






muscles (Supplemental Fig. 4A). The recruitment of CD45+

CD11b+ macrophages is selectively reduced in BoxA-treated mice
(Supplemental Fig. 4B).

The differentiation of satellite cells in Hmgb12 FLT skeletal
muscle is jeopardized

Macrophage Hmgb1 could directly activate satellite cells or act
by modulating independent environmental signals. Macrophages

propagated in vitro from Hmgb1+ and Hmgb12 bone marrow
precursors appear virtually identical because they express similar
amounts of cell surface markers and produce comparable amounts
of soluble signals (Supplemental Fig. 4C–E). Not surprisingly
they are similarly effective at modulating the differentiation of
satellite cells (Fig. 3A, Fig. 3B, respectively). BoxA does not
interfere with satellite cell differentiation (not shown) and has no
effect on satellite cells challenged with Hmgb1+ macrophages

FIGURE 1. Leukocyte Hmgb1 influences the homeostatic response to sterile injury. In the absence of leukocyte Hmgb1 (Hmgb12 FLT), TA regeneration

is defective at day 7 [(A) top panel and (B)] and at day 15 [(A) middle panel and (C)] after injury, as assessed by counting centrally nucleated fibers (B), by

assessing the fiber diameter (cross-sectional area, x axis, C) after H&E staining, and by revealing lipid accumulation using Red Oil O staining [(A) bottom

panel]. Ten successive slices have been analyzed for each mouse (n = 3). (D and E) FA in injured TAs of Hmgb1+ and Hmgb12 FLT mice has been assessed

by MRI (n = 7). Original magnification 310. *p , 0.05, **p , 0.01.
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(Fig. 3B). The results make it unlikely that macrophage Hmgb1
has a direct effect on satellite cells.
The inflammatory response that culminates in effective regen-

eration licenses satellite cells to undergo activation, proliferation,

and fusion (24, 27, 28). The expression of pax7 and myoD genes,
markers of quiescent and activated satellite cells, respectively, is
comparable in the two groups of mice (Fig. 4A, 4B). Myogenin,
which is preferentially expressed by differentiating satellite cells,

FIGURE 2. Tissue edema and infiltration are independent of leukocyte Hmgb1. (A and B) Relaxation time (T2rt) from T2 Map sequence has been

assessed in TAs of Hmgb1+ and Hmgb12 FLT mice by MRI analysis (n = 7) at various times after injury. (C–E) TA-infiltrating cells have been retrieved and

analyzed by flow cytometry at day 7 after damage. Most leukocytes express the CD45.2 marker and are of donor origin [(C), n = 3], and their overall lineage

composition [(D), n = 3] or expression of macrophage activation/polarization markers [(E), n = 3)] is similar in Hmgb1+ and Hmgb12 FLT mice.

FIGURE 3. In vitro satellite cell differentiation is independent of macrophage Hmgb1. Satellite cells have been propagated in vitro and cultured in the presence

of 5% horse serum (HS, positive control), of 20% hyclone (negative control), or at a 1:1 ratio with M2 macrophages from Hmgb1+ or Hmgb12 FLT mice (A) or

with Hmgb1+ M2 macrophages in the presence or absence of the Hmgb1 competitive inhibitor BoxA (n = 6) (B). Histograms report on the y-axis the quan-

tification of the number of myosin H chain+ (MyHC+) myotubes displaying 1 nucleus (open), 2–4 nuclei (light gray), or . 5 nuclei (dark gray), respectively.
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and insulin-like growth factor 1 (Igf1), which is involved in sat-
ellite cell differentiation, in the absence of leukocyte Hmgb1 are
significantly less expressed early after injury (Fig. 4C, 4D). Leu-
kocyte Hmgb1 thus plays a nonredundant role in the differentia-
tion of satellite cells, but this is unlikely to occur through direct
interaction between the two cell populations.

Skeletal muscles of Hmgb12 FLT mice show a jeopardized
vascularization and an aberrant hypoxia response

The formation of novel vessels ensures oxygen and nutrient supply
during wound healing (29), is known to be influenced by Hmgb1
(30), and could in turn modulate the sensitivity of satellite cells to
activation. We have analyzed angiogenesis in regenerating mus-
cles in the presence or the absence of leukocyte Hmgb1. Vessel
number and the total vascular area have been significantly greater
in the presence of leukocyte Hmgb1 (Fig. 5A). The Ang-2 mRNA
levels are at early time points dramatically higher in the presence
of leukocyte Hmgb1 (Fig. 5B). At this time point, vascular en-
dothelial growth factor (Vegf) mRNA is expressed at comparable
levels in the two groups of mice (Fig. 5B).
Ang-2 expression fails to increase in the absence of leukocyte

Hmgb1 throughout all the regeneration process, whereas Vegf
expression increases at later time points. In the presence of Vegf,
but in the absence of Ang-2, endothelial precursors proliferate but
endothelial sprouts fail to assemble (31). Angiogenesis plays a key
role in the regeneration of injured skeletal muscles. Even if
the molecular signals involved in the activation of angiogenesis,
which comprises Ang-2 induction, are only partially understood,
activation of the hypoxia inducible factor 1a (Hif1a) pathway
plays a role. Hif1a gene expression is dramatically reduced in
the muscle of Hmgb12 FLT mice at day 5 after damage (Fig. 5C).
Hif1a target genes, caIX and glut1, are in parallel reduced
(Fig. 5D). The results confirm that in the absence of leukocyte
Hmgb1, the injured muscle is apparently unable to perceive or to
react to the hypoxic state associated with tissue damage and in-
flammation.

Discussion
In this study we make two significant observations. First, leukocyte
Hmgb1 is required for and controls the efficacy of muscle repair.
Second, the absence of leukocyte Hmgb1 jeopardizes vessel
remodeling in the injured tissue, suggesting that infiltrating leu-
kocytes control the regeneration of vasculature, and, as such, set the
appropriate scenario for muscle stem cell proliferation and dif-
ferentiation. To address this issue, we have relied on an ad hoc
model in which leukocyte Hmgb1 is specifically targeted. We do
not observe in basal conditions substantial changes in leukocyte
homeostasis, suggesting that Hmgb1 expression is dispensable
for leukocyte development, activation, and differentiation. In
contrast, leukocyte Hmgb1 expression plays a nonredundant role in
inflammatory conditions. This observation fits well with recent
results obtained by ablating the molecule in myeloid cells of
Hmgb1-floxed [Hmgb1(f)(/f)] mice (32): mice normally develop
but are exquisitely sensitive to endotoxin shock and bacterial in-
fection.
Hmgb1 is released acutely because of muscle necrosis. This

corresponds to a wave of inflammatory cell recruitment and tissue
edema. However, our data indicate that infiltrating cells deliver
Hmgb1 at the site of damage, where it orchestrates a second wave
of events that comprises muscle repair and vessel remodeling. This
is likely to be associated with the response to the hypoxic mi-
croenvironment linked with tissue necrosis. Several reasons could
underlie these distinct Hmgb1 actions, including its relative con-
centration, timing, and localization.
Tissue Hmgb1 is massively released, being transiently detectable

in the blood of damaged mice (19, 21). The initial massive release
could be responsible for leukocyte attraction at the site of damage,
as shown by the reduced attraction of macrophages upon ex-
tracellular Hmgb1 pharmacological blockade. Previous data
suggest that Hmgb1 is chemotactic within a specific range of

FIGURE 4. Leukocyte Hmgb1 licenses satellite cells for expression of

myogenin and insulin-like growth factor (Igf1). TA expression of Pax7 (A),

myogenin (B), MyoD (C), and Igf1 (D) has been evaluated by RT real-time

PCR in Hmgb1+ and Hmgb12 FLT mice at various times after injury

(x axis). *p , 0.05.
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FIGURE 5. Leukocyte Hmgb1 licenses regenerating muscle for expression of Ang-2 and angiogenesis. (A) Immunohistochemical analysis of CD31+

endothelial cells in TA from Hmgb1+ FLT (left panel) and Hmgb12 FLT (right panel) 7 d after injury, revealed by ABC-HRP (orginal magnification 310).

The number of vessels per field of view and the vascular area have been calculated by digital image analysis. Data are expressed as mean 6 SEM of results

obtained in three independent experimental and control mouse pairs. (B) Ang-2 (left panel) and Vegfb (right panel) mRNA expression has been assessed in

Hmgb1+ and Hmgb12 FLT mice before and at various time points after damage. (C) Hif1a mRNA (expression has been assessed in Hmgb1+ and Hmgb12

FLT mice before and at various time points after damage). (D) Hif1a target genes Glut1 (left panel) and CaIX (right panel) mRNA expression has been

assessed in Hmgb1+ and Hmgb12 FLT mice before and at various time points after damage. *p , 0.05, **p , 0.01.
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concentrations (33). It is conceivable that only the Hmgb1 re-
leased upon muscle damage reaches concentrations that trigger
inflammatory cell migration.
Tissue Hmgb1 is passively released within a few hours and up

to 1 d after damage induction, whereas the leukocyte Hmgb1 se-
cretion within the injured skeletal muscle is sustained throughout
the whole repair process (19, 21). Similarly, passively released
Hmgb1 acts as an early endogenous trigger of inflammation and
organ damage in hepatic ischemia–reperfusion injury (34) and as
a late mediator of endotoxin lethality in sepsis (35). Timing is
critical to switch off angiogenesis, allowing vessel stabilization
(36, 37). The disappearance of leukocytes, when muscle repairs,
could represent such a “switch off” signal. Leukocyte Hmgb1
would cease at a time in which vessels need stabilization instead
of remodeling.
The issue of localization is strictly related. Infiltrating phag-

ocytes localize in close proximity with dying fibers and con-
tribute to their clearance. Satellite cells are located between the
sarcolemma and the basal lamina (2) and need oxygen and nu-
trient supply to proliferate, differentiate, and ultimately heal the
muscle. Specifically, satellite cells are located in close proximity
to blood vessels regardless of their activation and differentiation
state (38), and their proliferation and differentiation start si-
multaneously with the formation of new capillaries in regener-
ating muscle (39). Therefore, tissue damage and the ensuing
hypoxia due to disruption of the vasculature generate signals that
recruit and orient nascent, sprouting vessels. Leukocyte Hmgb1
could be involved because it is produced at the correct location
and in the appropriate time window. Our data indicate that leu-
kocyte Hmgb1 plays a nonredundant role in the ability of the
skeletal muscle to react to the hypoxic environment, inducing
hypoxia-related responses and Ang-2 expression. Previous
reports indicate a role for Hmgb1 in the proliferation and mi-
gration of endothelial cells in vitro (30) and in vascular bed
remodeling in models of ischemia–reperfusion injury (40) (41).
Little is known about the relationship between Hmgb1 and Hif1a
(42–44). Further studies are required to better delineate the in-
teraction, verifying in particular whether MAPK is involved (45–
47) and whether oxygen sensing in endothelial cells or stromal
cells is modified in the absence of leukocyte Hmgb1.
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