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Lowering circulating apolipoprotein E
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Age is a well-established risk factor for impaired bone fracture healing. Here, we identify a role

for apolipoprotein E (ApoE) in age-associated impairment of bone fracture healing and osteoblast
differentiation, and we investigate the mechanism by which ApoE alters these processes. We
identified that, in both humans and mice, circulating ApoE levels increase with age. We assessed
bone healing in WT and ApoE - mice after performing tibial fracture surgery: bone deposition was
higher within fracture calluses from ApoE~- mice. In vitro recombinant ApoE (rApoE) treatment of
differentiating osteoblasts decreased cellular differentiation and matrix mineralization. Moreover,
this rApoE treatment decreased osteoblast glycolytic activity while increasing lipid uptake and
fatty acid oxidation. Using parabiosis models, we determined that circulating ApoE plays a strong
inhibitory role in bone repair. Using an adeno-associated virus-based siRNA system, we decreased
circulating ApoE levels in 24-month-old mice and demonstrated that, as a result, fracture calluses
from these aged mice displayed enhanced bone deposition and mechanical strength. Our results
demonstrate that circulating ApoE as an aging factor inhibits bone fracture healing by altering
osteoblast metabolism, thereby identifying ApoE as a new therapeutic target for improving bone
repair in the elderly.

Introduction
Bone fractures occur in 50% of the population, causing significant morbidity and mortality and costing the
US health care system over $20 billion annually (1). Complications, such as nonunion or delayed union,
occur in 5%—10% of fracture cases, and this rate is increased in the elderly population. Accordingly, more
attention needs to be devoted toward understanding the molecular processes involved in fracture repair,
particularly those that are altered with age. Development of therapies targeting these specific signaling
molecules would therefore enhance bone healing in the geriatric population, decreasing secondary compli-
cations. Here, we investigate a protein, potentially novel to fracture repair, as one of these potential targets.
Bone healing is a complex and dynamic process involving numerous signaling molecules, pathways, and
cell types in 4 stages: the inflammatory phase involving secretion of inflammatory markers, the formation of
the cartilaginous or soft callus, the conversion of the fibrocartilaginous callus to the bony callus by osteoblasts,
and finally the remodeling phase converting trabecular bone to compact bone (2, 3). Critical within fracture
healing is the role of the osteoblast, the bone-forming cell. During fracture healing, osteoprogenitor cells dif-
ferentiate to osteoblasts, and subsequently, during the bony callus formation, osteoblasts deposit a collagenous
matrix and are responsible for matrix mineralization. Despite this critical role for osteoblasts in bone fracture
healing, the molecular factors that influence osteoblast activation during bone repair are still being elucidated.
In our previous work investigating aged bone regeneration, we identified apolipoprotein E (ApoE)
to be one of many candidates potentially involved in aged bone fracture healing (4). ApoE is a widely
expressed lipoprotein classically associated with lipid metabolism and fatty acid transport (5-8). ApoE
polymorphisms are present in 20% of the population and are associated with hypercholesterolemia, ath-
erosclerosis (7, 9), and Alzheimer’s disease (10-12). More recently, clinical evidence has revealed that these
ApoE polymorphisms are also associated with decreased bone mineral density and increased risk of hip
and vertebral fracture (13-16). Mouse models lacking ApoE expression display increased cortical thick-
ness, trabecular number, and bone mineral density (14, 17). However, a role for ApoE in fracture healing
and musculoskeletal aging remains to be investigated.
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Here, we sought to understand the role of ApoE in age-associated deficiencies in bone fracture healing.
Our previous work has established the importance of circulating factors in the age-associated impairment of
bone regeneration. Here, we use our established tibial fracture model (18, 19) coupled with pCT and histolog-
ical analysis as well as our parabiosis models to identify a role for circulating ApoE in bone fracture healing.
We identify ApoE as a negative regulator of osteoblast differentiation and combine this work with functional
metabolic assessment and transcript analysis to identify the mechanism by which ApoE influences osteoblast
differentiation. Finally, we identify that lowering circulating ApoE levels, using siRNA strategies, in aged
mouse models leads to improved bone fracture healing. Collectively, our findings demonstrate that ApoE
impairs bone fracture healing in an age-dependent manner by decreasing osteoblast differentiation.

Results

Loss of ApoE increases bone deposition in the fracture callus. To determine whether ApoE plays a role in bone
fracture healing, we conducted tibial fracture surgery, stabilizing the fractured tibia with an intramedullary
pin, on 4-month-old WT (ApoE**) and ApoE-knockout (ApoE~") littermate mice. To account for the
stages of bone healing, we assessed fracture calluses harvested at 7 days, 14 days, and 21 days after injury
(Figure 1A) using a variety of methods, including analysis of inflammatory and angiogenic markers using
ELISA, development of the cartilaginous callus using histological techniques, matrix mineralization using
uCT, and bone deposition using calcein double labeling and histomorphometry.

Bony callus formation was investigated 21 days after injury using multiple analytical methods (Figure
1, A and B). pCT analysis showed that fracture calluses from ApoE~~ mice were of similar size as WT
mice but contained more mineralized bone tissue than those from WT mice (Figure 1, C-E), and the tissue
mineral density of deposited tissue was higher in ApoE~~ fracture calluses than in WT calluses (Figure 1F).
Our histological analysis yielded concordant results. Histomorphometry of paraffin sections of decalcified
fracture calluses stained with Alcian blue/hematoxylin/Orange G revealed significantly increased bone
tissue deposition within ApoE~~ fracture calluses than within WT fracture calluses (Figure 1, G and H). To
study bone formation and mineral apposition kinetics during repair, we used calcein double labeling, inject-
ing the mice with calcein dye at 17 and 20 days after fracture, then harvested the calluses at 21 days after
injury (Figure 1I). Using fluorescent imaging of nondecalcified sections, we measured the distance between
the dye fronts because this represents bone accrual between the 2 calcein injections. Fracture calluses from
ApoE~~ mice clearly displayed an increased mineral apposition rate (MAR, Figure 1J) and an increased
bone formation rate/bone surface (BFR/BS, Figure 1K).

Inflammatory and angiogenic markers were measured after 7 days of healing. ELISA of specific mark-
ers in both serum and lysates from the local healing bone tissue (fracture callus) of WT and ApoE~~ mice
revealed neither inflammatory nor angiogenic differences. IL-10, IL-1p, IL-6, KC, TNF-a, MCP-1, and
MIP-10 were expressed at similar levels in both WT and ApoE~~ serum (Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.org/10.1172/jci.insight.129144DS1). Like-
wise, angiogenic markers VEGF and VCAM-1 were present in similar quantities in WT and ApoE~~ serum
and fracture calluses (Supplemental Figure 1, B and C).

To assess cartilaginous callus formation, fractured tibiae were harvested at 14 days after injury, fixed, decal-
cified, and paraffin embedded. Histomorphometry, performed on histological sections stained using Alcian
blue/hematoxylin/Orange G, revealed no difference in the amount of cartilaginous tissue deposition (shown in
blue) within the fracture callus of WT mice relative to ApoE - mice (Supplemental Figure 2, A and B).

Because ApoE has been linked to phagocytosis in muscle wound debridement (20), we investigated
the potential effect of ApoE deletion on osteoclasts, multinucleated bone-resorbing cells. Tartrate-resistant
acid phosphatase (TRAP) staining, performed on 21-day fracture calluses in ApoE~~ and WT mice (Sup-
plemental Figure 3A), showed no differences in osteoclast activity or in osteoclast number (Supplemental
Figure 3B), consistent with previous findings of Shilling et al., who investigated osteoclast activity during
bone homeostasis in ApoE~~ mouse models (14).

Overall, these data indicate that ApoE deletion in mouse models improves bone fracture healing by
increasing bone formation while leaving other aspects of repair unaffected.

Osteoblast differentiation and activity are decreased by rApoE treatment. The changes observed in fracture heal-
ing secondary to ApoE deletion occurred at 21 days after fracture, a time at which both bone formation and
osteoblast activity are at their peak (3). To determine the role of ApoE in osteoblast differentiation and activ-
ity, we used a cell culture model for osteoblast differentiation. Bone marrow stromal cells aspirated from the
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Figure 1. Loss of ApoE increases bone deposition
during late stages of bone fracture healing. (A)
Schematic diagram of tibial fracture model and sub-
sequent assessment of repair. WT and ApoE~- mice
underwent tibial surgery, and fracture calluses were
analyzed 7, 14, and 21 days after injury. (B) Using puCT,
21-day fracture calluses were assessed to determine
(C) total callus volume (TV), (D) bone volume (BV),
(E) bone content (BV/TV), and (F) tissue mineral
density. Scale bar: 1 mm. (G) Histological staining
with Alcian blue/hematoxylin/Orange G was used to
visualize decalcified tissue (fracture callus region is
indicated by dashed lines). (H) Histomorphometric
analysis was used to quantify the amount of new
bone within the fracture site and related to the total
callus size. (1) Calcein double labeling (white arrows)
was used to investigate the (J) mineral apposition
rate (MAR) and (K) bone formation rate relative to
the bone surface (BFR/BS). For uCT, histology, and
histomorphometry, WT, n = 10; ApoE~'~, n = 10. For
calcein labeling, WT, n = 8; ApoE™/~, n = 8. Data are
expressed as mean + 95% confidence interval. *P <
0.05, 2-tailed t test.

long bones of unfractured mice were adhered to
tissue culture plastic. Upon adherence, cells were
passaged and replated at equal density. Osteo-
genic media with and without recombinant
apolipoprotein E (rApoE) were then used to dif-
ferentiate these progenitor cells into osteoblasts
(Figure 2A). Osteoblast differentiation was mea-
sured using ALP (a marker of osteoblastogene-
sis) stain, VK (a stain for mineralization) stain,
and analysis of transcriptional osteogenic mark-
ers. ALP staining identified decreased osteo-
blast differentiation, and VK staining identified
decreased mineralization in response to rApoE
treatment (Figure 2B). Accordingly, evaluation
of osteogenic transcripts from these differentiat-
ed cells via RT-PCR confirmed a 2-fold decrease
in type I collagen (Coll), a 5-fold decrease in
alkaline phosphatase (4/p), and a 4-fold decrease
in bone sialoprotein (Bsp) in cells treated with
rApoE (Figure 2C).

Importantly, differentiation of passaged
bone marrow stromal cells from WT and
ApoE~~ mice in osteogenic medium free of
rApoE displayed no difference in ALP stain
or VK stain (Supplemental Figure 4A). Within
WT cultures, we investigated the expression of
ApoE transcript using RT-PCR and compared
this to Coll expression. ApoFE transcript levels in

WT cells did not change during differentiation (Supplemental Figure 4B). We also assessed ApoE protein

within the culture systems using ELISA: ApoE protein was not detected in the growth media or within the

cell lysates (Supplemental Figure 4C). Conversely, Schilling et al. observed ApoE expression during late
stages (after 28 days) of in vitro osteogenic differentiation (14). This is likely a time at which differentiating

osteoblasts have become encased in mineral and are more akin to osteocytes than to active osteoblasts. The
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Figure 2. Treatment with rApoE decreases osteoblast differentiation. (A) Schematic diagram: bone marrow stromal
cells (BMSCs) were aspirated from the long bones of WT mice and adhered to tissue culture plastic. After adhesion,
cells were passaged to and differentiated to osteoblasts (Ob) by culturing in osteogenic medium for 14 days. ALP,
alkaline phosphatase; VK, von Kossa. (B) Fixed, washed wells were assessed for alkaline phosphatase (Alk. Phos.)

and for mineralization (Von Kossa). (C) Cell lysates were assessed for osteogenic transcripts (collagen |, ColT; alkaline
phosphatase, Alp; and bone sialoprotein, Bsp) using RT-PCR. WT + vehicle, n = 5; WT + rApoE, n = 5. Data are expressed
as mean * 95% confidence interval. *P < 0.05.

findings by Schilling et al. may be best explained by the fact that ApoE expression increases during cellular
quiescence (21-23), a process that is likely occurring within osteoblasts during this late (28-day) time point.
Collectively, these data indicate that osteoblasts are not a source of ApoE protein and that ApoE inhibits
osteoblast differentiation and activity.

Treatment with rApoE decreases glycolytic metabolism during osteoblast differentiation. Work in the bone field
has identified an important role for cellular metabolism with respect to osteoblast differentiation (24-29).
Specifically, increased glycolytic metabolism is a prerequisite for robust osteoblast differentiation and min-
eralized matrix formation. Recently, ApoE has been reported to alter cellular metabolism in hematopoietic
cells (30, 31). Here, we characterized the metabolic impact of rApoE on differentiating osteoblasts incubat-
ed with and without rApoE. Glycolytic metabolism of glucose to lactate was assessed by measurement of
extracellular acidification rate (ECAR) (Figure 3A). Cultures treated with rApoE displayed dramatically
lowered ECAR following glucose addition compared with vehicle-treated cells, demonstrating decreased
basal glycolysis in cultures treated with rApoE (Figure 3B). We also observed that maximal glycolytic
activity (glycolytic capacity), measured as the ECAR following addition of the F1/F0 ATPase inhibitor
oligomycin (oligo), was also significantly decreased in rApoE-containing cultures compared with control
cultures (Figure 3C). Finally, addition of 2-deoxyglucose (2DG), a potent glycolytic inhibitor, decreased
the ECAR of both rApoE-treated and untreated osteoblast cultures to levels similar to those of preglucose
ECAR, confirming that the changes in ECAR were due to glycolysis. Thus, our data clearly show that
ApoE impairs glucose use in differentiating osteoblasts.

To better understand the mechanism underlying this decrease in glycolytic capacity, we determined
whether there was a reduction in glucose uptake. Osteoblast cultures treated with and without rApoE were
incubated with *H-2-deoxyglucose, and isotopically labeled glucose retained within the cells was quantified.
Basal glucose uptake rates in rApoE-treated osteoblasts were 1.5-fold lower than in control cultures (Figure
3D). Next, we studied the expression of multiple key genes in the glycolytic pathway. Expression of multiple
components of the glycolytic machinery was coordinately downregulated in osteoblasts treated with rApoE,
including glucose transporter 1 (GlutI), hexokinase 2 (Hk2), aldolase A (4ldoa), enolase 3 (Eno3), lactate dehy-

insight.jci.org  https://doi.org/10.1172/jci.insight.129144 4


https://doi.org/10.1172/jci.insight.129144

. RESEARCH ARTICLE

Glucose Oligo 2DG

140 —o— WT B | Glveolvii
asa ycolytic
—e— +rApoE . .
120 Ap Glycolysis Capacity
80+
100 1004

>
w
(9]

80

60 404

a
o
1

40
20-

ECAR (mpH/min)
ECAR (mpH/min)

ECAR (mpH/min/10,000 cells)

20

0
0 < | 10 | 150 WT +rApoE WT +rApoE

Time (minutes)

Glucose E Glycolysis
Uptake 1.5 lwr

1.5 . - I +rApoE

O

1.0+

0.5

3H-2-de0xyg|ucose Uptake
(relative to WT)
Rel. Expression

0.0-
WT +rApoE

Glut1 Hk2 Aldoa Eno3 Ldha Ldhb Pcx1

E 21d Fracture Calluses G
Lipid Uptake FAO
‘ ‘ ApoE-/- 3-

I

*
o *

Relative Uptake
Relative FAO
2

0.5+

IHC: anti-Glut1

WT +rApoE WT +rApoE

Figure 3. rApoE treatment decreases osteoblast glycolytic activity. WT osteoblasts differentiated in the absence and in the presence of rApoE were assessed
for metabolic changes. (A) The Seahorse XF24 extracellular flux metabolic analyzer was used to measure the extracellular acidification rate (ECAR) in response
to the addition of glucose, oligomycin (oligo), and 2-deoxyglucose (2DG). These observations were used to determine (B) basal glycolysis and (C) glycolyt-

ic capacity. (D) Glucose uptake was measured by pulsing differentiating osteoblasts with *H-2-deoxyglucose. (E) Transcript levels of key genes involved in
glycolytic metabolism were assessed using RT-PCR. (F) Immunohistochemistry was used to investigate the level of Glut1in healing, 21-day fracture calluses
(osteoblasts indicated by arrows). (G) Lipid uptake in cultures was measured in both the absence and presence of rApoE as was (H) fatty acid oxidation (FAQ).
For metabolic flux experiments, WT + vehicle, n = 5; WT + rApoE, n = 5. For RT-PCR, WT + vehicle, n = 6; WT + rApoE, n = 6. For IHC, WT, n = 4; ApoE”-, n = 4.
For lipid uptake and FAO, WT + vehicle, n = 6, WT + rApoE, n = 6. Data are expressed as mean + 95% confidence interval. *P < 0.05.
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drogenase A (Ldha), lactate dehydrogenase B (Ldhb), and pyruvate carboxylase 1 (Pcexl) (Figure 3E). Thus, the
decrease in glycolytic capability in response to rApoE treatment likely results from decreased expression of
key glycolytic enzymes and lower rates of glucose uptake. These in vitro findings were further substantiated
in vivo by immunohistochemistry data showing higher staining for Glutl in osteoblasts lining the bone in
fracture calluses from ApoE~~ mice (Figure 3F).

Because ApoE in circulation is known to take part in the formation of chylomicrons to transport lip-
ids in the body, we hypothesized that increased circulating ApoE levels might enhance lipid uptake and
fatty acid oxidation within osteoblasts to offset decreased glycolytic metabolism. To test this hypothesis,
we investigated lipid uptake in differentiating osteoblast cultures differentiated with and without rApoE.
Indeed, we found that relative to untreated controls, rApoE treatment more than doubled the amount of
lipid uptake (Figure 3G) and increased fatty acid oxidation (FAO, Figure 3H).

These data confirm a regulatory role for ApoE in osteoblast metabolism. They indicate that the
enhanced bone healing observed in the absence of ApoE is due to increased glycolytic metabolism and sub-
sequent enhanced differentiation of osteoblasts. Conversely, in the presence of ApoE, osteoblasts increase
fatty acid catabolism and decrease glycolytic metabolism, leading to decreased osteoblast differentiation.

Circulating ApoE hinders robust fracture healing. Our data indicate that ApoE plays an inhibitory role during
fracture healing and osteoblast differentiation, but ApoE is not expressed by osteoblasts themselves. In the
body, the majority of ApoE is found within the circulation (32). To determine whether circulating ApoE
affects fracture healing, we used our parabiosis models, anastomosing WT mice to either WT mice or ApoE~
/= mice, and investigated fracture healing in WT mice (Figure 4A). Circulating ApoE levels were measured
using ELISA on serum from each mouse within the pairings isolated at 21 days after injury. Bone repair was
assessed using pCT and histological analysis on 21-day fracture calluses from the WT mice. Serum of WT
mice anastomosed to ApoE~~ mice contained half the level of ApoE relative to the serum of WT mice anas-
tomosed to WT mice (Figure 4B). Importantly, fracture healing of WT mice anastomosed to ApoE~~ mice
was improved (Figure 4C). nCT analysis demonstrated both BV/TV and tissue mineral density of WT mice
anastomosed to ApoE~~ mice to be higher than those of WT mice anastomosed to WT mice (Figure 4, D and
E). Histomorphometry of decalcified, paraffin-embedded sections stained with Alcian blue/hematoxylin/
Orange G supported these findings (Figure 4F). uCT values for BV/TV and tissue mineral density for this
WT-ApoE~~ group were similar to the pCT values observed for solitary ApoE~~ mice in Figure 1.

Importantly, combining the circulation of ApoE~~ mice with the circulation of WT mice increased
circulating ApoE levels within ApoE~~ animals (Supplemental Figure 5A) but did not translate to a mea-
surable change in fracture healing (Supplemental Figure 5B). We propose that this finding identifies that
ApoE levels exist within a critical threshold, which when surpassed, diminishes bone fracture healing.
Collectively, these data indicate that circulating ApoE plays a strong inhibitory role during fracture healing.

Circulating ApoE increases with age. Because of the impaired fracture healing seen with age and our previous
observation that ApoE may be differentially expressed in aged cell culture systems, we investigated the effect
of age on circulating ApoE levels. We used ELISA to measure the amount of ApoE in the serum of young
patients (3545 years old) and old patients (7585 years old) and the serum of young mice (4 months old)
and aged mice (24 months old). In patients, ApoE levels were 2-fold higher in the geriatric population than in
the young population (Figure 5A). Similarly, circulating ApoE levels in aged mice were 3-fold higher than in
young mice (Figure 5B). These findings demonstrate that circulating ApoE levels increase with age.

Decreasing ApoE in circulation improves aged fracture healing. Based on our findings that circulating ApoE
levels increase with age (Figure 5) and that circulating ApoE inhibits bone healing (Figure 4), we hypoth-
esized that the age-related increase in circulating ApoE results in impairment in bone fracture healing.
To test this hypothesis, we investigated whether decreasing circulating ApoE levels in aged mice would
improve aged bone fracture healing. Approximately 90% of ApoE in the body is generated by hepatocytes
and secreted into circulation (32); therefore, to lower circulating ApoE levels, we used an siRNA system
driven by adeno-associated virus(serotype 8) (AAV[serotype8]), a serotype that shows specificity for the
liver (33, 34). AAV(serotype 8)-GFP-siRNA-ApoE (siRNA-ApoE) or AAV(serotype 8)-GFP (GFP) were
injected into the tail vein of 24-month-old mice 3 days before fracture surgery (Figure 6A); fracture callus-
es and serum were harvested 21 days after injury. By ELISA, serum levels of ApoE in mice treated with
siRNA-ApoE were approximately 75% lower than in mice treated with the GFP control (Figure 6B). uCT
analysis demonstrated that fracture calluses from siRNA-ApoE—treated mice had higher levels of BV/TV
and a higher tissue mineral density than those of GFP control (Figure 6, C-E). To test whether this increase
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Figure 4. Circulating ApoE inhibits
bone fracture healing. (A) Sche-
matic diagram: WT and ApoE™~
mice were anastomosed together,
resulting in a shared blood supply.
(B) After 4 weeks of anastomo-
sis, ELISA was used to measure
circulating ApoE levels within each
mouse. (C) One WT mouse within
each pairing underwent tibial frac-
ture surgery, and fracture calluses
were assessed 21 days after injury
for healing. Scale bar: 1 mm. (D)
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in bone deposition translates to improved fracture healing, mechanical testing was conducted on tibiae 28
days after fracture. Healed tibiae from aged mice treated with siRNA-ApoE displayed higher levels of max-
imal force to refracture and increased structural stiffness (Figure 6, F and G).

Aged fracture healing is associated with increased fibrotic tissue deposition. In our previous work,
rejuvenation of aged fracture healing involved decreased fibrotic tissue deposition within the fracture
callus coupled with increased bone deposition (35). We identified regions of fibrous deposition with-
in our ApoE-knockdown experiment by staining decalcified, paraffin-embedded histological sections
with Alcian blue/hematoxylin/Orange G. Although fibrosis was identified within the fracture callus
of control/ GFP-treated mice (arrows, Figure 6H), areas of fibrosis were absent in aged mice treated
with siRNA-ApoE, and, in contrast, these calluses contained newly deposited bone tissue (arrows,
Figure 61). Indeed, histomorphometry demonstrated the siRNA-ApoE group to have increased bone
deposition within the fracture callus compared with the control/GFP group (Figure 6J). Importantly,
as a control, aged ApoE~~ mice did not display a fracture callus phenotype in response to siRNA-ApoE
treatment (Supplemental Figure 6, A-C).

Collectively, these data demonstrate that with age, there is an increase in the circulating ApoE levels,
leading to decreased osteoblast differentiation and impaired bone fracture healing (Supplemental Figure
6D). Moreover, upon lowering these ApoE levels, bone fracture healing is substantially improved.
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Discussion

It has long been observed that bone fracture healing diminishes with age. The growing geriatric population
and the comorbidities associated with injury during advanced age have inspired a resurgence in the number
of studies investigating age-related changes in tissue regeneration (36—39). Indeed, our previous work iden-
tified a key role for circulation in the age-associated decrease in bone regeneration (35). Although much of
the attention stemming from this work has focused on “youth factors,” follow-up investigations analyzing
“aging factors” have been lacking.

Here we identify ApoE as an aging factor. We found that ApoE levels in circulation increase with age in
humans and in mice and directly impair fracture healing and bone regeneration. In vivo, circulating ApoE
inhibited bone deposition within the injury site, and in vitro, exogenous treatment with rApoE inhibited
osteoblast differentiation. By using targeted strategies, we were able to lower circulating ApoE levels in
aged mouse models, which subsequently led to improved bone regeneration. Mice in which circulating
ApoE was decreased displayed increased bone deposition and decreased fibrotic tissue within the healing
fracture callus and increased mechanical strength.

We have identified changes in circulating ApoE levels that affect osteoblast biology and subse-
quently bone fracture healing. Although others have observed a potential role for ApoE in inflam-
mation (40, 41), angiogenesis (42, 43), and even cartilage formation within the vasculature during
atherosclerosis (44, 45), we observed none of these changes in our model of bone fracture healing.
We postulate that this apparent discrepancy may be due to the fact that although others have observed
ApoE’s influence during homeostatic conditions, bone fracture injury represents an acute and severe
event that triggers a unique biological response. For this reason, it has historically been difficult to
identify modulators of tissue regeneration using homeostatic systems. Here, the major effect that we
observed in multiple mouse models of fracture healing were changes in bone deposition. In vivo we
observed ApoE to inhibit bone formation and mineral apposition, and in vitro we observed rApoE to
decrease osteoblast differentiation and mineral formation.

Differentiating osteoblasts actively engaged in bone formation have previously been shown to rely pri-
marily on glycolysis for energy accrual (26, 27). Here we demonstrate that ApoE promotes concomitant
reductions in glycolytic metabolism while promoting FAQO, which leads to subsequent inhibition of fracture
healing and a decrease in osteoblast differentiation and activity.

Our findings serve as a proof of concept for potential translation to therapies in which circulating
ApoE is decreased after injury or after surgery to improve bone healing; we envision an acute interven-
tion, given that chronic lowering of ApoE levels may have negative effects. Indeed, chronic loss of ApoE
in mouse models has been shown to be detrimental to cardiovascular health (6, 46) and neuronal biology
(47, 48). Nevertheless, the work presented here highlights ApoE as a potentially novel therapeutic target
to be explored in strategies aimed at enhancing bone healing. Our findings suggest that temporally lower-
ing ApoE levels may represent a novel therapeutic approach to enhance bone formation to improve bone
healing and the osseous integration of implants following fracture or surgical procedures.

Methods

Mouse models. All protocols were approved by the Duke Institutional and Animal Care and Use Com-
mittee. ApoE~~ mice (B6.129P2-Apoetm1Unc/J, stock 2052) were purchased from Jackson Laboratories
and crossed with ApoE*’* mice (C57BL/6J, stock 000664) to generate ApoE*/~ breeders. Mice were then
crossed using a breeding strategy of heterozygous X heterozygous. Genotype was ensured using DNA PCR
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Figure 6. Decreasing circulating ApoE levels improves bone regeneration in aged mouse models. (A) Schematic diagram: 24-month-old mice were inject-

ed with AAV carrying either GFP or siRNA-ApoE. Mice underwent tibial fracture surgery and were allowed to heal for 21 days. (B) Using ELISA, 24 days after
injection, circulating ApoE levels were measured within the serum of mice. (C) Using uCT, 21-day fracture calluses were assessed for (D) bone ratio within the
callus and (E) tissue mineral density. Scale bar: 1 mm. Mechanical testing was performed on 28-day fracture calluses to assess (F) structural stiffness and (G)
maximal force to fracture. (H and 1) Alcian blue/hematoxylin/Orange G staining was performed on decalcified, paraffin-embedded sections. Areas of fibrous
tissue (H, GFP, arrows) and areas of bone deposition (I, siRNA-ApoE, arrows) are depicted at indicated original magnifications. (J) Histomorphometry was used
to measure the amount of bone tissue deposited within the healing fracture callus. For GFP, nn = 6; for siRNA-ApoE, n = 8. Data are expressed as mean + 95%

confidence interval. *P < 0.05.
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from ear punch tissue or tail fragment using a combination of common primer (5'-GCCTAGCCGAG-
GGAGAGCCG-3"), wild-type primer (5-TGTGACTTGGGAGCTCTGCAGC-3'), or mutant primer
(5-GCCGCCCCGACTGCATCT-3"). WT (ApoE*'*) mice and ApoE~~ mice were used for fracture analy-
sis studies and osteoblast differentiation studies.

Tibial fracture surgery. Fractures were performed as previously described (18, 19). Briefly, 4-month-old
or 24-month-old mice were anesthetized, and the surgical area proximal to the knee was shaved and dis-
infected. Following an incision, a hole was drilled into the tibial plateau, and a 0.7-mm stainless steel pin
was placed into the medullary cavity and cut flush with the tibial plateau. A tibial fracture was induced
midshaft using blunt scissors, and the incision was closed using wound clips. For analgesia, 0.5 mg/kg
buprenorphine—sustained release was administered subcutaneously at the beginning of the procedure.

Parabiosis surgery. Anastomosis was achieved as previously described (18). Briefly, WT or ApoE /" lit-
termate mice were weaned into the same cage as separate pairs. At 3 months of age, the mice underwent
parabiosis surgery and were allowed to heal for 4 weeks, at which time the mice underwent tibial fracture
surgery. Fracture calluses were isolated 21 days after injury and investigated using pCT and histological
analysis. Note, only female mice were used within parabiosis models.

SiRNA-ApoE (AAV) treatment of aged mice. AAV(serotype 8) carrying a vector expressing either sh-RNA-
ApoE or GFP (Vectoc Biosystems Inc.) was injected into the tail vein of a 24-month-old mouse at 1 x 10

https://doi.org/10.1172/jci.insight.129144 9


https://doi.org/10.1172/jci.insight.129144

. RESEARCH ARTICLE

GC/mouse. After 4 days, mice underwent tibial fracture surgery, and fracture calluses were harvested 21
days after injury. At the time of callus harvest, blood was also collected to assay for ApoE protein within
the serum using ELISA.

Immunoassays. Inflammatory biomarkers, angiogenic biomarkers, and ApoE protein content were
quantified by ELISA. Custom multiplex assays were performed to measure mouse proinflammatory mark-
ers (IL-1B, IL-6, KC, IL-10, TNF-0) and cytokines (MCP-1, MIP-1a) (MesoScale Discovery) in serum sam-
ples (diluted 2- and 4-fold, respectively). Mean reported intra- and interassay coefficients of variation for
these assays were all less than 10% and less than 12%, respectively. Angiogenic markers (VCAM, VEGF)
(R&D Systems Inc.) were measured in serum samples and fracture callus tissue lysates (diluted 50-fold and
20-fold for measurement of VCAM, respectively, and diluted 5-fold for measurement of VEGF). ApoE lev-
els were measured from serum of mice (Abcam, ab215086) and patients (Invitrogen Inc., EHAPOE) as per
manufacturers’ instructions. Mean reported intra- and interassay coefficients of variation for these assays
were all less than 10% and less than 12%, respectively.

Analysis of fracture healing. Fracture calluses were dissected and fixed in 10% Zn-formalin at room tem-
perature for 5 days. pCT analysis was conducted using a Scanco vivaCT 80 (Scanco Medical) at a scan reso-
lution of 8 um. Fractured tibiae were scanned and the midpoint of the fracture callus was identified by metic-
ulously assessing the radiographic slices within the fracture callus — this could be determined by scanning
through the slices of the callus and visually identifying the proximal and distal boarders of intact cortical
bone within the fracture callus. These boundaries represent the entire fracture region. The midpoint of this
fracture region was defined as the fracture site. Calluses were analyzed 1 mm proximal and 1 mm distal from
the fracture site and assessed for TV and BV in mm?3, percentage of BV per TV, and bone mineral density in
mg HA/mm?. Fixed fracture calluses were decalcified using 12% EDTA at pH 7.4, cleared of EDTA, and
embedded into paraffin. Sections were cut at a thickness of 5 pm and stained using Alcian blue/hematoxylin/
Orange G (MilliporeSigma) to visualize bone and cartilage. A minimum of 5 sections were used to conduct
computer-assisted histomorphometry analysis, and results were presented as an amount relative to the total
area of the fracture callus. TRAP staining was performed as previously described (49). TRAP-positive cells
were quantified as the percentage of osteoclast surface to bone surface. Fluorochrome labeling was used to
investigate active bone deposition. Calcein green (30 mg/kg/g) (MilliporeSigma) in saline was delivered using
peritoneal injections at 4 days and 1 day before harvest of the fracture callus. Specimens were fixed in 70%
ethanol and embedded in methyl methacrylate. Sections were then cut to 5 mm, and fluorescent microscopy
imaging (495 nm/521 nm, fluorescein isothiocyanate) was used to observe the dye; the distance between the
dye fronts was measured using an Olympus IX70 microscope and associated Olympus cellScens Standard
1.16 software (Olympus Corporation). Glutl immunohistochemistry was performed using Glutl antibody
(Abcam, ab15309) as per the manufacturer’s instructions.

Mechanical testing. The healing tibiae of mice were harvested 28 days after fracture surgery and wrapped
in PBS-soaked gauze and stored at —80°C. In preparation for mechanical testing, tibiae were allowed to
come to room temperature by placing them into fresh room temperature PBS for 2 hours. Samples were
tested in 4-point bending in the medial-lateral direction with the medial side in tension using an Electro-
Force 3220 Series III instrument (TA Instruments). Cylindrical rollers 2 mm in diameter were used to apply
the 4 points of loading. The midpoints of the top 2 rollers were positioned 4 mm apart while the midpoints
of the bottom 2 rollers were positioned 10 mm apart. The top fixture was able to tilt horizontally to allow
for simultaneous contact between all 4 rollers and the sample. To position each tibia within the 4-point
bending fixture, the most proximal location of the tibia-fibula junction was aligned with the outer edge of
1 of the bottom loading rollers, ensuring the fracture callus was centered among all rollers. Bending failure
tests were performed in displacement control at a rate of 0.025 mm/s. Testing was terminated by failure, as
determined by a 95% drop in load.

Load, displacement, and time were recorded at a sampling frequency of 10 Hz. Structural stiffness (N/
mm) was calculated as the slope of the load versus displacement data between 30% and 70% of the load at
failure, to exclude nonlinear toe regions in the force displacement curves. Force to fracture was identified as
the load maximal which occurred before failure.

Bone marrow stromal cell culture. Unfractured mice were euthanized at 4 months of age, and the femurs
and tibiae were dissected and cleaned of soft tissue. Bone marrow was flushed from the long bones, and
cells were plated at a density of 500 x 10*/cm? in plating medium (AMEM, 10% FBS, 100 U/mL penicil-
lin/streptomycin) for 7 days. Cells were then differentiated to osteoblasts in osteogenic medium (AMEM,
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10% FBS, 100 U/mL penicillin/streptomycin, 30 uM ascorbic acid, 10® M dexamethasone, 8 mM sodi-
um phosphate) with or without rApoE (100 ng/mL). After 15 days in differentiation medium, wells were
washed with PBS, fixed using 10% formalin, and stained for ALP using FastRed (MilliporeSigma) or for
mineral using 2.5% silver nitrate solution (VK) on a light box. Replicate wells were washed with PBS, and
RNA was extracted using TRIzole Reagent (Invitrogen Inc.) as per manufacturer’s protocol.

Real-time PCR. After RNA extraction, purity and quantity of RNA were determined using spec-
trometric methods. cDNA template was generated using random hexamers. TagMan primers for Alp
(Mm00475834_m1), BSP (MmO00492555_m1), Coll (MmO00801666_gl), Aldoa (MmO00833172_gl), Hk2
(Mm00443385_m1), Ldha (Mm01612132_gl), Ldhb (Mm01267402_m1), and Eno3 (MmO00468267_m1)
were purchased from Applied Biosystems, and samples were investigated using a ViiA 7 Real-Time PCR
System and compared to the transcript of ribosomal protein 18S as a housekeeping control. A minimum of
5 replicates of all samples were analyzed.

Metabolic flux analysis. ECAR and oxygen consumption rate of osteoblastic cultures were determined using
the Seahorse XF24 assay system (Agilent Technologies). Bone marrow stromal cells were plated as stated above,
and after adherence, the cells were lifted using trypsin digestion and passaged to a concentration of 160,000 cells
per well. This ensured similar number of plated cells in both WT (ApoE*'*) and ApoE~~ cultures. Cells were cul-
tured in osteogenic medium for 7 days. Before metabolic analysis, medium was replaced with XF Assay Media
supplemented with 1% FBS. In flux analysis that investigated glycolytic metabolism, glucose, oligo, and 2DG
were injected for a final concentration of 10 mM, 1.0 uM, and 50 mM, respectively, at the indicated times (32
minutes, 74 minutes, and 117 minutes). In flux analysis that investigated oxidative phosphorylation, base media
containing 5.5 mM glucose and oligo, FCCP, and antimycin were injected for a final concentration of 1.0 uM,
1.0 uM, and 0.5 uM, respectively, at the indicated times (32 minutes, 74 minutes, and 117 minutes).

Glucose uptake assay. Glucose uptake was determined by pulsing 0.5 mCi/mL *H-2-deoxyglucose and
100 mM 2DG in cell cultures after 1 hour of glucose-free fasting. After 90 minutes of incubation, wells
were washed 5 times with PBS, and contents were extracted in protein lysis buffer. The amount of *H-2-de-
oxyglucose was quantified using a liquid scintillation counter and related to WT control.

Lipid uptake and FAO assay. Bone marrow aspirates were cultured and passaged as described above.
Cells were passaged into a black, clear-bottom tissue culture plate (Invitrogen Inc.) at 5 x 10* cells per well.
Bone marrow stromal cells were differentiated in osteogenic media. After 7 days in differentiation media,
media were changed to contain either no rApoE or 100 nM rApoE for 2 days. Fatty acid uptake was then
assessed over a 120-minute period using a Fatty Acid Uptake Kit (MilliporeSigma, MAK156). Lipid uptake
was then measured using fluorescent measurement (excitation wavelength [A_ ] = 485 nm, emission wave-
length [A | = 515 nm). Results were represented as relative quantities. FAO was measured using a Fatty
Acid Oxidation Assay kit (Abcam, ab217602). Wells were washed twice with fatty acid free assay media
and incubated overnight with or without rApoE in fatty acid measurement media containing oxygen con-
sumption reagent. Oxygen consumption in response to FAO was then measured (A, = 380 nm, A = 650
nm). Results were represented as relative quantities.

Patient samples. Serum samples were obtained with informed consent from a cohort of patients
used in Kraus et al. (50). Blood was collected from participants by venipuncture 2 hours postprandial
and separated by centrifugation at 1500 g for 15 minutes to yield serum and plasma samples that were
stored as aliquots at —80°C until analyzed. To best model our mouse data at 4 months and 24 months
of age, patients aged 35-45 years were declared the “young” group while patients aged 75-85 were
declared the “aged” group (51).

Statistics. All statistical analysis was performed using GraphPad PRISM 5 (version 5.01). Data are
expressed as mean + 95% confidence interval. Groups were compared using independent 2-tailed ¢ tests.
Statistical significance was assigned to P values less than 0.05.

Study approval. For patient samples, all procedures were approved by the Duke University Institutional
Review Board with informed consent being obtained from all subjects. For mouse models, all procedures
were approved by the Duke Institutional and Animal Care and Use Committee.
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