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Abstract

Heterochronic parabiosis models have been utilized to demonstrate the role of blood-borne circulating factors in systemic effects of aging. In
previous studies, heterochronic parabiosis has shown positive effects across multiple tissues in old mice. More recently, a study demonstrated
old blood had a more profound negative effect on muscle performance and neurogenesis of young mice. In this study, we used heterochronic
parabiosis to test the hypothesis that circulating factors mediate mitochondrial bioenergetic decline, a well-established biological hallmark of
aging. We examined mitochondrial morphology, expression of mitochondrial complexes, and mitochondrial respiration from skeletal muscle
of mice connected as heterochronic pairs, as well as young and old isochronic controls. Our results indicate that young heterochronic mice
had significantly lower total mitochondrial content and on average had significantly smaller mitochondria compared to young isochronic
controls. Expression of complex IV followed a similar pattern: young heterochronic mice had a trend for lower expression compared to young
isochronic controls. Additionally, respirometric analyses indicate that young heterochronic mice had significantly lower complex I, complex
I + II, and maximal mitochondrial respiration and a trend for lower complex II-driven respiration compared to young isochronic controls.
Interestingly, we did not observe significant improvements in old heterochronic mice compared to old isochronic controls, demonstrating
the profound deleterious effects of circulating factors from old mice on mitochondrial structure and function. We also found no significant
differences between the young and old heterochronic mice, demonstrating that circulating factors can be a driver of age-related differences in
mitochondrial structure and function.

Keywords: Aging, Heterochronic parabiosis, Mitochondria, Mouse model

Mitochondrial bioenergetic decline is a hallmark of the aging pro-
cess. Studies have reported reduced mitochondrial respiratory
capacity in older adults, as indicated by reduced phosphocreatine
recovery time and reduced mitochondrial respiration in skeletal
muscle (1,2). Multiple studies have shown decreased mitochondrial
enzyme activities in skeletal muscle, liver, and heart with increasing
age, including: succinate dehydrogenase, citrate synthase, cyto-

© The Author(s) 2020. Published by Oxford University Press on behalf of The Gerontological Society of America.

All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

chrome ¢ oxidase, and B-hydroxyacyl-CoA dehydrogenase (1,3,4).
Reduced mitochondrial DNA copy number and increased number
of mitochondrial DNA mutations in these tissues have been asso-
ciated with age in both animal models and human subjects (4-7).
Additionally, reduced mitochondrial content and alterations in
mitochondrial dynamics are associated with aging (6). Altogether,
these studies indicate that mitochondrial changes are systemic and
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therefore apparent in multiple tissues, including brain, heart, skeletal
muscle, and liver (4,8). Yet, little is known about what may mediate
the systemic nature of age-related bioenergetic decline.

Heterochronic parabiosis is a surgical technique that involves
connecting 2 mice, in this case one old and one young, so that the
circulatory systems of the mice become connected to study the
systemic effects of aging. Using parabiosis, researchers have dem-
onstrated that circulating factors in blood play a major role in
many age-related processes that occur across a variety of tissues.
Heterochronic parabiosis in mice has been reported to have posi-
tive effects on muscle, liver, brain, and other tissues for the older
parabiont (9-14). Recently, it has been shown that old blood has
a greater negative effect on young mice and resulted in decreased
muscle performance and neurogenesis (10). While it is apparent that
heterochronic parabiosis has the potential to modulate function at
the cell and tissue level, the effects of circulating factors on mito-
chondrial bioenergetics have not been examined.

In this study, we used the heterochronic parabiosis model to
test the hypothesis that circulating factors present in blood mediate
age-related bioenergetic decline in skeletal muscle. We examined
mitochondrial content, expression of mitochondrial electron trans-
port chain complexes, and performed high-resolution respirometry
of permeabilized skeletal muscle fibers in pairs of heterochronic and
isochronic parabionts. To our knowledge, this study is the first to
provide direct evidence that circulating factors alone can mediate
age-related changes in mitochondrial structure and function.

Materials and Methods

Heterochronic parabiosis

C57BL/6 young (2 months) and old (18-20 months) female mice
were connected as old isochronic controls, young isochronic con-
trols, and heterochronic experimental pairs. Parabiosis surgeries
were completed as previously described (15).

All muscle tissues were collected from the free-moving hindlimb
opposite of the parabiosis surgery to eliminate any effects of partial
immobilization potentially caused by the surgery. For western blot
analysis, mice were connected for 35 days before experiments were
performed. These mice included 10 old controls (5 pairs), 12 young
controls (6 pairs) and 11 young and 11 old heterochronic mice (11
pairs). For high-resolution respirometry analysis, mice were con-
nected for an average of 50 days (range: 40-53 days) before experi-
ments were performed. These experiments included 2 old isochronic
controls (1 pair), 4 young isochronic controls (2 pairs), and 6 young
and 6 old heterochronic experimental mice (6 pairs). For electron
microscopy, mice were connected for an average of 50 days (range:
40-53 days) before experiments were performed and included 2 old
isochronic controls (1 pair), 2 young isochronic controls (1 pair),
and 2 young and 2 old heterochronic experimental mice (2 pairs). All
procedures and protocols were approved by the Wake Forest School
of Medicine Animal Care and Use Committee.

Electron Microscopy for Mitochondrial Morphology

Muscle samples were obtained from a subset of mice and the deep or
red gastrocnemius of 2 old isochronic controls, 2 young isochronic
controls, and 4 heterochronic experimental mice were collected. The
tissue was fixed with 2.5% glutaraldehyde in 0.1 M Millonig’s phos-
phate buffer (pH 7.3) for a minimum of 1 hour. Subsequently, the
samples were washed 3x in buffer and post-fixed with 1% osmium
tetroxide in phosphate buffer for 1 hour. The samples were washed

3x in buffer, then dehydrated through a graded series of ethanol for
10 minutes each. For preparation of resin infiltration, the samples
were incubated in propylene oxide 2x for 15 minutes each. Finally,
the samples were gradually infiltrated with 1:1, 1:2, and pure solu-
tions of Spurr’s resin and allowed to cure in a 70 °C oven overnight;
90 nm longitudinal sections were obtained with a Reichert-Jung
Ultracut E ultramicrotome, stained with lead citrate and uranyl
acetate, and viewed with a FEI Tecnai Spirit TEM operating at 80 kV.
Ten images from each sample were obtained with an AMT 2Vu CCD
camera. Mitochondrial morphology parameters (total mitochondrial
area, average mitochondrial area, and average mitochondrial length)
were measured using Image]J (National Institutes of Health).

Western Blotting

Skeletal muscle samples (quadriceps femoris) were obtained from
10 old isochronic controls, 12 young isochronic controls, and 22
heterochronic experimental mice. Whole tissue homogenate was
loaded at a concentration of 20 pg total protein per well for sep-
aration by SDS-PAGE and transferred to polyvinylidene difluoride
membranes. The membranes were blocked at room temperature for
1 hour in 5% nonfat dry milk in tris-buffered saline containing 0.1%
Tween-20. Blots were probed overnight at 4 °C with primary anti-
bodies (VDAC/Porin, Abcam, ab14734; GAPDH, Abcam, ab9484;
Total OXPHOS Rodent WB Antibody Cocktail, Abcam, ab110413)
and incubated with the appropriate HRP-conjugated anti-IgG anti-
body. Antibody-bound protein was detected by enhanced chemilu-
minescence and quantified by densitometry with Image] (National
Institutes of Health). GAPDH was used as a loading control for
whole tissue homogenate and VDAC/Porin was used to control for
differences in mitochondrial content.

Preparation of Permeabilized Skeletal Muscle Fibers
for Respirometry

Immediately after animals were euthanized, skeletal muscle tissue (so-
leus) was removed from 2 old isochronic controls, 4 young isochronic
controls, and 12 heterochronic experimental mice. Skeletal muscle
fibers for high-resolution respirometry were prepared as described
previously (16). Briefly, the tissue was placed in ice-cold BIOPS
(10 mM Ca-EGTA buffer, 0.1 pM free calcium, 20 mM imidazole,
20 mM taurine, 50 mM potassium morpholineethanesulfonic acid,
0.5 mM DTT, 6.56 mM MgCl,, 5.77 mM ATP, 15 mM phospho-
creatine, pH 7.1). Any remaining tendon was removed and the tissue
fibers were separated mechanically with sharp angular forceps under
magnification, permeabilized with saponin (30 mg/mL) for 30 min-
utes on ice, and washed with buffer Z (105 mM K-MES, 30 mM
KCl, 1 mM EGTA, 10 mM K, HPO,, § mM MgCl -6H,0, 0.5 mg/mL
BSA, pH 7.4) for 15 minutes on ice before analysis.

High-Resolution Respirometry of Permeabilized
Skeletal Muscle Fibers

Approximately 0.5-0.9 mg of tissue was added to each chamber and
steady-state rate of respiration measurements were obtained after
every substrate addition and expressed as picomoles per second
per milligram of tissue. Each sample was run in duplicate. High-
resolution oxygen flux measurements were measured in 2 mL buffer
Z containing 20 mM creatine and 25 uM blebbistatin to inhibit
contraction (17). This injection protocol was completed as follows:
2 mM malate, 4 mM ADP, 5 mM pyruvate, 10 mM glutamate,
10 mM succinate, 10 pM cytochrome c¢ to test for mitochondrial
membrane integrity, 2 additions of 0.25 uM FCCP followed by a
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titration of 0.5 pM FCCP to obtain maximal ETS capacity, 0.5 uM
rotenone, and 5 pM antimycin-A. Respiration measurements are
summarized in Supplementary Table 1.

Statistical Analysis

For analysis of the electron microscopy and high-resolution
respirometry data, normality was assessed by Shapiro-Wilk tests
and homogeneity of variance was assessed by Levene’s test before
1-way ANOVAs were performed. Significant ANOVA results were
followed by a post hoc analysis to determine which groups were stat-
istically different using Tukey’s studentized range test. Significance
between groups was defined as p <.05. All analysis was performed
using SAS Enterprise Guide version 7.12 (SAS Institute Inc.).

Results

Old Blood Induces Changes in Skeletal Muscle
Mitochondrial Morphology

To characterize the effects of heterochronic parabiosis on skeletal
muscle mitochondrial structure, we examined overall mitochondrial
morphology using electron microscopy. Representative images from
each experimental group are shown in Figure 1A. We measured the
total mitochondrial area (Figure 1B), average mitochondrial area
(Figure 1C), and average length of mitochondria (Figure 1D) in each
image field. Our results indicate that young heterochronic mice had
significantly lower total mitochondrial area, and significantly lower
average mitochondrial area compared to young isochronic con-
trols. We did not observe any significant differences between young
heterochronic mice and old heterochronic mice. Additionally, there
was no significant improvement in old heterochronic mice compared
to old isochronic controls.

Old Blood Induces Changes in Complex IV

Expression in Skeletal Muscle

We performed western blots to examine the expression of proteins
that are representative of mitochondrial electron transport system
complexes in skeletal muscle (Figure 2). We found that VDAC/Porin
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Figure 1. Electron microscopy of skeletal muscle from heterochronic
parabiosis mice. (A) Representative electron microscopy images from young
isochronic controls, young mice from heterochronic pairs, old mice from
heterochronic pairs, and old isochronic controls. (B) Total mitochondrial
area in electron microscopy field. Data are presented as means + SEM
(*p < .05). (C) Average mitochondrial area in electron microscopy field. Data
are presented as means + SEM (*p < .05). (D) Average mitochondrial length
in electron microscopy field. Data are presented as means + SEM (*p < .05).
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Figure 2. Western blot analysis of skeletal muscle from heterochronic
parabiosis mice. (A) Representative western blots of mitochondrial
complexes in skeletal muscle tissue homogenate images from young
isochronic controls, young mice from heterochronic pairs, old mice from
heterochronic pairs, and old isochronic controls. (B) Relative protein
expression of VDAC/Porin in skeletal muscle tissue homogenate from young
isochronic controls, young mice from heterochronic pairs, old mice from
heterochronic pairs, and old isochronic controls. Data are presented as
means = SEM. (C) Relative protein expression of mitochondrial complexes
in skeletal muscle tissue homogenate from young isochronic controls, young
mice from heterochronic pairs, old mice from heterochronic pairs, and old
isochronic controls. Data are presented as means + SEM (*p < .10).

expression was higher in the young isochronic controls compared
to old isochronic controls. While not significant, these suggest dif-
ferences in mitochondrial content. Therefore, we controlled for
these differences in mitochondrial content mathematically when
comparing differences in mitochondrial complex expression. Our
results indicate that the expression of complex IV had a similar pat-
tern as the electron microscopy data: young heterochronic mice had
an overall trend for lower expression of complex IV than young
isochronic controls, there was no difference between young and old
heterochronic mice, and we did not observe a significant improve-
ment in complex IV expression in old heterochronic mice when com-
pared to old isochronic controls.

Old Blood Induces Changes in Mitochondrial
Respiration in Permeabilized Fibers

Young heterochronic mice exhibited lower oxygen flux across all
respirometry measurements in permeabilized fibers when com-
pared to young isochronic controls (Figure 3). Young heterochronic
mice had statistically significantly lower mitochondrial respiration
with complex I, complex I + II, and max ETS and a trend for lower
complex II respiration when compared to young isochronic controls.
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Figure 3. High-resolution respirometry of skeletal muscle from heterochronic
parabiosis mice. (A) Representative trace of high-resolution respirometry
of permeabilized soleus fibers with a SUIT protocol (Pfi = permeabilized
fibers, M = malate, D = ADP, P = pyruvate, G = glutamate, S = succinate,
¢ = cytochrome ¢, U = FCCP, Rot = rotenone, Ama = antimycin-A). (B) High-
resolution respirometry of permeabilized skeletal muscle fibers. Data are
presented as means + SEM (*p < .05 and *p < .10).

We did not observe any significant differences in mitochondrial res-
piration with complex I, complex I + II, max ETS, and complex II
between the young and old heterochronic mice groups. Again, we
did observe significant improvements in mitochondrial respiration of
skeletal muscle fibers from old heterochronic mice when compared
to old isochronic controls.

Discussion

Our results from isochronic parabiosis controls are consistent with pre-
vious research that examined mitochondrial morphology, mitochon-
drial enzyme expression, and mitochondrial respiration across animals
of different ages. We found reduced total mitochondrial area, reduced
average mitochondrial area, and decreased mitochondrial length in the
muscle of older animals compared to young animals. Others have re-
ported similar differences in young and old, non-parabiosis, animals
with regard to mitochondrial content reported by electron microscopy
(6) and by surrogate measures such as citrate synthase activity (1,3).
Moreover, older adults have been reported to have smaller, more frag-
mented mitochondria accompanied by reduced expression of markers
of mitochondrial biogenesis and increased expression of markers of
mitochondrial fission (18). We found reduced expression of complex
IV in skeletal muscle of the old isochronic controls when compared
to the young isochronic controls. Our results are consistent with the
decrease in expression of complex IV in skeletal muscle in older in-
dividuals that have been reported previously (3,4). Other studies have
also reported decreased expression of complex I as well as decreased
activities of mitochondrial enzymes, such as: succinate dehydrogenase
(complex II), citrate synthase, and cytochrome c oxidase (complex IV)
with increasing age (3,4,18,19). We also observed decreased mitochon-
drial respiration in skeletal muscle from old isochronic controls when
compared to young isochronic controls. This observation is consistent
with previous studies that found decreased mitochondrial function as

measured by both phosphocreatine recovery time and skeletal muscle
mitochondrial respiration in older individuals (1,2,20-23). Overall,
these studies indicate that the effects of age on mitochondrial structure
and function are preserved in our isochronic parabiosis controls.

Our results provide striking evidence of the negative impact of
circulating factors in old blood on mitochondrial structure and func-
tion. Young heterochronic mice had significantly lower total mito-
chondrial area, significantly lower average mitochondrial area, and
a trend for lower average mitochondrial length in skeletal muscle
when compared to young isochronic controls. We found a trend
for reduced expression of complex IV in young heterochronic mice
when compared to young isochronic controls. We also found signifi-
cantly reduced mitochondrial respiration with complex I, complex
I + II, and max ETS and a trend for lower complex II respiration
in young heterochronic mice when compared to young isochronic
controls. These mitochondrial alterations may underlie age-related
differences in muscle function. Other labs have reported that young
heterochronic mice exhibit decreased muscle performance, but no dif-
ferences in muscle regeneration or fibrosis after muscle injury com-
pared to young isochronic controls (10,24). Notably, lower skeletal
muscle mitochondrial respiration has been associated with lower
physical function as measured by muscle strength and gait speed
(22). Taken together, these results suggest that altered mitochondrial
structure and function is not only a major aspect of age-related de-
cline in skeletal muscle, but that circulating factors can mediate these
changes. Furthermore, circulating factors may play a role in the link
between mitochondrial respiration and physical function.

We did not observe statistically significant increases in mitochon-
drial area or length, complex IV expression, or mitochondrial respir-
ation in old heterochronic mice when compared to old isochronic
controls. Other labs have reported that old heterochronic mice ex-
hibit improved muscle regeneration and reduced fibrosis after muscle
injury, but no differences in muscle performance when compared to
old isochronic controls (10,24). Taken together, these results suggest
that there is a greater negative impact of circulating factors in old
blood on mitochondrial structure and function than can be restored
by factors in young blood. Another potential explanation for this ob-
servation is that intrinsic properties of muscle from older animals
may make these cells resistant to potential benefits of factors found
in young blood. It should also be noted that there were a limited
number of old isochronic controls and this may have limited our
ability to detect differences between these groups.

It is notable that we did not observe any differences in mito-
chondrial morphology, complex IV expression, or mitochondrial
respiration between young heterochronic or old heterochronic
mice. When the circulating factors between young and old are
mixed by heterochronic parabiosis, mitochondrial structure and
function are similar between the parabiosed animals. Other labs
have reported a similar responses in heterochronic mice with
muscle regeneration and muscle performance (10,24). These re-
sults provide a striking demonstration that circulating factors
can be a primary driver of mitochondrial structure and function.
Completed studies have examined circulating factors as medi-
ators of age-related differences. Some of these have also proposed
specific proteins and metabolites that can impact mitochondrial
function. For example, previous work from our lab has found
that increased levels of IL-6 were associated with lower mitochon-
drial respiration in older adults (25). Additionally, other studies
have also found that alterations in levels of IL-6 (26,27), BCAAs
(28,29), and lipid metabolites (30,31) are associated with changes
in mitochondrial function.
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To our knowledge, this is the first study to examine the effects
of age-associated circulating factors on mitochondrial structure and
function using the heterochronic parabiosis model. While this study
is limited in size, the results are striking and supported by the use
of multiple complementary approaches to examine mitochondrial
structure and function, including electron microscopy and high-
resolution mitochondrial respirometric profiling to examine changes
induced by circulating factors.

This study used multiple muscles for analyses: gastrocnemius for
electron microscopy, quadriceps femoris for western blotting, and soleus
for high-resolution respirometry. This approach ensured that adequate
sample was available for each of our assays. Since we were primarily
interested in mitochondrial changes, we chose muscles that were rich
in type I muscle fibers that are rich in mitochondria and are highly oxi-
dative (32). A benefit of this approach is that it gives a broader under-
standing of the mitochondrial changes across muscle tissues; however,
there may be region specific effects that we are unable to appreciate.
Future studies can include additional tissues for examination to deter-
mine if this is muscle-specific or is true across multiple tissue types. A po-
tential limitation of this study is that the tissues were collected from 2
sets of parabiosis mice and there was variability in time that the animals
were connected before analysis. A larger set of experiments would be
needed in order to establish if there is a time course to the mitochon-
drial effects of heterochronic parabiosis. Moreover, this study only in-
cluded female mice and therefore additional studies would be required to
examine the effects of sex on these age-related changes in mitochondria.
While equal numbers of parabiosis pairs were surgically created at the
beginning of the study, attrition across groups led to a limited sample
size, especially for the mitochondrial respiration controls and electron
microscopy. This small sample size we were left with upon completion
of the study may limit our ability to detect smaller changes. Additionally,
the old isochronic controls in the mitochondrial respiration and elec-
tron microscopy experiments were from 2 animals from the same para-
biosis pair; thus, these may not truly represent independent biological
replicates. Outcomes that showed statistical trends for differences in this
study can be further examined in future investigations.

The overall impact of this study stems from the finding that
circulating factors can mediate alterations in mitochondrial struc-
ture and function associated with aging. Additionally, our results
demonstrating that the heterochronic pairing of animals leads to
similar mitochondrial structure and function between young and
old parabionts suggest that circulating factors may be sufficient to
mediate age-related bioenergetic differences in skeletal muscle me-
tabolism. These results support a growing body of evidence that cir-
culating factors are not only potential biomarkers of aging, but may
underlie hallmarks of the aging process. These results will support
future studies to identify circulating factors mediating age-related
bioenergetic decline and their mechanisms of action.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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