
chondrial ΔΨm. significantly (Figs. 6C, D & S4B-C); and 
frequencies of mitochondria with low ΔΨm. were signifi-
cantly increased whereas mitochondria with intermedi-
ate ΔΨm. was significantly decreased at both time points 
as well (Figs.  6E & S4D-E). In mice drinking normal 
water, SIRT1 inhibition for 1 day significantly decreased 
the intensity of mitochondrial ΔΨm. as well as frequency 
of mitochondria with intermediate ΔΨm., while signifi-
cantly increasing mitochondria with low ΔΨm. in CD45− 
BM cells. Conversely, in mice drinking HG-water, NMN 
supplementation for 1  day increased the frequency of 
mitochondria with intermediate ΔΨm. in CD45− BM 
cells which could be significantly reversed with SIRT1 
inhibition; however, at day 5 NMN supplementation did 
not alter mitochondrial function regardless of whether 
additional glucose was given or not (Figures  S4F-G). 
Interestingly, lineage commitment towards adipogenesis 
and away from osteogenesis occurred rapidly after 1 day 
of HG intake, with significantly upregulated levels of 
Cebpb in CD45− BM cells regardless of whether NAD+ 
or SIRT1 was modulated (Figures S4H-I); no changes in 
levels of osteogenic genes were seen. But by 5  days of 
HG intake, Runx2 expression was significantly down-
regulated, and both Cebpb and Klf5 were upregulated in 
CD45− BM cells; moreover, at this time point, NMN sup-
plementation during HG intake significantly decreased 
both Cebpb and Klf5 while increasing Runx2 and Alpl 
expression (Figs.  6F, G and S4J-M). SIRT1 inhibition at 
this time point in normal water intake conditions had a 
mixed effect on both lineages, significantly decreasing 
Cebpb levels but significantly increasing Klf5 levels, while 
decreasing Runx2 levels and minimally affecting Alpl; 
however, SIRT1 inhibition under NMN supplemented-
HG conditions increased levels of Cebpb and Klf5 while 
decreasing levels of Runx2 and Alpl compared to NMN 
supplementation alone. These findings demonstrate that 
while NAD+ depletion due to HG intake can be strongly 
reversed with oral NMN supplementation, SIRT1 activ-
ity is required. Interestingly, the mitochondrial ΔΨm. 
decline seen with HG intake for 1  day can be restored 
after reversion to regular water for 5 days, but the lineage 
commitment shift towards adipogenesis/away from oste-
ogenesis could not be restored (Figure S5), implicating 
the tremendous insult that HG has on MSC osteogenesis. 

Moreover, HG intake could have consequences even for 
end-differentiated adipocytes and osteoblasts; when 
we lengthened the experiment out to 3-week’s time, we 
found that marrow adipocytes [65, 66] were significantly 
increased while marrow osteoblasts [67, 68] were sig-
nificantly decreased in mice drinking HG- vs. regular 
water (Figure S6). These findings implicate that longer 
term HG intake may have consequences on more end-
differentiated adipocytes and osteoblasts as well. To 
visually summarize all assessed assays, we utilized heat-
map analysis to demonstrate the clear shift in MSC dif-
ferentiation potential from osteogenesis to adipogenesis 
as well as mitochondrial functional decline under HG 
treatment whether in in vitro human or mouse, or in vivo 
mouse systems (Fig.  6H). Interestingly, there are only 
2 discrepant trends seen in the gene expression data of 
murine Cebpb and Alpl mainly under normal/LG condi-
tions; both genes are known to involved in the regulation 
of other stem cell compartments and processes [69–71], 
which was evident in the in vivo/murine setting of evalu-
ating an entire organ/tissue but not the in  vitro/human 
setting of evaluating only MSCs. Overall, these results 
demonstrate that in  vivo HG intake rapidly downregu-
lates MSC compartment mitochondrial activity as well 
as strongly modulates lineage commitment towards adi-
pogenesis via the NAD+/SIRT1 axis within 1 to 5  days, 
with rescue of both mitochondrial activity and osteogen-
esis possible using oral NMN supplementation which is 
dependent on SIRT1 activity. Our study provide evidence 
that HG alone is enough to detrimentally alter young, 
non-senescent MSC mitochondrial function and osteo-
genesis to favor adipogenesis within hours in  vitro and 
days in vivo through NAD+ depletion and SIRT1 activity 
(Fig. 6I).

Discussion
Because over 90% of bone mass is acquired by late ado-
lescence/early adulthood, interventions to significantly 
improve bone health and decrease OP risk would have 
the most impact when implemented in these youthful 
populations [20–22]. Our findings have strong transla-
tional implications since we found HG alone-mediated 
skewing of differentiation from osteogenesis to adipogen-
esis occurring in non-senescent MSCs in vitro and young 
mice in vivo. The gain of adipogenic commitment capac-
ity at the expense of osteogenesis in senescent human 
MSCs is well documented, both in chronological as well 
as replicative senescence [13, 15–18]. The decreased 
osteogenesis in aged BM and MSCs has been attributed 
to decreased SIRT1 levels and/or activity—largely due 
to senescence-related increased oxidative stress [72, 73] 
and lower NAD+ levels [37, 38]. In contrast to these stud-
ies, we found that even in young, non-senescent MSCs, 
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HG-mediated NAD+ depletion depressed mitochondrial 
and SIRT1 function to increase MSC adipogenic com-
mitment at the expense of osteogenic commitment in 
both in  vitro and in  vivo settings. Moreover, our data 
implicates that while the NAD+ depletion and subse-
quent detrimental impact on osteogenic commitment 
caused by a shorter duration of HG conditions (less than 
7  days: Figs.  5A-F and 6C-G) can be readily reversed 
with NMN supplementation, long-term HG conditions 
(more than 7 days: Figs. 2C, D, 5I, J, S5, and S6) may have 
a more profound adverse effect on MSC osteogenesis, 
which has been overwhelmingly found to be more frag-
ile than adipogenesis [74, 75]. Our current data may offer 
an explanation with regards to the low bone mass seen 
in teenagers and young adults with the highest intake 
of simple sugars [24, 26]. Modifiable factors to enhance 
bone mass are few, with dietary habits being one of such 
few factors, but while excessive simple sugar intake is 
well known to increase cardiometabolic disease burden, 
its link to bone health has not been consistently demon-
strated. We found MSCs to express insulin-independent 
transporters similar to their progeny the osteoblast [30], 
implicating that MSCs can respond directly to surround-
ing glucose levels. Our findings may help clarify the cor-
relation of ever higher simple sugar consumption globally 
in younger and younger age groups [76, 77] to the trend 
of low bone mass in this age group [21, 22]. Disturbingly, 
our findings here suggest a possible “double blow” of sim-
ple sugar overconsumption on bone health in non-aged, 
more youthful stages of life—e.g. during adolescence/
early adulthood—by directly decreasing the osteogenic 
capacity of MSCs at the only window of time when peak 
bone mass can be acquired.

Our report further contributes to the well-documented 
pro-osteogenic activity of SIRT1 [78, 79]. Through its 
deacetylase activity and also as a co-factor to a number of 
developmentally important transcription factors includ-
ing β-catenin and Foxo3a, we and others have demon-
strated that SIRT1 promotes osteogenesis in MSCs and 
osteoprogenitors by directing increasing expression of 
RUNX2 and downstream genes including ALPL [35, 36, 
80]. More recently, SIRT1-mediated deacetylation of 
RUNX2 was found to enhance its transcriptional activity 
[81]. Additionally, likely consequent to the often observed 
inverse relationship between osteogenesis and adipogen-
esis, SIRT1 also has been shown to decrease functional 
MSC adipogenesis [82] as well as CEBPB [83] and KLF5 
expression [36]. Collectively, our current findings and 
these previous reports show that SIRT1 agonism, includ-
ing via NAD supplementation, strongly shifts MSC line-
age commitment towards osteogenesis and away from 
adipogenesis.

The rapidity and singularity of HG alone in adversely 
modulating both MSC mitochondrial function and lin-
eage commitment across tissue sources and species of 
MSCs without the need for lineage-inducing environ-
ments was impressive. We found the single molecu-
lar crux modulating these functional outcomes to be 
NAD+, a molecule central to mitochondrial activity 
as well as SIRT1 function which modulates the osteo-
genic transcriptional program through Runx2, the 
master transcription factor for osteogenesis [35, 84]. 
When glucose is the predominant substrate, glycolysis 
is favored over mitochondrial oxidative phosphoryla-
tion with consequent depletion of NAD+, which in turn 
alters the NAD+/NADH ratio [32, 85]. This resultant 
sub-optimal NAD+/NADH ratio not only compromises 
mitochondrial oxidative phosphorylation efficiency and 
mitochondrial membrane potential, but may even lead 
to cell death [85]. HG can also have direct detrimen-
tal effects on mitochondrial function and membrane 
potential by promoting mitochondrial fission and frag-
mentation, leading to impaired mitochondrial function 
and decreased membrane potential ultimately reducing 
ATP production [86], as well as activating stress signal-
ing pathways such as the NF-κB pathway to contribute 
to mitochondrial damage [87]. While known for provid-
ing energy needed for cell growth and proliferation, the 
mitochondria within stem cells is increasingly found to 
be involved in determining cell fate; however, its role in 
MSC lineage commitment has been less explored [88]. 
Moreover, while perturbations—including those caused 
by dietary changes—to NAD+ levels clearly affect mito-
chondrial function [89, 90], these important energet-
ics and metabolic aspect of this axis have surprisingly 
been little explored in MSC biology, with an early study 
reported mitochondrial membrane potential increas-
ing in in vitro cultured osteoblasts during differentiation 
into a more mature phenotype [91], and a recent study 
showed stronger mitochondrial activity in non-senes-
cent MSCs [92]. As complex as mitochondrial molecular 
mechanisms and functions are, the fact that our findings 
converge on NAD+, a single molecule highly sensitive to 
metabolic changes, helps to explain the rapidity of func-
tional outcomes as well as broad effects of HG alone on 
both MSC mitochondrial function and lineage commit-
ment. Indeed, the reversal of NAD+ depletion and its 
adverse consequences with NMN supplementation also 
was broad and rapid, occurring within hours/days. Our 
data strongly implicate that in MSCs, the two functional 
events of lineage commitment and mitochondrial func-
tion are inextricably linked, with stronger mitochondrial 
function linked to osteogenic commitment controlled by 
NAD+ levels.
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Encouragingly, we found that NAD+ depletion due to 
HG intake can be rapidly reversed with NMN supple-
mentation in these youthful/non-senescent systems in 
a SIRT1-dependent fashion, reversing MSC adipogenic 
commitment back towards osteogenesis and improving 
mitochondrial function as well. NAD+ biology and sup-
plementation have increasingly been considered to be at 
the center of numerous age-related functional decline 
and pathologies, with improving mitochondrial func-
tion a commonality in these various aging and disease 
processes [51]. The ability of NMN supplementation 
to reverse the anti-osteogenic/pro-adipogenic effects 
of HG intake also provides an additional weapon with 
fewer adverse effects and possibly better compliance in 
the armamentarium against OP and poor bone health. 
Interestingly, in the in  vivo model, adipogenic genes 
were upregulated more rapidly than osteogenic genes 
perhaps reflecting the well-known in vitro time course of 
MSC adipogenesis being much more rapid and achieved 
in days compared to osteogenesis, which can require up 
to several weeks [39, 40]. Nevertheless, the overall rapid 
trend of pro-adipogenic/anti-osteogenic impact of HG 
intake was seen in vivo as well, with NMN supplementa-
tion also able to reverse these changes also within days. 
The rapidity of NMN-mediated functional reversal in 
our study is likely due to the youthful/non-senescent 
MSCs and mice we tested, since recent studies in aged 
mice demonstrate the need for several weeks to months 
of supplementation for reversal to occur [90, 93].

Conclusion
Our findings are the first to demonstrate the significant 
and detrimental impact of a single dietary factor alone 
on MSC osteogenic capacity in youthful settings. Given 
the few anabolic therapeutic options, the outsize contri-
bution of OP to global disease disability, and that 90% 
of peak bone mass is acquired by late adolescence/early 
adulthood, our data strongly implicate that excessive sim-
ple sugar consumption in youthful populations may have 
far-reaching consequences on bone health. This study 
also demonstrates NAD+ not only as the crucial molecule 
linking HG intake to both MSC mitochondrial activity 
and osteogenic commitment in non-senescent settings, 
but also as a probable therapeutic target for improving 
bone health irrespective of age in our current global envi-
ronment of sugar overconsumption.
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