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ABSTRACT

Age-related declines in cardiovascular function contribute to reduced physical capacity, both of which are
independent predictors of mortality. We have previously demonstrated that glycocalyx-targeted therapy
with Endocalyx™ that contains high-molecular-weight hyaluronan (HMW-HA) improves cardiovascular health
in old age, raising the possibility that HMW-HA also plays a role in age-related physical dysfunction. Here, we
first demonstrate that tamoxifen-inducible deletion of Has2, which produces HMW-HA, leads to glycocalyx
depletion, decreases exercise capacity, and impairs skeletal muscle respiratory capacity. We then sought to
determine the effects of Endocalyx™ on physical function in old mice. Young (7 months) and old (29 months)
mice underwent standard diet or Endocalyx”-supplemented diet for 10 weeks. Glycocalyx thickness was
higher in young and Endocalyx™-treated old mice compared to standard diet-fed old mice. While standard
diet-fed old mice demonstrated a reduction in running exercise capacity over the intervention, Endocalyx”-
supplemented diet prevented this age-related decline. Gastrocnemius citrate synthase activity, a marker of
mitochondrial content in skeletal muscle, was lower in standard diet-fed old mice compared to young and
Endocalyx™-treated old mice. Collectively, these findings suggest that glycocalyx integrity is a critical
determinant of physical function and that glycocalyx-targeted interventions may be a viable therapeutic
strategy to treat age-related physical dysfunction.

INTRODUCTION exercise capacity is a powerful predictor of mortality

[1-3], and its gradual age-related decline is largely
Advancing age is accompanied by functional attributed to loss of cardiovascular function [4-7]
declines within many physiological systems, notably and skeletal muscle function [8]. The endothelial
the vasculature and skeletal musculature. Maximal glycocalyx is a gel-like structure bound to the vascular
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endothelium that is critical for a healthy vasculature [9].
The glycocalyx directly participates in endothelium-
dependent dilation by mechanotransducing shear stress
to the endothelium, stimulating nitric oxide-mediated
vasodilation [10, 11]. The glycocalyx also passively
modulates flow resistance to regulate blood flow
homogeneity throughout the microvasculature [12, 13].
Hyaluronan is one of the primary glycosaminoglycans
that comprise the endothelial glycocalyx. Although
there is no consensus on whether hyaluronan quantity
decreases across the lifespan [14, 15], it has been
demonstrated that the hyaluronan molecular weight
profile shifts from high molecular weight- hyaluronan
(>500 kDa (HMW-HA)) in youth to low molecular
weight-hyaluronan in advanced age [16, 17]. The
importance of maintaining a youthful hyaluronan
molecular weight profile is demonstrated by observations
that HMW-HA has anti-aging, vasoprotective, and
cancer-resistant properties [18, 19]. Indeed, it is
understood that the HMW-HA produced by naked
mole rats, which is five times larger than HMW-HA
produced by mice or humans, is partially responsible for
their extraordinary longevity [18].

We have shown that the glycocalyx is degraded in
advanced age [20], as well as in several disease states
[9, 21-23]. Moreover, in advanced age there is an
age-related reduction in expression of hyaluronan
synthase 2 (Has2) [20], which is the hyaluronan
synthase isoform that produces the majority of HMW -
HA in mammals [24]. Given that skeletal muscle is a
highly metabolic tissue that requires an intact
microvasculature for appropriate nutrient delivery
[6, 25, 26], it is possible that age-related glycocalyx
degradation may be an underlying contributor to
microvascular dysfunction, loss of skeletal muscle
mass, and, ultimately, loss of exercise capacity. We
have previously shown that Endocalyx™, a glycocalyx-
targeted therapy that contains HMW-HA, restores the
endothelial glycocalyx and ameliorates age-related
microvascular and arterial dysfunction [27]. This
raises the possibility that Endocalyx™ can be an
effective treatment to prevent age-related declines in
maximal exercise capacity. Therefore, we sought to
examine several markers of physiological functional
capacity mice following the induction of Has?2 deletion,
as well as in old mice that receive Endocalyx™
treatment. We hypothesized that, compared to wild-
type mice, Has2 deletion would have lower glycocalyx
thickness that was accompanied by a decrease in
maximal exercise capacity. Moreover, we further
hypothesized that compared to age-matched control
mice, old mice that receive Endocalyx™ treatment
will have restored glycocalyx properties that are
accompanied by higher maximal exercise capacity
and skeletal muscle mass.

RESULTS

Has2 deletion impairs maximal exercise capacity and
mitochondrial respiration

We have previously shown that tamoxifen-induced
Has2 deletion results in a 75% knockdown of arterial
Has2 mRNA expression in Has2”~ mice compared
with Has2"* mice [27]. Here, we sought to examine
the effects of Has2 deletion on skeletal muscle
microcirculatory glycocalyx thickness and exercise
capacity. Glycocalyx thickness measured within the
gastrocnemius microcirculation was lower in Has2/~
compared to Has2"" mice (Figure 1A; P < 0.05),
indicating that Has2 deletion led to a reduction in
glycocalyx properties of skeletal muscle. We observed
no change in body mass of Has2"" (Pre: 24.7 + 1.0 vs.
Post: 24.9 + 0.8 g; P> 0.05) or Has2™"~ (Pre: 26.3 + 1.3
vs. Post: 26.6 £ 1.0 g; P > 0.05) mice prior to and
following tamoxifen administration. Tissue masses of
internal organs and skeletal muscles were also similar
between Has2”~ or Has2"" mice (Table 1; P > 0.05).
Compared to Has2”’~, Has2"* mice had a greater
maximal exercise capacity, as determined by running
time to exhaustion and work performed during the
maximal treadmill running test following tamoxifen
administration (Figure 1B, 1C, respectively; P < 0.05
for both). Running time was similar between groups
prior to tamoxifen administration (P > 0.05). Both
Has2™~ and Has2"* mice demonstrated a change in
running time and work performed prior to and following
tamoxifen administration (P < 0.05). Indeed, running
time and work performed increased in Has2"" mice
during that time period (P < 0.05), whereas Has2/~
mice demonstrated a decrease in running time and
work performed (P < 0.05). Citrate synthase activity,
measured in the gastrocnemius muscle, was similar
between Has2”’~ and Has2"" mice (Figure 1D; P >
0.05). Mitochondrial respiration rates in state 2 and state
3 (ADP-stimulated respiration) in the gastrocnemius
muscle were similar between Has2”~ and Has2""" mice
(Figure 2; P > 0.05), while complex IV-specific
maximal oxygen respiration was blunted in Has2”/~
compared to Has2"" mice (P < 0.05). Taken together,
these results suggest that the glycocalyx is an upstream
regulator of skeletal muscle function and can be
targeted therapeutically to improve physical function in
old age.

Age-related declines in body mass and skeletal
muscle mass are prevented by glycocalyx-targeted
therapy

Dietary intervention length and caloric intake were
similar between young normal chow (YNC), old normal
chow (ONC), young Endocalyx™ treatment (YEC), and
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Table 1. Characteristics of Has2*/* and Has2”/~

mice.
Has2""* Has2~
Age, mo 5.1+0.2 52+0.2
Heart, mg 123 +£3 126 £5
Heart/body mass, mg/g 4.92+0.11 5.10+0.15
Liver, mg 1,261 £ 103 1,154 £ 98
Liver/body mass, mg/g 49.87 +3.36 46.70 £ 3.81
Quadriceps, mg 190 £ 11 19110
Quadriceps/body mass, mg/g 7.55+0.36 7.68 £0.24
Gastrocnemius, mg 133+13 133+6
Gastrocnemius/body mass, mg/g 5.31+£0.50 5.37+£0.19
Soleus, mg 10£0 10£0
Soleus/body mass, mg/g 0.40+0.01 0.39+£0.02
Data are mean + SEM. N = 12-14/group.
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Figure 1. Impact of Has2 deletion on glycocalyx integrity and exercise capacity. (A) Glycocalyx thickness in gastrocnemius muscle
microcirculation prior to tamoxifen injections (Wk 0) and 3 weeks post-tamoxifen administration (Wk 3) with representative images
demonstrating changes in perfused diameter (red line segment) pre- and post-leukocyte (white x’s) passage with arrows representing
direction of flow; scale bar = 50 um. (B) Running time to exhaustion during maximal treadmill test pre- and post-tamoxifen administration.
(C) Work performed during maximal treadmill test pre- and post-tamoxifen administration. (D) Gastrocnemius muscle citrate synthase
activity. Data are presented as mean + SEM. "P < 0.05 vs. Has2*/*; *P < 0.05 vs. Pre. N = 4-13/group.

www.aging-us.com

2337

AGING



Table 2. Characteristics of young and old B6D2F1/J mice.

YNC ONC YEC OEC
Age, mo 7.4+0.1 299+0.1 7.3+0.1% 29.7+0.1%%
Caloric intake, kcal/day 12.7+£0.0 129+04 129+0.2 12.9+0.1
HMW-HA intake, png/day 0.0£0.0 0.0£0.0 36.9+£0.5" 36.9+0.3"
Total Cholesterol, mg/dL 75.8+4.1 71.3+44 652 +3.1 69.4+5.1
HDL Cholesterol, mg/dL 504+2.5 445+27 463 +2.7 41.8+29"
LDL Cholesterol, mg/dL 2.1£0.5 45+£04" 1.9+£0.3" 42+£04%
Triglycerides, mg/dL 116.4 +13.0 111.5+13.9 854+64 117.0+19.7
Glucose, mg/dL 148.6 £5.7 136.6 +£7.2 138.5+4.2 134.6 £5.1
Heart, mg 186 +£4 234+ 8" 177 £ 4% 228+ 7
Heart/body mass, mg/g 5.11+0.12 6.69 +0.22° 489+0.11% 6.26 +0.21°%
Liver, mg 1,681 + 34 1,871 £ 103 1,609 + 607 1,958 + 98"
Liver/body mass, mg/g 4623 +1.18 53.35+2.78" 44.11 £0.93% 53.48 £2.66™
Visceral adipose tissue, mg 1,021 £ 95 231 +£28" 989 + 108" 555+ 138"
Visceral adipose tissue/body mass, mg/g 27.82+2.29 6.43+£0.71" 26.54 £ 2.34% 1438 +3.12™
Quadriceps, mg 2615 157+6" 261+ 7% 187 £ 71
Quadriceps/body mass, mg/g 7.18 £ 0.20 451+0.18" 7.21 + 0.24% 5.12+0.19"
Gastrocnemius, mg 192 +4 114 9" 183 £ 67 146 £ 6™
Gastrocnemius/body mass, mg/g 529+0.18 3.28+£0.26" 5.07+£0.197 3.98 +£0.15"
Soleus, mg 12+1 11+1 11+1 12+1
Soleus/body mass, mg/g 0.33£0.02 0.30 £0.02 0.30 £0.02 0.34+0.02
Plantaris, mg 26+2 14+1" 26+ 17 19+ 1"
Plantaris/body mass, mg/g 0.71 + 0.04 0.41 £0.03" 0.66 = 0.061 0.52 +0.03"

"P < 0.05 vs. YNC. "P < 0.05 vs. ONC. *P < 0.05 vs. YEC. Data are mean + SEM. N = 14-19/group. Abbreviations: YNC: Young
normal chow; ONC: Old normal chow; YEC: Young Endocalyx™; OEC: Old Endocalyx™.

old Endocalyx™ treatment (OEC) mice (Table 2; during the intervention. Young and old mice that
P > 0.05). We observed 4 unexpected mortalities in received glycocalyx-targeted restorative therapy with
ONC mice and 2 unexpected mortalities in OEC mice Endocalyx™ treatment had a greater consumption of
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Figure 2. Mitochondrial respiration in gastrocnemius muscle of Has2*/* and Has2”/~ mice post-tamoxifen administration.
Respiration rates were measured under various substrate conditions: State 2 (Glu + Mal), State 3 CI (ADP), State 3 Cl + ClI (Succ), State 3 ClI
(Rot), and AA + TMPD. Data are presented as mean * SEM. *P < 0.05 vs. Has2**, N = 4-5/group.
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HMW-HA than age-matched controls (Table 2; P <
0.05). Glycocalyx thickness and plasma hyaluronan
were higher in YNC, YEC, and OEC compared to ONC
mice (Figure 3A, 3B, respectively; P < 0.05). Aortic
Has2 mRNA expression was higher in YNC mice
compared to all other groups (Figure 3C; P < 0.05).
ONC and YEC mice had similar Has2 expression (P >
0.05), which was higher than OEC mice (P < 0.05).
Compared to ONC and OEC mice, YNC and YEC mice
had a higher kyphosis index, indicating lower frailty at
Week 0 and 10 (Figure 4A; P < 0.05). We observed a
decrease in kyphosis index from Week 0 to 10 in ONC
mice (P < 0.05). There was no change in kyphosis index
in YNC, YEC, and OEC mice between Week 0 and 10
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(P> 0.05). Compared to ONC and OEC mice, YNC and
YEC mice had a lower body mass at Week 0 (Figure
4B; P < 0.05). After the 10-week dietary intervention
YNC and YEC mice increased body mass (P < 0.05),
while ONC mice decreased body mass (P < 0.05 Table 2/
Figure 4B). OEC mice maintained their body mass
demonstrating no change (P > 0.05). At week 10, body
mass was similar between YNC, YEC, and OEC mice
(P > 0.05), while there was a tendency for body mass
to be lower in ONC compared to YNC and OEC
(P = 0.07-0.11). Tissue masses also differed between
groups. Heart and liver masses were higher in ONC
and OEC compared to YNC and YEC mice, visceral
adipose tissue and hindlimb skeletal muscle (excluding
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Figure 3. Glycocalyx integrity in young normal chow (YNC), old normal chow (ONC), young Endocalyx™ treatment (YEC), and
old Endocalyx™ treatment (OEC) mice. (A) Glycocalyx thickness with representative images demonstrating changes in perfused
diameter (red line segment) pre- and post-leukocyte (white x’s) passage with arrows representing direction of flow; scale bar = 50 um.
(B) Plasma hyaluronan concentrations. (C) Aortic Has2 mRNA expression. Data are presented as mean + SEM. "P < 0.05 vs. YNC; P < 0.05 vs.

ONC; *P < 0.05 vs. YEC; N = 7-10/group.
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soleus) masses were lower in ONC and OEC compared
to YNC and YEC mice (Table 2; P < 0.05 for all).
While tissue masses were similar within age groups
(P> 0.05), OEC mice had greater visceral adipose and
hindlimb skeletal muscle masses compared to ONC
mice (P < 0.05). Compared to ONC and OEC mice,
YNC and YEC mice had a higher hindlimb skeletal
muscle volume at Week 0 and 10 (Figure 4C; P < 0.05).
Hindlimb muscle volume did not differ within age
groups at Week 0 or 10 (P > 0.05), although there
was reduction in muscle volume in ONC mice from
Week 0 to 10 (P < 0.05). YNC, YEC, and OEC mice
demonstrated no change in muscle volume from Week 0
to 10 (P> 0.05).
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The age-related decline in maximal exercise capacity
is prevented by glycocalyx-targeted therapy

Compared to ONC and OEC, YNC and YEC
mice had a greater maximal exercise capacity, as
determined by running time to exhaustion and work
performed during the maximal treadmill running
test at Week 0 and 10 (Figure 5A, 5B, respectively;
P < 0.05 for both). Running time to exhaustion was
similar between ONC and OEC at Week 0 (P > 0.05).
In contrast, at Week 10, running time was higher in
OEC compared to ONC mice (P < 0.05). Indeed,
ONC mice demonstrated a reduction in running time
to exhaustion and work performed over the 10-week
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Figure 4. Frailty, body mass, and muscle characteristics in young normal chow (YNC), old normal chow (ONC), young
Endocalyx™ treatment (YEC), and old Endocalyx™ treatment (OEC) mice. (A) Kyphosis index at Week 0 and Week 10 with
representative images. (B) Body mass at Week 0 and Week 10. (C) Hindlimb muscle volume at Week 0 and Week 10. Data are presented as
mean + SEM. "P < 0.05 vs. YNC; TP < 0.05 vs. ONC; ¥P < 0.05 vs. YEC; 5P < 0.05 vs. Week 0. N = 5-15/group.
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dietary intervention period (P < 0.05), while no
change was detected in YNC, YEC, and OEC mice
over that time-period (P > 0.05). Citrate synthase
activity, measured in the gastrocnemius muscle, was
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higher in YNC, YEC, and OEC compared to ONC
mice (Figure 5C; P < 0.05). Citrate synthase activity
was similar between YNC, YEC, and OEC mice
(P> 0.05).
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Figure 5. Exercise capacity and muscle oxidative function young normal chow (YNC), old normal chow (ONC), young
Endocalyx™ treatment (YEC), and old Endocalyx™ treatment (OEC) mice. (A) Running time to exhaustion during maximal
treadmill test at Week 0 and Week 10. (B) Work performed during maximal treadmill test at Week 0 and Week 10. (C) Gastrocnemius
muscle citrate synthase activity. Data are presented as mean + SEM. "P < 0.05 vs. YNC; P < 0.05 vs. ONC; *P < 0.05 vs. YEC; 8P < 0.05 vs.
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DISCUSSION

The present study sought to determine the impact of
HMW-HA on maximal exercise capacity and skeletal
muscle mass and function. To do so, we investigated
the effects of induced, whole body Has? deletion
in young mice. Inducible Has2 deletion resulted in
lower gastrocnemius glycocalyx thickness that was
accompanied by a decrease in maximal exercise
capacity. Although skeletal muscle mass was not
different between Has2”~ and Has2"" mice, complex
IV-specific mitochondrial respiratory capacity was
impaired following induction of Has? deletion. To
study the effects of glycocalyx restoration on age-
related declines in maximal exercise capacity and
skeletal muscle function, we investigated effects of
Endocalyx™, a glycocalyx-targeted therapy that contains
HMW-HA, on markers of physiological functional
capacity in old mice. We observed that Endocalyx™
prevented the continued progression of frailty and
loss of body mass in old mice. Importantly, further
declines in maximal exercise capacity were prevented
in old mice that received Endocalyx™. The benefits
of Endocalyx™ were accompanied by a restored
endothelial glycocalyx, maintenance of skeletal muscle
mass, and greater skeletal muscle mitochondrial content
assessed by citrate synthase activity. Taken together,
these findings suggest manipulations to the endothelial
glycocalyx may impact maximal exercise capacity by
altering skeletal muscle properties.

Whole body Has2 deletion impairs maximal exercise
capacity and mitochondrial function

To determine the role of HMW-HA on skeletal muscle
mass and maximal exercise capacity, we generated
inducible, whole body Has2 knockout mice. We and
other have shown that Has2 deletion can reduce
glycocalyx properties and impair markers of arterial
health throughout the circulatory system [27, 28].
We have also shown that induced Has2 deletion
phenocopies aging, indicated by impaired larger artery
function. Given the role of Has2 on both the endothelial
glycocalyx and larger artery function, we would expect
that the dysfunction would occur in other systems as a
result of induced Has2 deletion. Indeed, in the present
study, we observed a reduction in maximal exercise
capacity in Has2”~ mice 3-weeks post-tamoxifen
treatment. This reduction in exercise capacity appeared
to be independent of changes in body mass or skeletal
muscle mass. Although there were no differences in
skeletal muscle mass between Has2”/~ and Has2"*
mice, we did observe slightly impaired mitochondrial
function in skeletal muscle. Interestingly, we also
observed greater citrate synthase activity in old mice
that received Endocalyx™ treatment. While it is possible

that augmented glycocalyx properties could improve
nutrient delivery to skeletal muscle at rest and during
exercise, it is also possible that HMW-HA plays other
roles that are integral to skeletal muscle health and
function [29]. Nevertheless, future study is warranted to
determine the direct role that the glycocalyx plays in
skeletal muscle health.

Endocalyx™ prevents further frailty and declines in
skeletal muscle mass and maximal exercise capacity

Maximal exercise capacity is a powerful predictor of
mortality [1-3], and its gradual age-related decline is
largely attributed to declines in cardiovascular [4-7]
and skeletal muscle function [8]. As expected, at the
start of the intervention, old mice were in substantially
worse physical condition than young mice. Although
body mass was higher in old mice, they had lower
hindlimb muscle volume and maximal exercise
capacity. Although Endocalyx™ did not restore markers
of frailty, skeletal muscle mass, or maximal exercise
capacity to values similar to young mice, it did appear
to stop further progression of frailty and loss of skeletal
muscle volume and maximal exercise capacity in old
mice. Indeed, at the end of the dietary intervention, old
mice that received Endocalyx™ were less frail and had
greater muscle mass and maximal exercise capacity
than age-matched control mice.

The mechanism by which Endocalyx™ conferred these
benefits to old mice requires further investigation. We
have previously shown that this Endocalyx™ restores
the endothelial glycocalyx and ameliorates age-related
microvascular and arterial dysfunction in old mice [27].
In the microvasculature, the glycocalyx modulates flow
resistance to regulate blood flow homogeneity through
microvessels, such as arterioles [12, 13]. Given that
skeletal muscle is a highly metabolic tissue that requires
an intact microvasculature for appropriate nutrient
delivery [6, 25, 26], it is likely that age-related
microvascular dysfunction and loss of skeletal muscle
mass are interrelated and that glycocalyx deterioration
may be an underlying contributor by impairing nutrient
delivery to skeletal muscles. Thus, it is possible that
the benefits observed in the present study are related
to a restored glycocalyx and improved microvascular
function.

We also treated young mice with Endocalyx™.
Although they seemingly had no benefit of this
treatment on frailty, skeletal muscle properties, or
maximal exercise capacity, there was also no benefit
of glycocalyx-targeted therapies on the glycocalyx,
as glycocalyx thickness was similar between YNC,
YEC, and OEC mice in this study. It’s unclear why
glycocalyx thickness did not increase in young mice, as
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we and others have previously shown that a Western
diet is capable of improving glycocalyx properties in
young mice [30-32]. It should be noted that our group
has also shown that despite a thicker glycocalyx, a
Western diet still induces arterial dysfunction [33].
The lack of observed increase in glycocalyx thickness
in YEC may be attributed to unchanged plasma
hyaluronan concentrations. HMW-HA is a primary
component of both the glycocalyx and is an active
ingredient in Endocalyx™. Interestingly, in both young
and old mice that received Endocalyx™ treatment, we
saw lower arterial Has2 gene expression. Has2 is
responsible for producing the vast majority of HMW-
HA in mammals, thus, it is possible that hyaluronan
levels were maintained in YEC mice via negative
feedback, which led to Has2 downregulation.

Perspectives

It is well known that maximal exercise capacity
decreases with advancing age [34-39], but can be
increased by endurance exercise training at nearly any
age [40, 41] and in many disease conditions [42].
In many cases, increases in maximal exercise capacity
are accompanied by improvements in cardiovascular
function [41, 43-46]. Moreover, individuals that
maintain endurance training with advancing age have
greater maximal exercise capacity and cardiovascular
function than age-matched sedentary controls [47, 48].
Still, even in highly trained individuals that maintain
training volume/intensity, maximal exercise capacity
still declines with advancing age, but does remain
higher than age-matched sedentary individuals [36, 49—
51]. It is possible that preserved maximal exercise
capacity and skeletal muscle mass and function in old
mice that received Endocalyx™ treatment was achieved
through increases in physical activity. However, it
should be noted that dietary intake was similar between
control and Endocalyx™-treated mice. Regardless, if the
benefits of Endocalyx™ are achieved by increased
physical activity, improved peripheral hemodynamics
as a result of glycocalyx restoration is the likely
underlying mechanism. Future studies are warranted to
determine the precise mechanisms by which these
improvements occurred.

Limitations and future directions

As with any study there are limitations. For the
experiments involving Endocalyx™ treatment, only
male mice were studied. Although female mice were
not included, it is likely that we would have observed a
similar benefit of Endocalyx™ treatment. Indeed, a
recent study that only used female mice observed
improvements in glycocalyx properties following 10
weeks of Endocalyx™ treatment in a diabetic mouse

model [52]. Moreover, our experiments in male and
female Has2”~ mice demonstrate proof-of-concept that
lower glycocalyx thickness as a result of induced Has2
deletion are accompanied by reductions in maximal
exercise capacity in both sexes. We observed a
reduction in maximal exercise capacity in Has2/~ mice
following tamoxifen injections, while maximal exercise
capacity in Has2"* mice was improved over the same
timeframe. Baseline treadmill test was performed at 3.6
+ 0.4 mo with the post-test occurring ~3 weeks after
tamoxifen treatment at 4.3 £ 0.5 mo. Although these
mice did not gain body mass during this time, they
likely continued to mature physically, which may
explain why Has2"" mice had improved maximal
exercise capacity. Future studies examine the effects of
Has2 deletion should be performed in mice that have
physically matured to a level where exercise capacity is
stable over the period before and after tamoxifen
treatment. Moreover, future studies are warranted to
determine if Endocalyx™ treatment is capable of
restoring maximal exercise capacity in Has2”~ mice.
The results of the present study are largely focused on
the endothelial glycocalyx. However, nearly every cell-
type grows a glycocalyx. Although the glycocalyx of
skeletal muscle fiber and smooth muscle cells are less
understood, future studies are warranted to determine if
they play a role in age-related dysfunction observed in
the present study.

CONCLUSIONS

We have previously shown that age-related micro-
vascular and arterial dysfunction can be ameliorated
by Endocalyx™, a glycocalyx-targeted therapy that
contains HMW-HA. In the present study we sought to
extend those findings by showing that induced, whole
body Has2 deletion was accompanied by a decrease in
maximal exercise capacity and mitochondrial function.
Furthermore, we identified that Endocalyx™ prevented
the continued progression of frailty and loss of body
mass in old mice. Importantly, further declines in
maximal exercise capacity were prevented in old mice
that Endocalyx™ treatment and were accompanied by a
maintenance of skeletal muscle mass and increased
skeletal muscle mitochondrial content. Taken together,
these findings provide direct evidence of a role for
HMW-HA in the modulation of exercise capacity.

METHODS
Ethical approval

All animal procedures conformed to the Guide to the
Care and Use of Laboratory Animals: Eighth Edition
[53] and were approved by the University of Utah
(protocol #: 16-02002) and Veteran’s Affairs Medical
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Center-Salt Lake City (protocol #: A16/16) Animal
Care and Use Committees.

Animals

All mice were group-housed in standard mouse cages in
an animal care facility at the VAMC-SLC on a 12:12
light:dark cycle. Food and water were supplied ad
libitum in group housed cages.

Conditional whole-body deletion of Has2 (exon 2
deletion) was used to manipulate glycocalyx properties
in young male and female mice (4—5 mo) [27, 54]. Mice
that expressed Cre-recombinase in all tissues under
control of the tamoxifen-inducible estrogen receptor T2
moiety were crossed with mice homozygous for floxed
Has2 (Has2"F) and wild type Has2 (Has2™") to create
compound Has2"F + CreER and Has2"* + CreER mice
for use as Has2 deficient experimental animals and
wild-type controls, respectively. Has2”/~ mice were
generated by inducing Cre-recombinase-mediated deletion
of Has2"F in all tissues of Has2"" + CreER mice with
daily intraperitoneal injections of tamoxifen (2 mg/day)
for a total of 5 days. Importantly, both Has2"F + CreER
mice and Has2"" + CreER wild-type control mice were
injected with identical tamoxifen treatment regimens to
control for the effect of tamoxifen in all subsequent
analyses (here-after tamoxifen treated animals are
denoted as Has2”~ and Has2""* mice). Has2”~ and Has2""*
mice were derived from the same litters to ensure that
the final experimental and wild-type control mice had
identical genetic backgrounds. Mice were fed a normal
chow control diet (Envigo, Teklad Diet #8604; Protein:
24.3%, Carbohydrate 40.9%, Fat 4.7% by kcal).

Young male B6D2F1/] mice were purchased from
Jackson Laboratories and old male B6D2F1/J mice
were obtained from the aging colonies maintained at
Charles River Inc. for the National Institute on Aging.
Mice were provided 4 weeks to acclimate to the animal
care facility at the VAMC-SLC before beginning the
study. Mice were fed either a normal chow control
diet (Envigo, Teklad Diet #8604; Protein: 24.3%,
Carbohydrate 40.9%, Fat 4.7% by kcal) or glycocalyx
precursor supplemented diet (37 mg/kg of glucosamine
sulfate, fucoidan, superoxide dismutase, and HMW-HA
(Endocalyx™, Microvascular Health Solutions LLC,
Alpine, UT, USA) in Envigo, Teklad Diet #8604,
provided courtesy of MicroVascular Health Solutions,
LLC (U.S. Patent Serial No. 9,943,572)) for 10 weeks
[27].

Intravital microscopy

The mesenteric (B6D2F1 mice) or gastrocnemius (Has2
mice) microcirculations were observed using intravital

microscopy, as described previously [20, 30]. Glycocalyx
thickness was derived by measuring the change in
perfused diameter immediately before and after the
passage of a spontaneous leukocyte in individual
microvessels, as described previously [30, 55, 56].

Quantitative PCR

mRNA expression was measured in the aorta of mice by
quantitative PCR. Briefly, RNA isolated from aortic
tissue was used to synthesize cDNA via QuantiTect
Reverse Transcription kit (Qiagen, Inc., Valencia, CA,
USA). Quantitative PCR was performed using RT?
SYBR® Green quantitative PCR Mastermix (Qiagen,
Inc.). Fold change in mRNA expression was calculated
as the fold difference in expression of target mRNA to
18s rRNA 2-(target Cp =185 Cp) and normalized to young
values. [8s primer sequences: forward: TAGAGGGA
CAAGTGGCGTTC,; reverse: CGCTGAGCCAGTCAG
TGT. Has2 primer sequences: forward: TCAGCGAA
GTTATGGGCAGG; reverse: TCTGTCTCACCAGGT
CCCTT.

Maximal exercise capacity

A graded exercise test was performed, as described
previously [57], on a rodent treadmill (Columbus
Instruments, Columbus, OH, USA) to assess maximal
exercise capacity prior to and after the 10-week dietary
intervention. The exercise test was performed at a 25°
incline and consisted of a 5 min warm up at 5 m/min
followed by increases in treadmill speed of 1 m/min
every 3 min thereafter until exhaustion. Throughout the
entire test, the tails of the mice were agitated with a brush
when they ran toward or fell off the rear of the treadmill.
Exhaustion was determined as a mouse that could not
climb back on the treadmill to continue running, despite
tail agitation. A familiarization session to treadmill
running was performed on the day prior to the graded
exercise test with mice running at 25° incline for 10 min
at 5 m/min, 5 min at 7 m/min, and 1 min at 10 m/min.

Mitochondrial respiration

The tissue preparation and respiration measurement
techniques were adapted from established methods [58,
59] and have been previously described [60]. Briefly,
BIOPS-immersed fibers were carefully separated with
fine-tip forceps and subsequently bathed in a BIOPS-
based saponin solution (50 pg/ml) for 30 minutes.
Following saponin treatment, muscle fibers were rinsed
twice in ice-cold mitochondrial respiration fluid
(MiROS5, in mM: 110 Sucrose, 0.5 EGTA, 3 MgCl,
60 K-lactobionate, 20 taurine, 10 KH,PO4, 20 HEPES,
BSA 1 gL', pH 7.1) for 10 minutes each. After the
muscle sample was gently dabbed with a paper towel to
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remove excess fluid, the wet weight of the sample was
measured using a standard, calibrated scale (24 mg).
The muscle fibers were then placed in the respiration
chamber (Oxygraph O2K, Oroboros Instruments,
Innsbruck, Austria) with 2 ml of MiR05 solution and
warmed to 37°C. After allowing the permeabilized muscle
sample to equilibrate for 5 minutes, mitochondrial
respiratory function was assessed in duplicate. To
assess the function of each mitochondrial complex,
O, consumption was assessed with the addition of a
series of respiratory substrates and inhibitors in the
following order and final concentrations in the chamber:
glutamate-malate (10 and 2 mM), ADP (5 mM),
succinate (10 mM), cytochrome ¢ (10 uM), rotenone
(0.5 uM), antimycin-A (2.5 uM), oligomycin (2 uM),
and N,N,N,N-tetramethyl-p-phenylenediamine (TMPD)-
ascorbate (2 and 0.5 mM). Pilot studies indicated
that the concentration of the substrates and inhibitors
used were at saturating levels [60]. This allowed
the determination of (1) state 2 respiration, the non-
phosphorylating resting state, which provides an index
of proton leak, assessed in the presence of malate +
glutamate; (2) complex-I driven state 3 respiration
(State 3ci), the ADP-activated state of oxidative
phosphorylation, assessed in the presence of glutamate
+ malate + ADP; (3) complex I + II driven state 3
respiration (state 3crcm), assessed in the presence of
glutamate + malate + ADP + succinate; (4) complex II
driven state 3 respiration (state 3ci), assessed in the
presence of glutamate + malate + ADP + succinate +
rotenone, and (5) uncoupledcry respiration, where the
link between the electron transport chain and ATP
synthesis has been abolished, assessed by inhibiting
complex III (antimycin A) and complex V (oligomycin)
followed by the addition of TMPD + ascorbate.

Lipid profile and glucose

Total cholesterol, total triglycerides, and LDL and
high-density lipoprotein (HDL) concentrations were
measured using dedicated on-board reagents from
Abbott Laboratories (Cat#7D62-21, 7D74-21, 1E31-20,
and 3k33-22) [61]. Blood glucose was measured prior
to sacrifice using a Precision Xceed Pro Glucometer in
blood collected via a tail nick.

Plasma hyaluronan

Plasma concentrations of HA were measured by HA
Quantikine ELISA kit (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s protocol.

Computerized tomography

Mice were anesthetized with isoflurane (2-3%) in
100% oxygen at 2 L/min flow rate and scanned using

a Quantum FX Micro CT Scanner (Perkin-Elmer,
Waltham, MA, USA). Voltage and current were set
at 50 kV and 200 pA, respectively, and the images
were captured over a 4.5 min interval. Analysis
was conducted with Caliper Analyze 11.0 (Analyze
Direct, Overland Park, KS, USA). Kyphotic index (KI)
was used as a determinant of frailty in anesthetized
mice using Micro-CT. Briefly, KI in mice was
calculated from Micro-CT images in the sagittal plane
using the equation: KI = AB/CD, as described
previously [62]. Line AB was drawn from the
posterior edge of C7 to the posterior edge of L6.
Line CD is the perpendicular distance from line
AB to the dorsal border of the vertebral body farthest
from line AB. KI was calculated from left and
right sagittal views and averaged. Hindlimb muscle
volumes were assessed using a small animal
computerized tomography (Micro-CT), as described
previously [63].

Citrate synthase activity

Snap-frozen gastrocnemius samples were homogenized
with homogenization buffer (250 mM sucrose, 40 mM
KCl, 2 mM EGTA, 20 mM Tris-HCI; Sigma Aldrich,
St. Louis, MO, USA). Citrate synthase activity was
assessed via spectrophotometry (Synergy 4; Biotek
Instruments, Winooski, VT, USA) [64].

Statistical analysis

Statistics were performed using GraphPad Prism
(IBM, Chicago, IL, USA). Student’s t-tests, one-way
ANOVA, or two-way repeated measures ANOVA
were used to evaluate differences between groups.
When a significant ANOVA was present, the two-
stage step-up method of Benjamini, Krieger, and
Yekutieli was used to identify values that were
significantly different. Statistical significance was set
at P < 0.05 for all analyses. Data are presented as
mean + SEM.

Data availability

The data that support the findings of this study
are available on request from the -corresponding
author.

Abbreviations

HDL: High density lipoprotein; HMW-HA: High
molecular  weight-hyaluronan; Has2: Hyaluronan
synthase 2; LDL: Low density lipoprotein; NC: Normal
chow; OEC: Old Endocalyx™ treatment; ONC: Old
normal chow; YEC: Young Endocalyx™ treatment;
YNC: Young normal chow.
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