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Carbon Monoxide and Exercise Prevents Diet-Induced
Obesity and Metabolic Dysregulation Without Affecting

Bone
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Objective: Carbon monoxide (CO) may counteract obesity and meta-
bolic dysfunction in rodents consuming high-fat diets, but the skeletal
effects are not understood. This study investigated whether low-dose
inhaled CO (250 ppm) with or without moderate intensity aerobic exer-
cise (3 h/wk) would limit diet-induced obesity and metabolic dysregu-
lation and preserve bone health.

Methods: Obesity-resistant (OR) rats served as controls, and obesity-
prone (OP) rats were randomized to sedentary, sedentary plus CO,
exercise, or CO plus exercise. For 10 weeks, OP rats consumed a
high-fat, high-sucrose diet, whereas OR rats consumed a low-fat con-
trol diet. Measurements included indicators of obesity and metabo-
lism, bone turnover markers, femoral geometry and microarchitecture,
bone mechanical properties, and tibial morphometry.

Results: A high-fat, high-sucrose diet led to obesity, hyperinsulinemia,
and hyperleptinemia, without impacting bone. CO alone led only to
a modest reduction in weight gain. Exercise attenuated weight gain
and improved the metabolic profile; however, bone fragility increased.
Combined CO and exercise led to body mass reduction and a met-
abolic state similar to control OR rats and prevented the exercise-
induced increase in bone fragility.

Conclusions: CO and aerobic exercise training prevent obesity
and metabolic sequelae of nutrient excess while stabilizing bone

physiology.

Obesity (2020) 28, 924-931.

Introduction

Over the past three decades, the prevalence of obesity in the United States has
increased by 21%, reaching 37.7% based on data from the National Health and
Nutrition Examination Survey 2013-2014 (overall age-adjusted) (1,2). The health bur-
den of obesity is generally associated with physical inactivity and/or excess energy
intake, leading to an increased risk of developing type 2 diabetes, cardiovascular dis-
ease, and several cancers (3). Osteoporosis and fractures have traditionally not been
considered important in obesity because increased body mass is positively associated
with bone mineral density (spine and femoral neck) and a reduction in the relative risk
of sustaining a hip fracture (4,5). When the mechanical loading effects of increased
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Study Importance

What is already known?

» Carbon monoxide (CO) is an endogenously
produced gas known to cause toxicity.

» Low-dose CO stimulates mitochondrial bio-
genesis in cardiac and skeletal muscle.

» Nutrient excess leads to obesity and meta-
bolic sequelae.

What does this study add?

» Intermittent, low-dose, inhaled CO at 250 ppm
has modest effects on preventing diet-
induced weight gain without affecting bone.

» Intermittent, low-dose, inhaled CO at 250
ppm combined with moderate intensity aer-
obic exercise prevents diet-induced obesity
and metabolic dysregulation and stabilizes
bone physiology.

How might these results change the
direction of research?

» Inhaled CO is currently being tested in a
phase | trial examining feasibility and safety.
The addition of low-dose inhaled CO with an
exercise prescription tailored toward weight
loss and/or preservation of skeletal health
may allow exercise volume to be reduced,
possibly increasing program compliance.
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body mass are considered, however, the relationship between fat mass
and bone mineral density (spine and femoral neck) becomes negative
(6,7). One plausible explanation for this dichotomy is that obesity may
increase fracture risk because of a reduction in bone quality, determined
by structural and material properties, where the changes in bone mass
(total or location) or tissue properties are insufficient to resist increased
loading forces (8).

Physical activity and energy restriction are recommended for preventing
the development of obesity and metabolic sequelae, but the adoption of
these lifestyle modifications is challenging for most people. Alternative
strategies directed at preventing the progression of overweight to obe-
sity are, therefore, of critical importance. One approach for prevention
of weight gain and the associated metabolic complications in mice is
the use of carbon monoxide (CO) (9-11). Although CO is a toxic gas,
possessing a greater affinity (~218 times) for hemoglobin compared
with oxygen (12), it is also endogenously generated from the break-
down of heme in a reaction catalyzed by heme oxygenase (HO) (13).
CO may lessen weight gain and prevent the metabolic complications
associated with obesity by increasing mitochondrial capacity (11) or
mitochondrial oxidative phosphorylation uncoupling (9,10), resulting
in an elevated resting energy expenditure.

The effects of CO on bone are not clear, and different mecha-
nisms of action have been reported. In the ovariectomized mouse,
CO-releasing molecule (CORM)-2 administered daily for 8 weeks
attenuated bone loss and reduced indices of bone resorption and
plasma levels of H,O, (14). In parallel in vitro experiments using
mouse bone marrow cells, the authors reported that CORM-2 inhib-
ited osteoclastogenesis by reducing receptor activator of nuclear fac-
tor-kB ligand (RANKL) and oxidant production (14). In addition,
CO was reported to increase proliferation of bone marrow mesen-
chymal stem cells and their differentiation into osteoblasts versus
adipocytes (15). Indeed, diet-induced obesity was shown to not only
induce osteoclastogenesis, in part through RANKL activation, but
also to increase bone marrow adipocyte expansion in mice and rats
(16). Beneficial properties of CO may, therefore, extend to bone in
obesity by suppressing osteoclastogenesis and/or stimulation of bone
marrow mesenchymal cells into osteoblasts versus adipocytes.

Because the antiobesity effectiveness of CO has not been compared
with exercise, our primary research objective was to determine whether
intermittent, low-dose, inhaled CO with and without aerobic exercise
impacts weight gain and the metabolic sequelae of diet-induced obe-
sity and whether the effects are extended to bone. We hypothesized CO
would prevent adiposity and metabolic dysregulation and preserve bone
geometry, microarchitecture, and mechanical properties with higher
effectiveness when combined with exercise.

Methods

Animals and experimental design

Obesity-prone (OP) and obesity-resistant (OR) male rats (Charles River,
Germantown, Maryland) aged 8 to 9 weeks old were used in accordance
with and with approval of the Uniformed Services University of the
Health Sciences Institutional Animal Care and Use Committee. Animals
were housed in pairs in a climate-controlled animal facility with a
12:12-hour light-dark cycle (light on at 6:00 pm and lights oft at 6:00 Am).
OP rats develop an obese phenotype with high-fat feeding without inter-
ference from gene manipulation, and OR rats maintain a lean phenotype
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throughout their life-span. In order to minimize prestudy weight differ-
ences between the four OP groups, rats were assigned by body mass to
serve either as sedentary controls (OP, n=14), sedentary with CO expo-
sure (OP+CO, n=14), exercise (OP+EX, n=11), or CO with exercise
(OP+COEX, n=10). Upon arrival from Charles River, all rats received
a standard chow ad libitum and had free access to water during habitua-
tion to involuntary treadmill running, CO exposures, and glucose toler-
ance testing (~2 weeks). Thereafter, OR rats were switched to a low-fat
control diet containing 3.6 kcal/g, 68% kilocalories from carbohydrate
(sucrose 120 g/kg), 19% kilocalories from protein, and 13% kilocalo-
ries from fat (TD.08485; Teklad Custom, Harlan Laboratories, Madison,
Wisconsin), and OP rats were switched to a high-fat, high-sucrose diet
that contained 4.5 kcal/g, 43% kilocalories from carbohydrate (sucrose
341 g/kg), 15% kilocalories from protein, and 42% kilocalories from
fat (62% saturated fat) (TD.88137). Rats received the research diets
ad libitum and had free access to water, and food consumption was
recorded biweekly throughout the 10-week protocol. Body mass was
determined weekly. Glucose tolerance testing was completed within 48
hours of completing the 10-week protocol.

Exercise protocol

OP rats randomized to exercise training (OP+EX and OP+COEX) were
habituated to a three-lane rodent treadmill with shock stimulus (Exer 3/6;
Columbus Instruments, Columbus, Ohio) over 10 sessions (2 weeks),
starting at 10 m/min for 5 minutes and increasing up to a maximum of
22 m/min over 10 minutes at a grade of 10°. The shock current and rate
were <0.5 mA and 1 Hz over 5 seconds, respectively. Following habitu-
ation, the animals performed 3 h/wk (alternating between 3 x 1 hour and
4 x45 minutes) of exercise training, starting at 20 m/min and increasing
by 1 m/min each week to a maximum of 25 m/min at a grade of 10°. The
animals received chocolate (Hershey’s, Hershey, Pennsylvania) after
each training session for positive reinforcement.

CO exposure

OP+CO and OP+COEX rats received five 1-hour CO treatments
prior to switching the animals to the high-fat and high-sucrose diet
and then biweekly throughout the 10-week protocol. During the
study, the CO treatments were interspersed by a minimum of 48
hours and always administered after exercise training (OP+COEX
rats). CO (Roberts Oxygen Company, Inc., Rockville, Maryland) was
delivered to the animals placed in a flow-through induction box. The
flow rate was adjusted to maintain a CO level of 250 ppm, verified
by a CO meter (GasBadge Pro Gas Detector; Industrial Scientific,
Pittsburgh, Pennsylvania) housed within the box. In a different group
of OR rats (n=18) ranging in weight from 405 to 456 g, pre-, post-,
and 5-hour post-CO venous blood samples were collected from the
lateral saphenous vein, placed in lithium heparin blood collection
tubes, sealed, and shipped overnight to Duke University Center for
Hyperbaric Medicine and Environmental Physiology, Durham, North
Carolina, for the determination of carboxyhemoglobin (COHb) using
an automated CO analyzer (IL 682 CO-Oximeter; Instrumentation
Laboratory, Bedford, Massachusetts).

Glucose tolerance testing

Before and after the 10-week protocol and after a 12-hour fast, rats
received an intraperitoneal injection of glucose (2 g/kg body weight).
Blood glucose was monitored at 0, 15, 30, 60, 90, and 120 minutes fol-
lowing glucose delivery using a portable glucometer (OneTouch Ultra 2;
LifeScan, Inc., Wayne, Pennsylvania).
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Plasma measurements

At the end of the study and following an overnight fast, animals were
anesthetized with isoflurane, and blood was collected via the left ventricle
in KoEDTA vacutainers; it was separated by centrifugation (3,800g for
15 minutes at 4°C). Plasma was aliquoted into 2-mL cryogenic tubes and
frozen at —80°C until analysis. Commercially available enzyme-linked
immunosorbent assay kits and an iMark Microplate Absorbance Reader
(Bio-Rad, Hercules, California) were used to determine plasma insulin
(ALPCO, Salem, New Hampshire), insulinlike growth factor 1 (IGF-1),
C-reactive protein (CRP) (Thermo Fisher Scientific, Frederick, Maryland),
leptin (Novex Life Technologies, Frederick, Maryland), adiponectin
(EMD Millipore, Billerica, Massachusetts), and N-terminal propeptide
of type I procollagen (PINP), C-terminal telopeptide of type I collagen,
osteocalcin, and osteoclast-derived tartate-resistant acid phosphatase iso-
form 5b (Immunodiagnostic Systems, Gaithersburg, Maryland).

Adipocyte staining and quantification

Epididymal fat pads (white adipose tissue) were excised after eutha-
nasia and freshly weighed. A section was fixed in 10% formalin, par-
affin embedded, cut into 5-um slices, and stained with hematoxylin
and eosin. Slides were imaged with a Zeiss Axio Scan.Z1 (Carl Zeiss
Microscopy, LLC, White Plains, New York) at 20 x magnification in
bright field mode. Total number and area were determined from four
to six different regions per animal using ImageJ (National Institutes of
Health, Bethesda, Maryland).

Microcomputed tomography

The left femurs were harvested, cleaned of tissue, wrapped in phosphate-
buffered saline-soaked gauze, placed in 5-mL conical scintillation vials,
and stored at 4°C prior to shipping to the Indiana University School of
Medicine, Indianapolis, Indiana. Whole femora were scanned using
an 18-um isotropic voxel size on a SkyScan 1176 microcomputed to-
mography (CT) system (Bruker, Billerica, Massachusetts). Scans were
reconstructed and rotated using manufacturer-supplied software. Cortical
bone area, cortical cross-sectional thickness, and mean polar moment of
inertia were determined at the mid-diaphysis (one section located at 50%
total length). Trabecular bone volume/tissue volume (BV/TV), trabecular
number (Tb.N), and trabecular thickness were determined at the distal
femur metaphysis (1-mm region located ~0.5 mm proximal to the growth
plate). Cortical and trabecular bone scans and analyses were conducted as
previously described (17,18).

Mechanical testing

Four-point bending tests were completed with the same femora that
were used for micro-CT scans as described (19,20). In brief, bones were
placed anterior side down on fixtures that were 18 mm apart. The upper
fixture points were positioned, centered at midpoint of the bone, and
separated by 6 mm. Bones were displaced at a rate of 2 mm/min until
fracture. Force and displacement data were collected at 15 Hz. Using a
custom MATLAB program, data were plotted and analyzed to determine
the ultimate load, stiffness, and energy to failure. Using geometry from
micro-CT, material-level properties were calculated using beam-bend-
ing equations for estimating ultimate stress, modulus, and toughness.

Histomorphometry

Nine and two days prior to euthanasia, rats were injected subcutane-
ously in the midscapular region with calcein (25 mg/kg body mass),
pH 7.0. Following euthanasia, tibiae were harvested, cleaned of

tissue, and placed in 10% formalin for 48 hours before changing to
70% ethanol. The bones were kept at 4°C and shipped to the Indiana
University School of Medicine. Tibiae were subjected to serial de-
hydration and embedded in methyl methacrylate. Semithin sections
(4 um) were cut using a microtome, fixed to slides, and cover-slipped
unstained. Trabecular bone surfaces were measured for single, dou-
ble, and no label; regions with double label were further analyzed
to determine the distance between labels. The mineral apposition
rate (MAR), mineralizing surface/bone surface (MS/BS), and bone
formation rate (BFR) were calculated as follows: MAR = (interlabel
distance/7 [number of days between calcein label administration]);
MS/BS =([1/2 single label surface+double label surface]/total sur-
face x 100); and bone formation rate = (MAR x MS/BS). All measures,
calculations, and nomenclature used here were in accordance with the
recommendations provided by the American Society for Bone and
Mineral Research (21).

Statistical analysis

Data were analyzed using SigmaPlot 14.0 (Systat Software, Inc.,
San Jose, California) and SPSS Statistics 26 (IBM Corp., Armonk,
New York). Before experimentation, OR and OP baseline data were
compared using a ¢ test. A one-way ANOVA was used to compare
experimental mean group differences, and when a significant main
effect was observed, post hoc testing was completed with a Bonferroni
t test. For measures in which the sample size and variances were un-
equal, a one-way ANOVA with Welch test followed by Games-Howell
post hoc test (when appropriate) was performed. Values of P<0.05
were considered statistically significant.

Results

Changes in venous blood COHb following CO
exposures

A 1-hour exposure to CO at 250 ppm increased COHb from 0.14%
(SE 0.08%) to 18.11% (SE 1.23%) (P<0.001), dropping to 1.13%
(SE 0.05%) when measured 5 hours later (Figure 1). The COHD levels
after a 1-hour CO exposure (250 ppm) were consistent with previously
reported values (22).

Effects of 10-week diet-induced obesity model on
adiposity and hormonal changes

Prior to study initiation, OP animals weighed significantly more (mean
[SE] 389 [4] g vs. 313 [5] g, P<0.001) and had higher fasting blood
glucose (104 [2] mg/dL vs. 97 [2] mg/dL, P=0.014) and glucose area
under the curve (19,030 [505] vs. 16,354 [279], P<0.001) compared
with OR rats. After the 10-week diet-induced obesity protocol, body
weights were as follows: mean (SE), OR, 433 (7) g; OP, 701 (11) g;
OP+CO, 665 (7) g; OP+EX, 560 (16) g; and OP+COEX, 519 (12) g.
Mean (SE) daily energy intake among OR rats was calculated to be
74 (1) kcal, whereas OP and OP+CO animals consumed 129 (4) kcal/d
and 128 (3) kcal/d, respectively (P<0.001) (Figure 2A). In contrast
to OP sedentary rats, OP+EX and OP+COEX groups consumed sig-
nificantly less food, 105 (2) kcal/d and 104 (4) kcal/d, respectively
(P<0.001). Surprisingly, the similar energy consumption between
OP and OP+CO rats and OP+EX and OP+COEX rats led to statisti-
cally different weight gain among the groups (P<0.001) (Figure 2B).
OP+CO rats tended to gain less weight than OP rats (12%, P=0.075),
and OP+COEX rats gained significantly less (36%) weight than EX rats
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Figure 1 Percentage of carboxyhemoglobin (COHb) in venous blood. Rats were placed
in an induction box and exposed to 250 ppm of CO for 1 hour, consistent with the
experimental dosage. Circles and lines represent individual data points with means
(SE). Pre- and post-CO, n=7; 5-hour post-CO, n=4. "Significantly different from pre-
CO, P<0.001.

(P<0.001), with no observed differences between OP+COEX and OR
rats. Epididymal fat pad weight and white adipocyte size were statisti-
cally greater in OP and OP+CO rats (P<0.05), and exercise prevented
this increase (Figure 2C-2E).

Obesity is known to alter glucose and insulin homeostasis and leptin
signaling, as found in OP and OP+CO rats (Table 1). Although obesity
led to an increase in plasma adiponectin levels, the leptin:adiponectin
ratio was ~2.2- and 2.0-fold greater compared with OR rats, respec-
tively. Exercise effectively prevented the metabolic sequelae of high-
fat, high-sucrose feeding, and the combination of CO and exercise

Obesity

further attenuated the rise in insulin and prevented the reduction in
adiponectin levels compared with OP animals. IGF-1 levels were sig-
nificantly higher in OP (+74%), OP+CO (+57%), and OP+EX (+54%)
groups compared with OR rats. CRP levels did not differ among the
groups.

Plasma bone turnover biomarkers and bone
histomorphometry

Of the bone formation markers examined, PINP was 71% greater in
OP+COEX rats compared with OR rats, while a borderline increase
(P=0.07-0.09) was observed for PINP in OP, OP+CO, and OP+EX
groups (Table 2). For bone resorption, a trend was observed for lower
osteoclast-derived tartate-resistant acid phosphatase isoform 5b levels
in OP+EX rats (P=0.09). No measures of dynamic bone formation ac-
tivity determined in the proximal tibia trabecular bone differed among
the groups (Table 3).

Bone architecture/geometry

The femoral cortical area (+10%-20%) and cross-sectional moment of
inertia (+45%-49%) were higher in OP, OP+CO, and OP+EX group-
scompared with OR rats, while cortical thickness did not differ among
groups (Figure 3A-3C). Although the higher cortical area observed in
the OP group was attenuated in OP+COEX animals, cortical geometric
properties were similar between OR and OP+COEX rats. The microar-
chitecture of cancellous bone was unaffected by diet-induced obesity
(Figure 3D-3F). BV/TV was 62% higher in OP+EX rats, and there
was a trend for an increase in OP+COEX rats compared with OR rats
(P =0.09). Exercise with and without CO resulted in a 30% increase
in Tb.N when compared with OR rats. Trabecular thickncess did not
significantly differ between groups.
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Figure 2 Food intake and adiposity. (A) Mean daily food consumption, (B) changes in body weight, (C) epididymal fat pad weight, (D) and adipocyte size determined
from hematoxylin and eosin (H&E) stained sections. For quantification, four to six areas per animal were used. (E) Representative H&E images (20x magnification).
Values are presented as means (SE); n=9 to 15 per group. Compared with 20R, POP, and °OP-EX groups, P<0.05.
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TABLE 1 Blood glucose and plasma biomarkers

OR oP OP+CO OP+EX OP+COEX P value

n 14 15 14 11 10

Glucose, mg/dL 103 (4) 110 3) 17 (3 100 (3) 103 (3) 0.003
Glucose, AUC* 18,279 (604) 22,735 (1,397) 21,700 (1,413) 20,177 (949) 20,639 (1,141) 0.035
Insulin, plU/mL 16.1(2.3) 47.8 (8.4)° 35.5(3.9) 27.0(7.2) 21.6 (4.5 0.004
HOMA-IR 42(0.7) 11.6 (1.5)2 10.4 (1.2)2 6.7(1.7) 5.6 (1.2P 0.001
Leptin, ng/mL 2.5(0.3) 9.1 (0.6 8.3 (0.6)? 3.7 (0.5P 2.0 (0.4 0.001
Adiponectin, mg/mL* 12.2(1.1) 19.2 (1.3 19.0 (1.5 11.4 (0.6)° 14.1 (1.5) 0.000
Leptin/adiponectin 0.24 (.04) 0.51 (0.04)? 0.47 (0.4)? 0.33 (0.04)° 0.16 (0.02)° 0.001
IGF-1, ng/mL 752 (46) 1,306 (55)° 1,180 (87)° 1,155 (63)° 917 (90)¢ 0.001
C-reactive protein, pg/mL* 460 (49) 456 (18) 507 (45) 406 (37) 443 (24) 0.567

Values presented as means (SE).

Glucose tolerance test performed on final day of 10-week experiment to determine fasting glucose and area under the curve (AUC). Hormones and C-reactive protein deter-

mined from blood collected at time of euthanasia.
aCompared with OR group.

bCompared with OP group.

°Compared with OP+EX group.

*Indicates data analyzed with one-way ANOVA with Welch test because of heterogeneity in variances.

HOMA-IR, homeostatic model of insulin resistance; IGF-1, insulinlike growth factor 1.

TABLE 2 Plasma bone formation and resorption markers

OR oP OP+CO OP+EX OP+COEX P value
n 10-12 10-12 10-14 8-10 8-10
PINP, mg/mL 18 (1) 27 3) 37 6) 31 (4) 30 (22 0.001*
Osteocalcin, ng/mL 409 (31) 334 (51) 369 (42) 396 (52) 505 (90) 0.290
CTX-I, ng/mL 20(2) 15 (1) 17(1) 16 (1) 16 (1) 0.189
TRACP 5b, U/L 5.8(0.9) 47(0.7) 5.3(0.6) 3.1(0.3) 3.3(0.5) 0.029

Values presented as means (SE). Bone markers determined from blood collected at time of euthanasia.

aCompared with OR group.

*Indicates data analyzed with one-way ANOVA with Welch test because of heterogeneity in variances.
CTX-l, C-terminal telopeptide of type | collagen; PINP, type | procollagen N-terminal propeptide; TRACP, tartate-resistant acid phosphatase isoform 5b.

Mechanical properties

Diet-induced obesity led to higher bone stiffness in OP (+27%) and
OP+CO (+18%) rats, while exercise alone attenuated this effect
(Figure 4A). Ultimate force was similar between groups (Figure 4B),
while the work to fracture was reduced in exercised rats compared with
OP rats (Figure 4C). In accounting for bone size (material properties),
a significant main effect was observed for modulus, ultimate stress, and
toughness; however, the only significant difference by post hoc testing
was toughness, which was ~2.3-fold lower in OP+EX rats compared
with OR rats (Figure 4D-4F).

Discussion

More than a decade ago, the antiobesity effects of heme oxygenase 1
induction were first reported (23). Therapeutic investigations have since
explored the efficacy of CO in mouse models of obesity (9-11). These
studies have all reported a short-term reduction in weight gain and an
improvement in metabolic profiles. It is unknown whether the CO ef-
fects are similar to exercise or whether they extend to the musculoskel-
etal system. Here, we explored the potential of intermittent, low-dose,

inhaled CO, independently and combined with load-bearing aerobic
exercise, to prevent adiposity, early-phase metabolic dysregulation, and
changes in bone health in skeletally mature rats. Our new findings indi-
cate the following: First, while OP rats developed an obesity phenotype
that was associated with hyperinsulinemia, elevated homeostatic model
of insulin resistance, and hyperleptinemia, cortical bone morphometry
and mechanical properties as well as cancellous bone microarchitecture
and cell activity were not negatively affected. Second, biweekly 1-hour
CO exposures at 250 ppm provided a modest reduction in weight
gain without affecting bone. And third, CO combined with exercise led
to anthropometric changes, a metabolic profile and bone properties that
were similar to those of OR rats.

To explain, the 10-week diet-induced obesity intervention led to
expansion of white adipose tissue, hyperinsulinemia, and insulin
resistance, evidenced by an increase in the homeostatic model of
insulin resistance and plasma leptin to adiponectin ratio (24). The
anorexigenic hormone leptin, which was increased in OP rats by
~3.6-fold over OR rats, directly stimulates the proliferation and dif-
ferentiation of bone marrow mesenchymal stem cells into osteoblasts
(peripheral mechanism) or indirectly induces osteoclastogenesis via
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Figure 3 Femur cortical geometric properties and cancellous microarchitecture determined by micro-CT. Cortical properties were determined at the mid-diaphysis. (A)
Cortical area (Ct.Ar), (B) cortical cross-sectional thickness (Cs.Th), and (C) mean polar moment of inertia (MMI-polar). Cancellous properties were determined at the
proximal metaphysis. (D) Bone volume (BV/TV), (E) trabecular number (Th.N), and (F) trabecular thickness (Tb.Th). Values are presented as means (SE); n=10-15 per

group. Compared with 20R and POP rats, P<0.05.

TABLE 3 Dynamic histomorphometry analyses determined at proximal tibia metaphysis

OR OP OP+CO OP+EX OP+COEX P value
n 9-10 9-10 9 10 10
MAR, pm/d 0.92 (0.09) 0.82 (0.06) 0.87 (0.04) 0.77 (0.06) 0.91(0.07) 0.461
MS/BS, % 19.9(1.8) 18.2(0.8) 17.1(1.1) 16.7 (1.6) 20.2 (1.3) 0.257
BFR, pm3/um?/d 72.4(12.3) 53.7 (5.5) 54.5(4.9) 48.4 (7.6) 69.6 (9.4) 0.189

Values presented as means (SE).
BFR, bone formation rate; MAR, mineral apposition rate; MS/BS, mineralizing surface.

increased sympathetic nerve activity (central mechanism) (25). In
contrast to typical obesity (26), adiponectin levels were 57% higher
in OP rats compared with OR rats. Adiponectin is known to stim-
ulate insulin secretion, glucose uptake, lipid oxidation, and anti-
inflammatory effects (27,28). Also, adiponectin was shown to inhibit
osteoclastogenesis in vitro by suppressing the RANKL and p38 sig-
naling pathways (29). Because plasma adiponectin and osteocalcin,
which is a modulator of insulin secretion and glucose homeostasis
(30), did not decrease and CRP did not increase, glucose intolerance
and chronic systemic inflammation did not yet develop. These find-
ings suggest that obesity progression was in the early phase.

Our model of diet-induced obesity did not compromise femoral cortical
or cancellous bone. Generally, in mice (31-33) and rats (34-36), cancel-
lous but not cortical bone is affected by diet-induced obesity. Here, we
found increased cortical bone area, mean polar moment of inertia and
stiffness, and plasma IGF-1, suggesting femur cortical bone was adapting

to mechanical loading induced by the increasing body mass. The lack of
differences in femur cancellous morphometry and tibial bone formation
between OR and OP rats implies that the cortical bone is being targeted
for adaptation to increased body weight. The differences reported herein
and from the references are perhaps due to differences in the species and
strain, gender and age, and diet composition and the duration of the dietary
protocol. In any event, our data suggest that in the early phase of obesity
when glucose intolerance and chronic systemic inflammation were not yet
apparent, femoral bone was not compromised.

Contrary to our hypothesis, CO alone did not prevent diet-induced obe-
sity and the metabolic sequelae. The CO treatment profile consisted of
five 1-hour treatments at 250 ppm before changing the diet to high-fat
and high-sucrose, an exposure similar to that being tested for safety in a
phase I clinical trial (37), and biweekly during the 10-week experiment
using the same dosage interspersed by 48 hours. The rationale for treat-
ing the rats intermittently versus daily was to avoid toxicity, including
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Figure 4 Biomechanical properties of the femoral diaphysis determined by four-point bending tests. Structural properties included (A) stiffness, (B) ultimate force, and (C)
work to fracture. Material properties included (A) modulus, (B) ultimate stress, (C) and toughness and were analyzed using a one-way ANOVA with Welch test because
of heterogeneity in variances. Values are presented as means (SE); n=10-15 per group. Compared with 20R and °OP rats, P<0.05.

reduced food intake, and maintaining stable redox balance. Obesity and
CO stimulate cellular oxidant production (38,39). For instance, Zheng
et al. (40) explored the daily use of CO (250 ppm for 2 hours) in mice
over the final 10 weeks of a 16-week diet-induced obesity experiment
and reported lower weight gain, body fat, and serum leptin and less
endoplasmic reticulum stress; however, the CO animals in the high-fat
diet group consumed significantly less food, consistent with hypoxia.
In this study, food intake was similar between OP and OP+CO rats
and OP+EX and OP+COEX rats. We thus avoided sustained hypoxia
and, perhaps, excessive oxidant production, but only a weak antiobe-
sity potential of CO was apparent, i.e., the final body mass was only
5% lower in OP+CO rats compared with OP rats and the metabolic
profiles were similar. The antiobesity effectiveness of CO may have
been greater had we used CORMs (10,41) because CORMs allow for
cellular targeting and controlled release of CO (42). However, our CO
protocol differed from others (40,41); comparisons of the antiobesity
effectiveness of inhaled CO versus CORMs have not been reported, and
conclusions remain speculative.

Our protocol of treadmill running reduced diet-induced weight gain by
20% and prevented hyperinsulinemia and hyperleptinemia. In addition
to the favorable cortical morphometric responses to obesity, we found
increased trabecular BV/TV and Tb.N, implying improved cancellous
femur structure, consistent with an earlier study (36). Exercise did atten-
uate obesity-induced increases in stiffness and work to fracture, but the
measurements were similar to OR rats. Taking bone size into account,
however, the tissue properties trended downward compared with OR
rats, becoming significant only for toughness, a measure of fracture
resistance. This may imply that the cortical geometric adaptations were

insufficient to sustain the repetitive forces imposed by running and
increasing body mass, i.e., OP+EX rats still were 61% heavier than OR
rats at the end of the study. This was surprising because exercise is gen-
erally recognized to improve bone toughness as long as the intensity is
not high enough to produce damage. Our rats performed only 3 hours
over three to four sessions per week at a moderate intensity, an appropri-
ate training volume shown to improve skeletal health in rats (43).

CO plus exercise led to weight gain and a metabolic profile that closely
mirrored OR rats despite similarities in food intake and exercise volume
between the OP+COEX and OP+EX groups. This suggests that whole
body energy expenditure increased and may be attributed partly to an
additive effect of low-dose inhaled CO and moderate exercise on mito-
chondrial bioenergetics, dynamics, and quality control (44,45). For the
bone, BV/TV (trend) and Tb.N were similar to OP+EX rats, indicating
running and not body mass led to better cancellous bone structure. In
contrast to OP+EX rats, cortical bone geometry and material proper-
ties did not differ from OR rats. Therefore, CO prevented the increase
in bone fragility that was observed with exercise alone. The disparity
between OP+EX and OP+COEX rats is not easily attributed to hormonal
responses because leptin, adiponectin, and IGF-1 levels were similar.
CO does suppress osteoclastogenesis and stimulates osteoblastogenesis
(14,15), yet because obesity alone did not result in bone loss, this is ques-
tionable. Instead and more plausibly, the further reduction in body mass
caused by CO plus aerobic exercise was responsible for the differences in
femoral material properties between OP+EX and OP+COEX rats.

In summary, 10 weeks of diet-induced obesity led to adiposity, hyper-
insulinemia, and hyperleptinemia in rats, although the increase in
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adiponectin and normal CRP indicate glucose intolerance and sys-
temic chronic inflammation were still absent. Given the measured
IGF-1, femur cortical and cancellous bone responded favorably or
were unaltered by obesity, respectively. Also, while CO administration
has been successful in reducing weight gain in mice, low-dose CO
led to only a modest reduction in weight gain. Higher doses or more
frequent CO treatments in rats require a control for hypoxia and may
not avoid direct toxicity. The combination of CO and exercise also
prevented increased bone fragility observed with exercise alone. These
data indicate more research is needed on combination CO and exercise
protocols to prevent or treat obesity and metabolic disorders that affect
skeletal health.O
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