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Sirtuin 3 deficiency does not 
impede digit regeneration in mice
Emily Busse1, Jennifer Simkin2, Luis Marrero2, Kennon Stewart3, Regina Brunauer  4, 
Ken Muneoka4, Anyonya Guntur5, Michelle Lacey3 & Mimi Sammarco1*

The mitochondrial deacetylase sirtuin 3 (SIRT3) is thought to be one of the main contributors to 
metabolic flexibility–promoting mitochondrial energy production and maintaining homeostasis. In 
bone, metabolic profiles are tightly regulated and the loss of SIRT3 has deleterious effects on bone 
volume in vivo and on osteoblast differentiation in vitro. Despite the prominent role of this protein 
in bone stem cell proliferation, metabolic activity, and differentiation, the importance of SIRT3 
for regeneration after bone injury has never been reported. We show here, using the mouse digit 
amputation model, that SIRT3 deficiency has no impact on the regenerative capacity and architecture 
of bone and soft tissue. Regeneration occurs in SIRT3 deficient mice in spite of the reduced oxidative 
metabolic profile of the periosteal cells. These data suggest that bone regeneration, in contrast to 
homeostatic bone turnover, is not reliant upon active SIRT3, and our results highlight the need to 
examine known roles of SIRT3 in the context of injury.

The management of fuel resources and energy consumption by cells during times of anabolic and catabolic activity 
is critical to successful cell proliferation, differentiation, and function. In bone, bioenergetic programs are strictly 
regulated during both homeostasis and development1. For instance, pre-osteoblastic mesenchymal stem cells rely 
predominately on glycolytic metabolism during proliferation2, switch to increased cellular respiration and oxi-
dative phosphorylation during differentiation and revert back to glycolytic metabolism after differentiation into 
osteoblasts3. The bioenergetics of osteoclasts have not been extensively studied and what results are reported are 
somewhat conflicting4. Recent studies suggest that osteoclasts use oxidative phosphorylation as the main energy 
pathway during differentiation and glycolytic pathways during bone resorption5. However, earlier studies suggest 
that osteoclasts utilize fatty oxidation during periods of bone resorption6. While it is clear that a more thorough 
investigation is necessary to fully understand the bioenergetics of osteoblasts and osteoclasts, these findings sug-
gest that metabolic flexibility across several different bone cell lineages is required for successful bone turnover 
and specifically suggests metabolic flexibility would be essential to successful healing after bone injury.

Some of the main contributors to metabolic flexibility are the Sirtuins, a family of mitochondrial deacetylases. 
Sirtuin 3 (SIRT3), specifically, is the main mitochondrial deacetylase7,8 and promotes mitochondrial energy pro-
duction and metabolic homeostasis9. SIRT3 mechanistically mediates metabolic switching in the cell by desta-
bilizing hypoxia-inducible factor -1α (HIF1α), which transcriptionally promotes glycolytic gene expression10. 
The loss of SIRT3 results in increased reactive oxygen species (ROS), which in turn induce genomic instability 
and increase levels of HIF1α, promoting the preferential use of glycolytic pathways, otherwise known as the 
Warburg effect11. As a result, SIRT3 has been evaluated predominantly as a tumor suppressor. However, the inte-
gral role of SIRT3 in mediating metabolic switching has broadened the research interest in SIRT3. The loss of 
SIRT3 in knockout mice results in decreased bone volume likely due to increased numbers of osteoclasts12,13 that 
are directly linked to increased ROS14. This leads to decreased bone volume and trabecular number, and lower 
mechanical competence13. SIRT3 KO mice also demonstrate deficiencies in osteoblast differentiation12,13,15, and 
mature osteoblasts display reduced alkaline phosphatase activity, and decreased levels of expression of osteocalcin 
and RUNX213.

Within the context of bone bioenergetics and the known interaction of SIRT3 on osteoblasts and osteoclasts, 
it is important to establish the role that SIRT3 plays in vivo in bone and soft tissue regeneration. We use a mam-
malian mouse model of tissue regeneration to test the hypothesis that SIRT3 is necessary for proper tissue repair 
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after injury. In this mouse model of digit regeneration, the distal tip of the third phalangeal element (P3) is 
amputated. Following amputation, the mouse is able to mount a regenerative response. Soft tissue, epidermis, 
nail, and bone regrow in a distinct triangular pattern to replace all components of the damaged tissue16–24. After 
amputation there is an osteoclast-driven degradation event that excises the amputation plane, followed by epithe-
lial wound closure, blastema formation, and patterned bone regrowth16–19,25. These phases are characterized by 
distinct populations of cells26 and the regenerative sequence is dependent upon a dynamic oxygen event27,28. This 
model provides us with three distinct advantages to test the role of SIRT3 after injury: (1) This model enables us to 
quantify complex tissue regeneration after injury using metrics to measure bone volume, pattern, and length; (2) 
Unlike long bone fracture healing models, regeneration after a P3 amputation occurs through intramembranous 
ossification, a process distinct from endochondral ossification of P3 development and (3) This model has a well 
characterized series of both degradative and regenerative events.

In this study, we confirm a role for SIRT3 in the metabolic function of periosteal osteoblasts by testing the 
metabolic capacity of osteoblasts isolated from SIRT3−/− mice. We show that despite a reduction in metabolic 
capacity, SIRT3 knockout mice are able to regenerate bone and associated tissues after amputation injury. While 
SIRT3 has been shown to play an integral role in bone homeostasis12,13,15, our model is the first in vivo model to 
test the role of SIRT3 after bone injury. SIRT3 deficiency does not impede digit regeneration in mice and both the 
histolytic bone degradation phase of regeneration and the anabolic bone event progress with no major impact to 
timing, magnitude, or quality of the bone regenerate. Our findings in an in vivo bone and soft tissue regeneration 
model are critical to fully understanding the role of SIRT3 in bone anabolism and catabolism and highlight the 
need to examine known roles of sirtuins in the context of injury models.

Results
SIRT3 deficiency reduces oxidative and glycolytic capacity in periosteal osteoblasts.  
Regeneration of the P3 bone is dependent upon periosteum-derived cells29, that show P3-specific behaviors 
including high proliferation and the ability to differentiate into osteoblasts30. Because the process of homeostatic 
bone turnover is dependent upon tightly controlled metabolic profiles of osteoblasts12,13,15, and because SIRT3 
is responsible for metabolic flexibility31, we tested the metabolic profile of periosteum-derived cells from SIRT3 
deficient mice and compared the metabolic profile to periosteum-derived cells from control mice expressing 
SIRT3. We isolated P3 bones from 8-week old mice (Fig. 1a) and removed the surrounding connective tissue, 
allowing the P3 periosteal cells to migrate off the explant over the course of two weeks32 (Fig. 1b). Cells from P3 
bones obtained from SIRT3−/− and 129S control mice were assayed using the Seahorse Mito Stress Test kit on the 
XFe24 Seahorse Analyzer (Fig. 1c). Using this assay we measured the basal respiration (the endogenous rate of 
respiration used to drive ATP synthesis and that associated with proton leak pathways), non-mitochondrial respi-
ration (respiration presumably due to the activity of flavin-linked NAD(P)H oxidases33), maximal respiration (an 
indication of the spare respiratory capacity that the cell population holds in reserve), respiration associated with 
proton leak (protons that leak back across the mitochondrial inner membrane decreasing the membrane potential 
and stimulating upkeep of the membrane potential34), ATP-linked respiration (a rate that is indicative of ATP-
utilization, ATP synthesis, and ATP substrate supply35), spare reserve capacity (the ability of a cell to respond to 
ATP demand and periods of stress35), and coupling efficiency (the proportion of respiratory activity that is used to 
make ATP, an indication of the coupling of oxidation to phosphorylation36). These parameters are identified using 
the ATP synthase inhibitor oligomycin, the potent mitochondrial uncoupler FCCP, and rotenone/antimycin A 
which block complex I and III35 (Fig. 1). Non-mitochondrial oxygen consumption (NMO2), basal respiration 
(BR), maximal respiration (MR), proton leak (PL), ATP production (ATP), and spare respiratory capacity (SRC) 
were all significantly reduced in P3 cells from the SIRT3−/− cells as compared to 129S control cells (Fig. 1d). There 
was no significant difference in coupling efficiency between the two groups. Both the oxygen consumption rate 
(OCR) (Fig. 1c) and Extracellular Acidification Rate (ECAR) (Fig. 1e), a measure of glycolysis, were significantly 
reduced in SIRT3−/− P3 cells.

SIRT3−/− has no impact on digit development. The results that P3 cells from a SIRT3 deficient mouse 
showed reduced OCR and ECAR prompted us to analyze the in vivo regenerative capacity of these mice. Because 
SIRT3 has been shown to play a role in homeostatic bone turn-over, we first tested whether there were inherent 
differences in uninjured (unamputated) bone from SIRT3−/− mice and 129S control mice. 8-week old SIRT3−/− 
mice and 129S control mice were purchased directly from Jackson Labs and show the predicted truncated SIRT3 
gene using standard published PCR primers from Jackson Laboratory (Supplemental Fig. 1). We analyzed P3 
bones prior to amputation using a Scanco VivaCT 40 μCT. μCT analysis of unamputated digits show no signifi-
cant differences between unamputated SIRT3−/− and 129S P3 bones in bone volume (Fig. 2a), cortical porosity 
(Fig. 2b), cortical thickness (Fig. 2c). Histological analysis of unamputated SIRT3−/− and 129S control digits 
show normal digit architecture (Fig. 1a). Prior publications12,13,37 indicated that SIRT3 deficiency produced an 
osteopenic phenotype and reduced bone mass in uninjured long bones. We therefore also analyzed the femur 
of SIRT3−/− and 129S mice. μCT analysis of the trabecular bone of femurs in our study show that the SIRT3 KO 
samples have reduced cortical porosity (Fig. 2d,e); however, cortical bone volume, cortical thickness, and cortical 
tissue mineral density, as well as trabecular bone volume, trabecular thickness, trabecular separation, trabecular 
number, trabecular SMI, and trabecular bone mineral density showed no significant difference between SIRT3−/− 
and 129S femurs. (Supplemental Fig. 2).

SIRT3 deficiency has no major impact on the timing and rate of the regenerative phases of the digit.  
We next tested the ability of these mice to regenerate bone after amputation injury. Amputation of 129S control 
mice results in a regeneration response similar to that previously described for outbred CD1 mice and inbred 
C57BL6 mice27,28. Following this initial injury, an osteoclast driven bone degradation response occurs, resulting 
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in a loss of 69.4%, 76.7%, and 74.9% of the amputated bone volume at day 10 for CD1, 129S control mice, and 
SIRT3 deficient mice respectively (Fig. 3a,b). Between 10 and 12 days after amputation, new bone starts to form 
and bone volume increases 158.7%, 131.8%, and 132% of the amputated volume by day 28 for CD1, 129S control 
mice, and SIRT3 deficient mice respectively (Fig. 3a,b). Similarly, amputation of the SIRT3−/− digits results in a 
nearly identical response compared to controls (Fig. 3a,b). Both the volume and rate of bone degradation between 
day 0 and day 10 are identical to the control mice, and following the histolytic event, the rate of bone regeneration 
and final bone volume are comparable in mice deficient in SIRT3 and control mice (Fig. 3a). Histological analysis 
of regenerated digits from day 49 show complete wound closure, nail and soft tissue regeneration, and patterned 
bone regeneration (Fig. 3c,c’). In wildtype mice, regenerating bone is laid down as woven bone38. This woven 
bone can be distinguished from the cortical bone of the uninjured digit by how the collagen fibers are aligned. We 
sought to determine if loss of SIRT3 altered the type of bone (woven versus cortical) that was regenerated after 
amputation. One established technique for visualizing collagen fiber alignment in woven versus in cortical bone 
is picrosirius red staining and polarized light microscopy39,40. Woven bone takes on a cross-hatched fiber align-
ment, whereas cortical bone shows dense parallel fibers. Therefore, we used picrosirius red staining and polarized 
light microscopy to visually determine if regenerated bone was cortical or woven in the control and KO groups 
(Fig. 3d,e) Picrosirius red staining of samples from both the control and KO mouse groups show woven bone in 
the regenerates of both groups (Fig. 3d,e) compared to cortical bone of injured digits (3f,f ’). Detailed μCT analysis 
of the fully regenerated bones 28 and 49 days after amputation show no significant difference from 129S controls 
in bone volume, trabecular thickness, trabecular separation, SMI, and trabecular number (Supplemental Fig. 3). 
However, SIRT3−/− regenerated digits remodel the trabecular bone to show a significantly increased trabecular 

Figure 1. Periosteal cells from SIRT3−/− mice show reduced metabolic capacity. (a) Hematoxlylin and eosin 
staining of the unamputated third phalangeal element (P3) bones of SIRT3−/− and wildtype 129S littermates 
show no histological differences in the adult 8-week old mice. Scale bar = 50 μm. N = 4 with representative 
image shown. (b) We isolate P3 bones from knockout and wildtype littermates and allow periosteal cells to 
crawl onto a dish. Scale bar = 500 μm. (c) The P3 periosteal cells are assayed using the Seahorse Mito Stress Test. 
Changes in oxygen consumption rate are measured after injections of oligomyocin, FCCP, and antimycin A and 
rotenone. SIRT3−/− cells show reduced oxygen consumption rate over time (OCR) compared to 129S littermates 
and (d) reduced non-mitochondrial oxygen consumption (NM O2), basal respiration (BR), maximal respiration 
(MR), proton leak (PL) ATP production (ATP), and spare respiratory capacity (SRC). All data were normalized 
to total protein. Error bars represent SEM (N = 10 wells). All comparisons are significant p < 0.05. (e) SIRT3−/− 
cells show reduced extracellular acidification rate (ECAR) over time compared to 129S control cells.
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connectivity density when compared to 129S regenerated digits at day 49 (Fig. 3g,g’,h). Overall, these results sug-
gest that SIRT3−/− mice are able to regenerate digits comparable to the 129S controls.

The influence of mouse strain and level of amputation on digit regeneration. Interestingly, when 
the 129S control mice and SIRT3−/− mice were compared to μCT bone volume data from CD1 outbred mice 
using SS ANOVA analysis, both strains of mice showed less bone degradation than the CD1 group (Fig. 3a). CD1 
regeneration has been previously published28 and is used here as a reference for the regeneration profile of a wild 
type outbred mouse. While all three groups show similar timing transitioning from a catabolic to an anabolic 
bone event the CD1 group showed a faster rate of bone regeneration and a significantly larger final bone volume 
at day 28 (Fig. 3a). These differences indicate overall strain differences in the digit amputation model, underscor-
ing the importance of the 129S control in this study. A closer analysis of bone amputation and regrowth in both 
the CD1, SIRT3−/− mice, and 129S strains show that all three mouse strains demonstrate a statistically significant 
association between the level of amputation and the volume of regenerated bone (Fig. 4). Amputation planes 
that represent 10% or less of the unamputated bone show a regeneration volume that is approximately 100% of 
the original unamputated volume with a small amount of degradation and a small amount of regeneration in 
response. However, amputations that are representative of 20% or more of the original unamputated bone vol-
ume result in a regrowth volume that exceeds the original unamputated volume of bone (Fig. 4). Variability of 
amputation level was higher in the SIRT3−/− mice and 129S mice than in the CD1 group, which allowed for closer 
scrutiny of the relationship between amputation level and bone regrowth volume.

Discussion
Our data support that SIRT3 deficiency does not impede the process of bone and soft tissue regeneration in the 
mouse digit amputation model. Our findings are particularly relevant in the context of recent publications show-
ing that SIRT3 is essential in bone homeostasis12,14, osteoblast differentiation13, and greatly influential in osteo-
clastogenesis14,41. Our findings are also pertinent in the context of recent focus on SIRT3 as a potential therapeutic 
target for certain cancers42,43, and support that this line of treatments would not compromise bone regeneration.

Given that the progression of an osteoblast from pre-osteoblast to osteocyte is dependent on a dynamic met-
abolic profile that incorporates both glycolytic pathways and oxidative pathways1, and data supporting SIRT3 
deficiency results in a HIF1-α driven glycolytic profile10,11,31,44,45 we expected that SIRT3 knockout would 
attenuate the anabolic, and thus OxPhos-driven, bone regeneration phase both in timing and in bone volume. 
Furthermore, given that the SIRT3 knockout is universal, we also expected that the knockout would exacerbate 

Figure 2. Femurs but not P3 bones of SIRT3−/− mice show homeostatic defects. μCT analysis of the uninjured 
P3 bone reveals (a) total bone volume, (b) cortical porosity, and (c) cortical thickness are comparable between 
SIRT3−/− and 129S wildtype littermates (N = 5 mice, N = 20 digits). (d,e) SIRT3−/− femurs show decreased 
cortical porosity compared to 129S control mice. (f) Representative μCT images of the trabecular bone of the 
femur of adult 129S and SIRT3−/− mice. N = 4 with representative sample shown. Scale bar represents 500 μm. 
Error bars represent SEM *p = 0.023.
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the histolytic event by increasing bone resorption by the osteoclasts, which relies predominantly on glycolytic 
pathways5. However, both the catabolic and anabolic bone rates, volumes, and timing during regeneration were 
unaffected by the knockout of SIRT3. Additionally, histological evaluation of the regenerated digits showed that 
SIRT3 deficiency did not prevent wound closure nor result in overt phenotypic anomalies in the bone and soft 
tissue during regeneration.

SIRT3 deficiency had no detectable effect on the composition of the regenerated bone. While both samples 
showed an expected decrease in connectivity density from day 28 to 49 as a result of bone remodeling, which 
reduces the number of trabecular spaces, SIRT3 deficiency did unexpectedly increase connectivity density in the 
architecture of the regenerated digit as compared to the control. Increased connectivity density is structurally 
related to increased cortical bone strength46, where a well-connected network of trabecular bone protects cortical 

Figure 3. SIRT3 is not a limiting factor in digit regeneration. (a) μCT analysis of changes in bone volume over 
time following amputation shows no significant difference between SIRT3−/− (green line circle) and 129S (blue 
line square) regenerative ability (N = 5 mice, N = 20 digits). CD1 outbred mice (black line triangle) are used as 
a standard amputation model for comparison (N = 4 mice, N = 16 digits). Data are normalized to amputated 
day 0 bone volume and analyzed using SS ANOVA models. (b) Representative μCT images of a regenerating 
P3 digit in CD1, SIRT3−/−, and 129S regenerates show no phenotypic differences at 28 days post amputation. 
(c,c’) H&E staining of day 49 sections of 129S (c) and SIRT3−/− (c’) mice. Scale bar represents 50 μm. (d,d’) 
Picrosirius red staining and polarized light microscopy show collagen fiber alignment in woven bone of the 
regenerated digits at day 49 in 129S (d) and SIRT3−/− (d’) mice. Scale bar represents 50 μm. (e’) Higher power 
images of d, d’ showing cross-hatched collagen alignment representative of woven bone in both 129S (e) and 
SIRT3−/− (e’) regenerates. Scale bar represents 30 μm. (f,f ’) For comparison, polarized light microscopy shows 
parallel collagen fiber alignment in the cortical bone of unamputated digits in 129S (f) and SIRT3−/− (f ’) 
mice. Scale bar represents 30 μm (g,g’) μCT cross-sectional analysis of regenerated digits at D49 to measure 
trabecular architecture in 129S and SIRT3−/− mice. (h) Quantification of μCT data reveals trabeculae with 
greater connectivity density in the SIRT3−/− mice compared to 129S controls at 49 days post amputation but not 
at 28 days post amputation. N = 4 for histology sections with representative images shown. Error bars represent 
SEM *p = 0.0162.
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bone by diffusing damage through the trabecular network. Bone connectivity is considered to be a large com-
ponent of bone strength47–50, and a practical indicator of bone quality51. With all other parameters held constant 
in comparison with the 129S control, this suggests that SIRT3 deficiency regenerated bone with better structural 
integrity than the control digit, however without additional evaluation this parameter alone is not able to speak 
conclusively to strength of bone, particularly in our model where this has not previously been evaluated. Our 
femur data showing reduced cortical porosity also supports better structural integrity. These findings agree with 
findings with other labs12,13,37 in the sense that SIRT3 does indeed impact bone architecture during development 
of the femur. All long bones, including the digit tip and femur, are formed via endochondral ossification, where 
the bone develops via a cartilage intermediate52. However, digit tip regeneration occurs via intramembranous 
ossification, with no cartilage intermediate. The trabecular bone analysis from the femur shows no differences 
from the control, which suggests that SIRT3 deficiency has a minimal effect on trabecular bone during develop-
ment and that influence is restricted to regeneration of the woven bone.

While we did see decreased cortical porosity in the SIRT3−/− femurs, other previously reported phenotypes, 
such as decreased trabecular thickness and bone mass13 were not evident. This may be attributed to differences in 
strains, as prior publications used independently generated SIRT3−/− mice37 that were subsequently backcrossed 
with C57BL/6 mice12. Similarly, while Gao et al. evaluated the Jackson Laboratory mouse strain (Jackson Labs 
#027975) and also saw decreased bone mass and osteopenia, those findings were also generated after the strain 
was backcrossed to C57BL/613. Ho et al. analyzed femurs from 6 month old SIRT3−/− mice and saw no bone phe-
notype, hypothesizing that the osteopenic phenotype was age-dependent41, however taken together with the data 
presented here we suggest that the osteopenic phenotype may be strain-related, rather than age-dependent. Bone 
density is known to be variable among inbred strains of mice and underscores the importance of closer scrutiny 
for single gene knockout strains53. Thus, additional work in other strains is needed to definitively determine 
whether an osteopenic bone phenotype is affiliated with only certain strains of SIRT3−/− mice. Our study is also 
limited by the fact that only female mice were analyzed and does not rule out the possibility, while small, that digit 
regeneration in male mice is impacted by SIRT3 deficiency while regeneration in female mice is not.

The lack of regenerative phenotype in the SIRT3−/− mice is even more curious in light of our metabolic find-
ings from the SIRT3−/− cells showing both a reduced oxidative and glycolytic capacity. The 129S control P3 cells 
show a robust mitochondrial response suggesting strong ATP generation through oxidative phosphorylation. 
The increase in the FCCP-induced OCR suggests a potentially underutilized metabolic capacity in the uninjured 
P3 and our data show that control cells utilize both OCR and ECAR to meet ATP demand. Curiously SIRT3−/− 
cells show almost no capacity to generate ATP, and the minimal response of ECAR to oligomycin may mean 
that glycolysis is at or approaching maximal capacity or limited by a low demand for ATP35. One explanation for 
our findings may be that cells are obtained from a model not under stress – that is the cells are isolated from an 
unamputated P3 bone as an assessment of the endogenous resting metabolic profile of the digit. It may be that 
SIRT3 deficient cells from an amputated bone under stress would show a different metabolic profile more similar 
to a control cell line under the same stress, however further studies at additional timepoints would be needed to 
identify metabolic compensation after injury as an explanation for having no phenotypic difference.

Figure 4. Level of amputation influences digit regeneration across mouse strains. Scatter plot showing the 
correlation between the volume of bone amputated and the amount of bone regeneration after amputation 
for SIRT3−/−, 129S, and CD1 mice with fitted regression lines. Amputation of approximately 10% of the bone 
volume results in 100% bone regrowth volume. Amputation of 20% or more of the original bone volume results 
in a final volume that exceeds the original bone volume. (N = 5 mice, N = 20 digits).
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Interestingly our analysis of the three strains of mice (129S, SIRT3−/−, CD1) revealed a consistent and direct 
relationship to the amount of bone amputated and the amount of regenerated bone. The finding that amputation 
of greater than 20% of the original unamputated volume results in a volume of regenerated bone that exceeds the 
original volume was consistent across all three strains of mice. This finding, while not directly related to SIRT3, is 
very relevant to the digit regeneration field.

Our findings join a growing number of publications across different fields that represent a closer in vivo anal-
ysis of the role of SIRT3 in complex processes, such as regeneration. In the case of SIRT3’s influence on bone, it 
may be that molecular mechanisms discerned in vitro have attenuated impact when translated to an in vivo sys-
tem, possibly due to overlapping and redundant functions within the sirtuin family. Digit regeneration is known 
to be heavily influenced by other systemic processes such as the inflammatory response of macrophages, which 
has been shown to be integral to coordinate mouse digit tip regeneration54. In vivo studies in the SIRT3−/− mouse 
show SIRT3 deficiency had very little impact on the proliferation and cytokine production of macrophages55. 
It may be that given the integral role of inflammation in regeneration the intact macrophage response in the 
knockout strain may be more indicative of the role of SIRT3 in regeneration. Our data support the development 
of potential therapies that may target SIRT356 with the anticipation that they would have little impact on bone 
regeneration. Our findings are important to both the digit regeneration field and in the developing field of sirtuin 
research in that they highlight the complexity of resolving a single gene function in the context of complex pro-
cesses such as bone and soft tissue regeneration in vivo.

Materials and Methods
Ethics statement. All experiments were performed in accordance with the standard operating procedures 
approved by the Institutional Animal Care and Use Committee of Tulane University Health Sciences Center.

Amputations and animal handling. Adult 8-week old18 female 129S1 wild type (002448) and SIRT3−/− 
(012755) mice were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were anesthetized with 1–5% 
isoflurane gas with continuous inhalation. The second and fourth digits of both hind limbs were amputated at the 
P3 distal level as described previously19,27 and regenerating digits were collected at day 49 for analysis. The third 
digit was used as an unamputated control.

Tissue collection and histology. Digits were fixed in zinc-buffered formalin (Z-fix, Anatech, Battle Creek, 
MI). Bone was decalcified for 48 hours in a formic-acid based decalcifier (Decal I, Surgipath, Richmond, IL). 
Once decalcified, all samples were processed for paraffin embedding and sectioned at 4 µm onto glass slides. 
Sections were stained with either Mayer’s Hematoxylin and Eosin Y, or Picro-Sirius red stain (Sigma-Aldrich, 
St. Louis, MO) and mounted using permanent mounting medium (Fisher Scientific, Waltham, MA). Brightfield 
micrographs were captured using an Olympus DP72 camera mounted on an Olympus BX60 microscope with 
rotating stage (Olympus America Inc, Center Valley, PA). Polarized light microscopy was carried out with filters 
to provide circularly polarized illumination.

Cell culture and metabolic assays. Periosteal cells were harvested from the uninjured P3 bones of 129S 
control and SIRT3 deficient mice at 8 weeks-old. The mice were euthanized and the P3 bone was dissected at the 
joint away from P2 and surrounding connective tissue was removed. Bones were placed in a 24-well plate in high 
glucose DMEM (Life Technology, Carlsbad, California) supplemented with 10% FBS. Explants were cultured for 
two weeks and cells migrated onto the cell culture surface. Cells were expanded in the 24-well plate, trypsinized 
and seeded at 20,000 cells per well on Seahorse 24-well culture plates for metabolic evaluation without further 
expansion. Cells were evaluated after 24 hours using the Seahorse Bioscience Mito Stress Test (Agilent, Santa 
Clara, CA) using the standard protocol after optimization of both cell seeding density and FCCP concentration. 
Final well concetrations for stressors were 1.0 μM oligomycin, 0.75 μM FCCP, and 0.5 μM rotenone/antimycin A. 
Each well was normalized to total protein (N = 10 wells per group).

Micro-computed tomography (μCT). In vivo μCT images were acquired using a VivaCT 40 (Scanco 
Medical AG, Brüttisellen, Switzerland) at 1000 projections per 180 degrees with a voxel resolution of 10.5 μm3, 
and energy and intensity settings of 55 kV and 145 μA. Integration time for capturing the projections was set to 
200 ms using continuous rotation. Images were segmented using the BoneJ257 (Version 1.4.3) in conjunction with 
ImageJ 1.51 s. We utilized the Optimize Threshold Plugin for thresholding. 3D renderings of the μCT scans were 
created using the 3D viewer plugin for ImageJ. Images of the femurs were acquired using a SkyScan 1172 scanner 
(Bruker, Kontich, Belgium) at 55 kV and 181 µA, with 2 K resolution and a pixel size of 7.7 µm. Images were cap-
tured at a rotation angle of 0.4 with frame averaging of 2. The bottom boundary of the trabecular region of interest 
was 0.255 mm above the distal femoral growth plate. The top boundary of the trabecular region of interest was 
2.45 mm above the bottom boundary. The cortical region of interest began 5 mm above the distal femoral growth 
plate for a total length of 1.15 mm. Raw images were processed with NRecon and Data Viewer. The trabecular 
and cortical regions of interest were each globally segmented for analysis and 3D modeling with CTAn. Tissue 
mineral density and bone mineral density were calculated using 2 mm density phantoms.

Statistical analysis. Volume measurements for each digit were analyzed for the time period following 
amputation, with measurements expressed in terms of the volume percentage relative to the post-amputation 
baseline. Mixed effected Smoothing Spline Analysis of Variance (SS ANOVA) models28,58,59 were fit to the col-
lected data to account for the nonlinearity of the growth trajectories and correlation in the repeated measure-
ments for each animal and amputated digit. Analyses were performed using the R package ASSIST60 (Version 
3.1.2), which incorporates algorithms to estimate the curves and approximate Bayesian 95% confidence inter-
vals for the average growth levels for each treatment group. Analysis of in vivo μCT data using the smoothing 
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spine ANOVA (SS ANOVA) algorithm described previously28 validates traditional T-test analyses, accounts for 
repeated sampling, and enables prediction of expected bone volume changes at all experimental time points. The 
smoothing spline ANOVA also provides continuous confidence intervals that establish useful limits of differences 
between groups.

Bone morphometrics from SIRT3−/− and 129S control mice were assessed for differences via unpaired t tests 
with one-tailed or two-tailed distributions using KaleidaGraph (version 4.1.1; Synergy Software, Reading, PA. 
USA) and GraphPad (version 7.0d; Prism 7, San Diego, CA. USA). Unpaired tests were also conducted for his-
tological analysis of unpaired digits. A value of p < 0.05 was deemed statistically significant. In all cases data are 
represented as mean ± SEM.

To analyze differences in degradation and regrowth profiles for amputated digits, volume measurements for 
each digit were analyzed for the time period following amputation, with measurements expressed in terms of the 
volume percentage relative to the post-amputation baseline. Mixed effects Smoothing Spline Analysis of Variance 
(SS ANOVA) models28,58,59 were fit to the collected data to account for the nonlinearity of the growth trajectories 
and correlation in the repeated measurements for each animal and amputated digit. Analyses were performed 
using the R package ASSIST60 (Version 3.4.3), which incorporates algorithms to estimate the curves and approx-
imate Bayesian 95% confidence intervals for the average growth levels for each treatment group at each time 
point. Simple linear regression models were fit to assess the relationship between amputation depth and regrowth 
volume.

Data availability
Data sets generated and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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