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Abstract: Zinc α2-glycoprotein (ZAG) has been implicated in fatty acid metabolism and utilization
and is lower in obese and higher in cachexic adults compared to those of normal weight. Previous
studies suggest that ZAG binds to the beta3-adrenergic receptor (β3AR) to influence fatty acid
metabolism in adipose tissue by regulating hormone sensitive lipase (HSL). The purpose of this study
is to investigate the effects of a six-month weight loss (WL) or aerobic exercise (AEX) intervention
on adipose tissue and skeletal muscle ZAG mRNA levels and protein expression, as well as the
expression of β3AR, and HSL. Abdominal adipose tissue (AB) and gluteal adipose tissue (Glut) and
vastus lateralis muscle biopsies were performed before and after WL (n = 13) or AEX (n = 13). ZAG,
HSL, and β3AR expressions were determined by RT-PCR, and ZAG and HSL plasma levels by ELISA.
Body weight decreased by 9.69% (p < 0.001) in WL and did not change with AEX. Maximal oxygen
consumption (VO2max) increased by 7.1% (p < 0.005) after WL and by 16.69% (p < 0.001) after AEX.
WL significantly decreased body weight with a reduction of percentage of fat, fat mass, fat-free mass
(FFM). AEX decreased percent fat and increased VO2max, but did not change fat mass and FFM.
Abdominal ZAG and HSL mRNA levels did not change significantly after WL or AEX. There were
no changes in plasma ZAG, HSL and adipose tissue β3AR mRNA levels after WL and AEX. ZAG,
HSL and β3AR mRNA expressions in adipose tissue are positively associated each other. Adipose
tissue abdominal and gluteal HSL are negatively associated with HOMA-IR (Homeostatic Model
Assessment for Insulin Resistance), and both ZAG and HSL adipose tissue are negatively associated
with fasting glucose and the glucose area under the curve. Further work is needed to elucidate
the role of ZAG and HSL in the propensity for weight gain and the ability of exercise to mitigate
these responses.
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1. Introduction

Obesity and its related metabolic diseases and downstream health effects are significant
sources of morbidity and mortality in the modern world [1]. A key player in the obesity
epidemic is adipose tissue. Previously regarded as only for energy storage, adipose tissue
has been shown to have a dynamic role in endocrine functions, energy metabolism, and
physical homeostasis [2,3]. Zinc α2-glycoprotein (ZAG) is a 41 kDa soluble glycoprotein.
First discovered over-expressed in the serum of patients with malignant tumors of the
breast and prostate [4], ZAG was observed to be associated with adipose tissue atrophy in
cachexic patients. ZAG is mainly expressed and secreted by white adipose tissue (WAT,)
but is also found in brown adipose tissue (BAT), heart, liver, skeletal muscle, sweat glands,
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gastrointestinal tract, breast, and prostate cancer [5–7]. ZAG induces lipolysis and decreases
body fat percentage and body weight by inhibiting lipogenic enzymes and upregulating
lipolytic enzymes in adipose tissue, including adipocyte adenyl cyclase [5,7,8]. ZAG mRNA
expression is lower in the adipose tissue of obese and overweight individuals compared to
that of lean individuals [9]. Furthermore, plasma level of ZAG was negatively correlated
with insulin and the homeostasis model assessment for insulin resistance index (HOMA-
IR) [9]. In a ZAG overexpressed mice model, hormone sensitive lipase (HSL) mRNA
increased in epididymal adipose tissue [8].

β3-adrenergic receptor (β3AR) belongs to the G protein coupled receptor (GPCR)
family involved in a variety of cellular pathways. While mainly expressed in brown and
white adipose tissue, where it functions to stimulate lipolysis, thermogenesis, and fatty acid
synthesis, β3AR is also expressed in the brain, retina, myocardium, gallbladder, kidney, and
urinary bladder [10,11]. β3AR is the main regulator of brown adipose tissue thermogenesis
in response to cold exposure or increased dietary energy intake through activation of
mitochondrial UCP-1 [12,13]. It also induces a white to brown adipose phenotypic switch
in an AMP-activated protein kinase (AMPK) dependent manner. More specifically, reduced
β3AR signaling decreases AMPK phosphorylation, which prevents fatty acid uptake by
BAT and ultimately leads to increased body fat mass [14,15]. ZAG has been shown to bind
and activate β3AR [16]. Ob/Ob mice treated with ZAG (50 µg/d orally in the drinking
water) demonstrated increased protein expression of β3AR in white adipose tissue (WAT),
brown adipose tissue (BAT), and gastrocnemius muscle with a reduction in glucose area
under the curve during an oral glucose tolerance test [17].

HSL also plays a significant role in lipid metabolism and as a crucial rate-limiting
enzyme for diacylglycerol catabolism. It is highly expressed in WAT and BAT, as well
as expressed in skeletal and cardiac muscle, adrenal, ovaries, testis, steroidogenic cells,
pancreatic β-cells, and macrophages [18]. HSL is a lipolysis-related protein that facilitates
the mobilization and hydrolysis of stored fats. In the WAT of ZAG knock-out mice, p-HSL
and β3AR expressions are significantly increased after ZAG-recombinant plasmids are
injected through the tail vein [19]. Inhibition of HSL activity can prevent the accumulation
of free fatty acids, improve insulin sensitivity and control of blood glucose in type 2
diabetes [20]. The regulation of HSL has been studied in adipose tissue, but less is known
regarding HSL in plasma.

We previously have shown in postmenopausal women that abdominal adipose tissue
ZAG mRNA expression is negatively correlated with visceral adipose tissue and positively
with maximal aerobic capacity (VO2max) [21] suggesting that central obesity and fitness
play a role in ZAG adipose tissue expression. Furthermore, we were the first to demonstrate
that six months of weight loss alone or combined weight loss and aerobic exercise increases,
albeit not reaching statistical significance, ZAG expression in adipose tissue. Our results
also demonstrated in the total group that there were inverse relationships between changes
in ZAG expression and body composition and metabolism. Specifically, we observed that
increased ZAG adipose tissue expression after the weight loss and combined intervention
was associated with (1) loss of visceral fat and (2) reduction in fasting glucose suggesting
that altering ZAG expression may be important to obesity and glucose metabolism. How-
ever, this study was conducted only in postmenopausal women, in adipose tissue only, and
we could not independently test the effects of weight loss or exercise training. Therefore,
we sought in this new current study to include older men, study ZAG in skeletal muscle
and adipose tissue, and conduct separate interventions of weight loss and exercise training
as well as test other associated genes in obesity including β3AR and HSL.

The purpose of this study is to investigate the effects of a six-month weight loss (WL)
or aerobic exercise (AEX) intervention on adipose tissue and skeletal muscle ZAG mRNA
levels and protein expression, the expression of β3AR and HSL, and the relationships
between these genes.
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2. Materials and Methods

Overweight or obese adults (body mass index (BMI) of 25–50 kg/m2) aged 50–70 years
living in and around Baltimore, Maryland and Washington District of Columbia area were
eligible for study participation. Adults enrolled into the study were weight stable (<2.0 kg
weight change in past 12 months) and sedentary (<20 min of structured physical activity
2 times/week). Men and women were excluded from participating in the study for the
presence of heart disease, diabetes, cancer, anemia, dementia, untreated dyslipidemia, or
other unstable or chronic diseases affecting the liver, lungs, or kidneys. Participants were
not taking any medications for weight control. Undergoing menopause at least one year
prior to participation was required for female participants. Informed consent was obtained
from each person. Potential participants underwent a two-step screening process first via
telephone then in person, during which each individual underwent a physical examination
including a comprehensive past medical history and had a fasting blood sample drawn to
obtain a blood profile. In addition, each person underwent a graded exercise treadmill test
prior to study participation. The study was approved by the Institutional Review Board at
the University of Maryland at Baltimore and the local Baltimore Veterans Affairs Research
and Development Committee.

2.1. WL and AEX

Participants met with a Registered Dietitian (RD) and received instructions on main-
taining a Therapeutic Lifestyle Changes (TLC) diet [22]. To maintain subject number in the
weight loss classes and exercise group, participants were randomly recruited and assigned
to group intervention of WL or AEX (uncontrolled two-arm intervention study). Partici-
pants in the WL group attended weekly group classes led by a RD to achieve a ~500 kcal/d
hypocaloric diet. The participants maintained a food diary and were weighed weekly on a
calibrated scale at class [23]. Diets were evaluated by 7-day food records using the Ameri-
can Diabetes Association exchange list system. The objective was to induce an approximate
five to ten percent weight loss over the six months. The AEX group exercised (treadmill
walking or jogging) three times per week at our research gym facility for six months. All
exercise sessions were supervised by an exercise physiologist, who monitored heart rate
during exercise with heart rate monitors (Polar Electro Inc., Lake Success, NY, USA). In-
tensity of exercise and duration progressed as previously described [23]. Blood pressure
was measured prior to exercise and at the end of each exercise session for safety purposes.
The progression for exercise prescription was recorded for each participant to ensure it was
appropriate. Attendance was taken at both the weight loss classes for the WL group and
exercise classes for the AEX group.

2.2. Fitness and Total Body Composition

VO2max was measured by indirect calorimetry (Quark, Cosmed USA, Chicago, IL,
USA) during a maximal graded treadmill test where the protocol had a constant speed, and
grade was increased during the test as previously described [24]. Two of three criteria were
required to be met to achieve VO2max, including reaching 1.10 for respiratory exchange
ratio, reaching greater than 90% of age-predicted maximal heart rate or having a plateau
in oxygen consumption. Body weight (kg) was assessed using a calibrated scale. The
participant was wearing light clothing and no shoes to obtain a true weight. Percent body
fat, fat mass, lean body mass, and fat-free mass (FFM) were determined by dual-energy
X-ray absorptiometry (iDXA, LUNAR Radiation Corp., Madison, WI, USA). The scans
were conducted in the Baltimore Veterans Affairs department of Radiology by a certified
radiologic technologist.

2.3. Oral Glucose Tolerance Test (OGTT) and Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR)

All participants were weight stable ± 2% on the TLC diet for at least two weeks prior
to testing, which were completed 24–36 h after exercise for the AEX group. Participants
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presented for each of these tests after a 12 h overnight fast. For the OGTT, they were
given 75 g glucose following baseline sampling. Repeat samplings were completed at
30 min intervals for 2 h after ingestion of glucose. Samples were collected as previously
described [23]. Plasma glucose concentrations were measured using the glucose oxidase
method (2300 STAT Plus, YSI, Yellow Springs, OH, USA). Plasma insulin was measured in
duplicate by radioimmunoassay (RIA) (Millipore, St. Charles, MO, USA). All samples from
the same participant were assayed in the same RIA. The homeostatic model assessment of
insulin resistance (HOMA-IR) was calculated using fasting insulin and fasting glucose as
described [25].

2.4. Adipose Tissue Biopsies

On a different day, participants underwent two separate adipose tissue aspirations.
They were provided with an eucaloric diet to consume for two days before the fat aspira-
tions. Subcutaneous adipose tissue was aspirated under local anesthesia (0.5% xylocaine)
from both the abdominal and gluteal regions using a 10 mm mini-cannula. Adipose tissue
was rinsed with saline and immediately freeze-clamped. The adipose tissue was then
stored at −80 ◦C until analysis for gene expression described below.

2.5. Resting Metabolic Rate and Skeletal Muscle Biopsies

On a separate day after being provided for two days of eucaloric diet, participants
underwent resting metabolic rate determination as described [26]. Briefly, resting metabolic
rate (RMR) was determined by indirect calorimetry and the measurement of breath by
breath gas exchange to assess the production of carbon dioxide (VCO2) and oxygen con-
sumption (VO2) in addition to other parameters. Participants fasted for this test for 12 h
prior and did not have liquids except for water (no caffeine consumption). The test was
conducted for 30 min. After the completion of the RMR test, participants underwent a
fasting vastus lateralis muscle biopsy [23]. Muscle samples were frozen immediately in
clamps cooled in liquid nitrogen and stored @ −80 ◦C until RNA extraction.

2.6. RNA Extraction, cDNA Synthesis, and RT-PCR

Approximately 1 g of adipose tissue was used for RNA isolation [27] and 50–80 mg
of muscle was used for RNA isolation. Total RNA extraction, cDNA synthesis, and
quantitative Real-Time PCR (qPCR) were performed as reported previously [28,29]. The
primer/probes that were used include Thermosphere Human ZAG: assay ID Hs00426651_m1,
Human HSL assay ID Hs00193510_m1, Human Beta3AR assay ID: Hs00609046_m1. The
expression levels of each mRNA were normalized to 36B4 mRNA. Both the basal and
insulin-stimulated muscle tissue mRNA were run in the same assay. Likewise, the abdomi-
nal and gluteal adipose tissue from each participant were quantified in the same run.

2.7. Plasma ZAG and HSL Detection

Participants arrived at the lab in the fasted state as defined by no ingestion of food or
drink except water for the prior 12 h. Blood samples were collected in syringes and placed
on ice. The blood cells were centrifuged at 4 ◦C within 2 h at 3000 rpm for 15 min. Using
an individually wrapped sterile disposable transfer pipet, approximately 500 microliters
(0.5 mL) of plasma was placed into a cryovial tube, and then stored in a −80 ◦C freezer
until analysis. Plasma ZAG and HSL level were determined in duplicate by enzyme-
linked immunosorbent assay (ELISA) assay (ZAG: Antibodies-online Inc., Pottstown, PA,
USA, ABIN1979303. HSL: NOVUS, Centennial, CO, USA, NBP2-76594) according to the
manufacturer’s instructions.

2.8. Statistical Analyses

The comparison between the changes in measures between WL and AEX were as-
sessed using one-way ANOVA. Pearson correlational analyses were conducted to examine
relationships between genes and with metabolic characteristics. Statistical significance was
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set at a two-tailed p < 0.05. SPSS (IBM SPSS Statistics 27, Armonk, NY, USA) was used for
data analysis; results are expressed as mean ± SEM.

3. Results
3.1. Body Composition, Glucose Tolerance Test and Gene Expression

Subject characteristics before and after WL and AEX are depicted in Table 1. The
groups were similar in age, sex, and race at baseline. There was a significant difference in
the change in body weight (p < 0.001), fat mass (p < 0.001), FFM (p < 0.05), fasting and AUC
for glucose (p < 0.05) between WL and AEX groups. Body weight (p < 0.001), FM (p < 0.001),
FFM (p < 0.05), and percent fat (p < 0.001) decreased after WL. VO2max increased after both
WL (p < 0.005) and AEX (p < 0.001) when expressed as mL/kg/min, but only increased after
AEX when expressed in L/min (p < 0.001). Percent fat decreased (p < 0.05) after AEX, but no
changes in body weight, fat mass, or FFM were observed. There was a significant decrease
in fasting glucose (p < 0.005), fasting insulin (p < 0.005), glucoseAUC (p < 0.001), insulinAUC
(p < 0.05) and HOMA-IR (p < 0.005) after WL, but no changes in RMR and fasting RQ were
observed. Fasting glucose, fasting insulin, glucoseAUC, HOMA-IR, and RQ did not change
after AEX. InsulinAUC decreased (p < 0.05) and RMR increased (p < 0.01) after AEX.

Table 1. Physical, metabolic characteristics and gene expression of all participants (n = 26) before and
after weight loss (WL) or aerobic exercise (AEX) intervention.

Weight Loss (WL) (n = 13) Aerobic Exercise Training (AEX) (n = 13)

Pre Post Pre Post

Age (yr) 63.9 ± 1.3 62.5 ± 2.4
Sex (M/F) 6M/7F 6M/7F

Race (C/AA) 11C/2AA 9C/4AA
Weight (kg) ‡ 101.98 ± 19.85 92.13 ± 17.60 ‡ 90.85 ± 18 91.63 ± 20.39

VO2max (mL/kg/min) 22.49 ± 3.34 24.09 ± 4.2 ** 25.11 ± 1.08 29.30 ± 1.45 ‡
VO2max (L/min) 2.3 ± 0.61 2.24 ± 0.0.63 2.2 ± 0.2 2.5 ± 0.2 ‡
Percent body fat 43.39 ± 7.71 39.48 ± 8.22 ‡ 40.2 ± 2.5 38.9 ± 2.7 *
Fat mass (kg) ‡ 43.89 ± 2.72 36.61 ± 2.65 ‡ 37.6 ± 3.7 36.5 ± 4.2

Fat-free mass (kg) * 58.34 ± 4.39 57.18 ± 4.26 * 54.6 ± 3.0 55.3 ± 3.5
Fasting glucose (mmol/L) * 100.3 ± 2.8 92.1 ± 2.6 ** 95.4 ± 3.7 94.8 ± 2.3

Fasting insulin (pmol/L) 108.3 ± 14.1 70.17 ± 7.8 ** 124.4 ± 12.9 108.0 ± 12.3
GlucoseAUC (mmol/L/120 min) * 18,396 ± 1026 15,975 ± 1061 ‡ 17,037 ± 1201 17,030 ± 1118

InsulinAUC (pmol/L/120 min) 67,144 ± 9590 54,624 ± 8655 * 76,575 ± 10,521 65,156 ± 10,306 *
HOMA-IR 4.95 ± 0.77 2.99 ± 0.38 ** 4.97 ± 0.57 4.07 ± 0.51

RMR (kcal/d) 1523 ± 114 1483 ± 149 1376 ± 101 1542 ± 163 †
Fasting RQ (respiratory quotient) 0.75 ± 0.01 0.71 ± 0.06 0.73 ± 0.01 0.72 ± 0.06

Plasma ZAG (ng/mL) 290.37 ± 47.56 251.99 ± 53.24 258.28 ± 53.34 234.27 ± 47.36
Plasma HSL (ng/mL) 13.86 ± 6.46 15.43 ± 9.82 17.45 ± 12.65 20.61 ± 13.58

* p ≤ 0.05, † p ≤ 0.01, ** p ≤ 0.005, ‡ p ≤ 0.001; M = male, F = female; C = Caucasian, AA = African American;
VO2max = maximal oxygen consumption; -AUC = area under the curve; RMR = resting metabolic rate. Data are
mean ± SEM.

There were no significant difference in the changes in either abdominal or gluteal
adipose tissue ZAG (Figure 1a,b), β3AR (Figure 1c,d), HSL (Figure 1e,f) after WL or AEX,
respectively, and no significant changes within either group. Skeletal muscle ZAG did
not significantly change from basal to insulin stimulation either before (1.07 ± 0.4 vs.
0.47 ± 0.06 AU) or after WL (0.50 ± 0.06 vs. 0.61 ± 0.1 AU). Likewise, there was no change
from basal to insulin before (1.01 ± 0.39 vs. 0.57 ± 0.10 AU) or after AEX (0.53 ± 0.18
vs. 0.91 ± 0.31 AU). Skeletal muscle ZAG expression also did not change with either WL
(Figure 2a) or AEX (Figure 2b). Plasma HSL levels did not significantly change after WL
or AEX.
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WL (e) and AEX (f).
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Figure 2. Skeletal muscle ZAG gene expression before and after WL (a) and AEX (b).

3.2. Relationships (Tables 2 and 3)

Skeletal muscle ZAG expression correlates with both abdominal adipose tissue ZAG
gene expression (r = 0.724, p < 0.0001) and gluteal adipose tissue ZAG expression (r = 0.589,
p < 0.005). Skeletal muscle ZAG expression was negatively associated with fasting glucose
(r = −0.582, p < 0.005), but no other measures of glucose metabolism or insulin resistance.
In examining the relationships between adipose tissue ZAG expression and the other genes,
there were strong associations with abdominal and gluteal HSL and β3AR expression.
Specifically, abdominal ZAG expression was correlated with abdominal HSL (r = 0.652,
p < 0.001) and abdominal β3AR expression (r = 0.577, p < 0.005). Likewise, gluteal ZAG
correlated with gluteal HSL (r = 0.78, p < 0.001) and gluteal β3AR (r = 0.746, p < 0.001)
expression. In addition, abdominal adipose tissue HSL is associated with gluteal adipose
tissue HSL (r = 0.836, p < 0.001). Both abdominal and gluteal HSL were associated with
abdominal and gluteal β3AR, respectively (abdominal r = 0.487, p = 0.01 and gluteal
r = 0.508, p < 0.01). Plasma HSL did not correlate with HSL gene expression.

Table 2. Correlations between abdominal and gluteal ZAG, HSL and β3AR gene expression.

AB ZAG Glut ZAG AB HSL Glut HSL AB B3AR Glut B3AR

AB ZAG r
p --- 0.901 ***

<0.001
0.652 ***

0.001
0.790 ***
<0.001

0.577 **
0.002

0.839 ***
<0.001

Glut ZAG r
p

0.901 ***
<0.001 --- 0.487 *

0.012
0.783 ***
<0.001

0.499 **
0.010

0.746 ***
<0.001

AB HSL r
p

0.652 ***
0.001

0.487 *
0.012 --- 0.836 ***

<0.001
0.487 *
0.012

0.395 *
0.046

Glut HSL r
p

0.790 ***
<0.001

0.783 ***
<0.001

0.836 ***
<0.001 --- 0.409 *

0.038
0.508 **
0.008

AB B3AR r
p

0.577 **
0.002

0.499 **
0.010

0.487 *
0.012

409 *
0.038 ---

Glut B3AR r
p

0.839 ***
<0.001

0.746 ***
<0.001

0.395 *
0.046

0.508 **
0.008 ---

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

In the combined sample at baseline (n = 26), we examined the relationships between
adipose tissue ZAG, HSL, β3AR with measures of glucose metabolism (Table 3). Skeletal
muscle ZAG expression only correlated with fasting glucose (r = 0.582, p = 0.002). Abdom-
inal and gluteal adipose tissue ZAG expression were negatively associated with fasting
glucose and glucose area under the curve (p’s < 0.050). Adipose tissue HSL expression
was also negatively associated with fasting glucose (p < 0.001), glucose and insulin areas
under the curve (p’s < 0.05), and HOMA-IR (p’s < 0.05, Figure 3). There was a trend for
plasma ZAG to be associated with plasma HSL (r = 0.38, p = 0.058). Plasma ZAG was not
significantly associated with measures of glucose tolerance (fasting glucose, fasting insulin,
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glucose and insulin areas under the curve) or HOMA-IR. Plasma HSL level correlated
with fasting insulin (r = 0.487, p < 0.05), HOMA-IR (r = 0.461, p < 0.05), and RMR (r = 0.4,
p < 0.05).

Table 3. Correlations between clinical characteristics and adipose tissue gene expression.

AB ZAG Glut
ZAG AB HSL Glut HSL AB B3AR Glut

B3AR
Plasma
ZAG

Plasma
HSL

Fasting Glucose r
p

−0.503 **
0.010

−0.427 *
0.033

−0.665 ***
<0.001

−0.673 ***
<0.001

−0.434 *
0.030

−0.0352
0.085 • •

Fasting Insulin r
p • • • • • • • 0.487 *

0.019

Glucose AUC r
p

−0.485 *
0.016

−0.397
0.055

−0.538 **
0.007

−0.555 **
0.005

−0.473 *
0.020

−0.466 *
0.022 • •

Insulin AUC r
p • −0.453 *

0.026
−0.425 *

0.038
−0.499 *

0.013 • • • •

HOMA-IR r
p • • −0.421 *

0.040
−0.442 *

0.030 • • • 0.461 *
0.027

* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, • no significant correlations. AB = abdominal adipose tissue; Glut = gluteal
adipose tissue; AUC = area under the curve.
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(a) 

 
(b) 

 Figure 3. (a,b). Relationship between Homeostatic Model Assessment of Insulin Resistance (HOMA-
IR) and abdominal adipose tissue hormone sensitive lipase gene expression (r = −0.42, p < 0.05) and
gluteal adipose tissue hormone sensitive lipase gene expression (r = −0.44, p < 0.05).
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4. Discussion

The results of our study indicate that, despite reductions in body weight and body fat
and improvements in glucose metabolism with weight loss, there was no significant change
in the expression of either skeletal muscle ZAG or adipose tissue ZAG in two regions
(abdominal and gluteal) with a 9.6% weight loss. Improvements in physical fitness by
six months of aerobic exercise training did not result in significant changes in muscle or
adipose tissue ZAG expression. Moreover, adipose expression of HSL, and β3AR did not
change after WL or AEX in older men and women.

4.1. ZAG: Relationships and Effects of Interventions

Expressed in a variety of tissues, ZAG plays an important role in lipid metabolism,
glucose utilization, and insulin sensitivity [9,30]. ZAG mRNA expression in subcutaneous
adipose tissue is reduced in overweight and obese individuals compared to lean individu-
als; yet there were no differences in circulating levels of ZAG or in visceral adipose tissue
ZAG mRNA expression between lean, overweight, and obese subjects [9], suggesting that
the origin of the adipose tissue depot may be important in ZAG levels. We examined
subcutaneous ZAG mRNA expression and non-visceral fat, but did not find a relationship
between subcutaneous abdominal or gluteal ZAG mRNA expression with BMI, possibly
because we did not have a lean group for comparison and had only five individuals in the
overweight category by BMI (three of whom the BMI was over 29 kg/m2). Plasma ZAG
has previously been shown to be negatively associated with insulin levels and HOMA-IR
in humans with normal glucose tolerance, impaired glucose tolerance (IGT), and newly di-
agnosed type 2 diabetes mellitus (T2DM) [31]. In contrast, we did not observe relationships
between plasma ZAG with either measures of glucose tolerance (e.g., fasting glucose and
insulin or areas under the curve) or insulin resistance by HOMA-IR. Likewise, plasma ZAG
levels did not appear related to measures of body composition. In contrast to circulating
levels of ZAG, our results indicate that ZAG expression in abdominal and gluteal tissue is
negatively associated with glucose metabolism, specifically fasting glucose and two-hour
glucose area under the curve. Expression of gluteal adipose tissue ZAG was also negatively
associated with insulin area under the curve. In our previous study of adipose tissue ZAG
expression in postmenopausal women [21], gluteal ZAG mRNA was negatively associated
with fasting insulin. Together, these results could suggest that WAT-bound ZAG may be
more important for normalizing blood glucose levels, and that adipose tissue ZAG is more
important than soluble ZAG.

We previously reported that ZAG expression in abdominal and gluteal adipose tis-
sue did not significantly change after WL or combined WL and aerobic training in post-
menopausal women [21]. We confirm that adipose tissue ZAG expression does not change
after WL and add to the literature that it does not change in men or with aerobic training
alone. We are unaware of any other published studies examining ZAG expression after
WL or AEX in healthy adults. In cancer patients, subcutaneous adipose tissue ZAG mRNA
expression was upregulated in the cachectic group, compared to the weight stable cancer
group, and positively correlated with percent weight loss [32]. More work is needed to
better understand the effects of WL and/or exercise training on ZAG levels in older adults.

4.2. HSL: Relationships and Effects of Interventions

HSL is a known intracellular rate-limiting enzyme that hydrolyzes triacylglycerols,
diacylglycerols, monoacylglycerols, and cholesteryl esters releasing free fatty acids (FFA)
from adipose tissue, and is highly expressed in adipose tissue [20]. Adipocyte lipolysis
included three consecutive steps: (1) triacylglycerol (TAG) is hydrolyzed by adipose triglyc-
eride lipase (ATGL) to generate fatty acids and di-acylglycerol (DAG); (2) DAG is catalyzed
to monoacyl-glycerol (MAG) and fatty acids by HSL; and (3) MAG is hydrolyzed into one
fatty acid and glycerol by monoacylglycerol lipase [20]. HSL must translocate from an
aqueous cytoplasm to contact with the lipid droplet surface to hydrolyze lipids [20,33], and
its lipolysis role in adipose tissue is key to influencing metabolism. Our data show that
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abdominal HSL expression was significantly negatively associated with BMI (r = −0.41,
p < 0.05), indicating that HSL is reduced with higher levels of obesity. Our results confirm
with others who report that ZAG mRNA expression in adipose tissue positively corre-
lates with HSL expression [9,34]. Genetic inhibition of HSL increases insulin sensitivity in
human adipocytes and mice adipose tissue through the glucose-responsive transcription
factor [35]. In contrast, other studies showed that HSL mRNA and protein expression in
adipose tissue were negatively correlated with fasting insulin levels and the HOMA-IR,
and were higher in a subset of insulin sensitive adults than in insulin resistance partici-
pants [34]. The differences between insulin resistant and insulin sensitive subjects remained
significant regardless of fat mass and after correction of mean fat cell volume or fat cell
weight [34]. Our results support these studies, as participants with higher HSL mRNA
levels in adipose tissue had greater insulin sensitivity (lower fasting glucose, both glucose
and insulin area under the curve from the OGTT, and HOMA-IR), suggesting that HSL
may also be important in regulating insulin sensitivity and maintaining metabolic balance.

Our data showed that HSL mRNA did not change with weight loss alone of almost
ten percent or six months of AEX. There appears to be some inconsistencies in the literature
as to the effects of WL or AEX on HSL expression. In a study examining the effect of
weight reduction on adipose tissue HSL expression in obese adults between the ages of
20 to 50 years, both HSL protein and gene expression in white adipose tissue decreased
after a 10-week hypocaloric diet, despite no significant changes in fasting glucose, insulin,
and HOMA-IR [34]. In contrast, HSL expression significantly increased after bariatric
surgery weight loss for 3–15 months in 19 obese individuals [36]. Richelsen et al. [37] also
reported that HSL activity in adipose tissue was significantly enhanced after weight loss.
In studies examining the effects of exercise training, moderate (n = 17) or high-intensity
(n = 19) training of 12 weeks increased protein levels of HSL in subcutaneous abdominal
adipose tissue [38]. Although our sample sizes are similar to these studies, it is possible
that the combined negative energy balance with the exercise is responsible for the changes
given that a positive energy balance or overfeeding down regulates adipose tissue pyruvate
dehydrogenase kinase 4 (PDK4) and HSL mRNA expression [39]. Furthermore, the timing
of measuring the expression of these genes may be important, as HSL activity increases
at 3 min after exercise but does not change further at 10 min of exercise [40]. In a study
that combined WL and AEX, abdominal adipose tissue HSL and pyruvate dehydrogenase
kinase 4 (PKD4) gene expression were significantly up-regulated after moderate (n = 12) or
vigorous (n = 12) intensity exercise training for three weeks with a dietary energy deficit
of approximately 5000 kcal/week in overweight men and postmenopausal women [41].
Insulin resistance is reduced after WL intervention; the ZAG and HSL expression did not
significantly change, suggesting that the improvement of insulin sensitivity after WL is not
regulated by HSL or ZAG.

Our results also indicate that neither WL nor AEX changed plasma HSL. Some studies
showed that HSL, as cholesterol esterase, is present in monocytes, both before and after
differentiation into macrophages [42,43]. Insulin downregulates the HSL activity in peri-
toneal macrophages [44]. The number of monocytes and the monocyte activation markers
are significantly associated with obesity and insulin resistance [45]. Perhaps HSL in fat and
plasma act via different mechanisms, which could be a driving direction for future research.

4.3. β3AR: Relationships and Effects of Interventions

β3AR is another regulator of lipolysis and thermogenesis in adipose tissue [12]. ZAG
is highly bound to the β3AR [17]. After oral ZAG treatment, the protein expression of β3AR
in white and brown adipose tissues in ob/ob mice model increased, the area under the
curve during an OGTT was reduced and insulin sensitivity improved [17]. Recombinant
human ZAG treatment induced body weight loss and decreased glucose level and the total
area under the glucose curve [17,46]. Our data demonstrates a positive correlation between
ZAG and β3AR; further, both ZAG and β3AR have the same directional associations with
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glucose (e.g., β3AR was also negatively correlated with fasting glucose and two-hour
glucose area under the curve).

The β3AR in adipocytes activates the extracellular signal-regulated kinases 1 and 2
(ERK) by the activation of Src kinase [47]. HSL, as a substrate of activated ERK, is activated
by phosphorylating HSL at Ser(600) by activated ERK [48]. After it is activated, HSL
translocates from an aqueous cytoplasm to contact with the lipid droplet surface to hy-
drolyze lipids [20,33]. After the ob/ob mouse was treated with ZAG (100 µg, intravenously,
daily) for 15 days, body weight was reduced; HSL expression and adipose triglyceride
lipase (ATGL) increased in the adipose tissue by extracellular signal-regulated kinase (ERK)
pathway [49]. Thus, β3AR and HSL co-regulate the secondary step of adipocyte lipolysis.
Our data showed that the adipose tissue ZAG, β3AR and HSL positively correlated with
each other, and each were negatively correlated with fasting glucose and glucose tolerance,
suggesting that the higher the ZAG, β3AR and HSL, the higher the fat utilization in adipose
tissue in the presence of impaired glucose metabolism.

Our previous work [23,50,51] and others [52–55] has shown that weight loss, aerobic
exercise training or weight loss plus aerobic exercise training can reduce body weight, body
fat, and increase insulin sensitivity The current study further confirms that weight and
aerobic exercise interventions improves body composition and increases insulin sensitivity.

The limitations of the study include the relatively small sample size of participants in
each group, lack of a control group of individuals of normal weight, and measurement of
three genes important in fat metabolism. Although muscle and adipose tissue biopsies are
invasive by nature and more difficult to conduct, our study may be underpowered to detect
statistical significance in the human biopsy samples. Despite the limitations, this was a
carefully controlled study, long duration of interventions, and novel in the determination of
ZAG in plasma, skeletal muscle and adipose tissue, and HSL in adipose tissue and plasma
before and after lifestyle interventions in older men and women. A larger study is needed
to confirm our results.

5. Conclusions

ZAG expression in white adipose tissue of the abdominal and gluteal regions as well
as in skeletal muscle did not change after six-month WL or AEX. Likewise, other associated
genes, HSL, and β3AR in adipose tissue were not altered. Circulating ZAG and HSL level
did not change after WL or AEX. Furthermore, ZAG, β3AR and HSL mRNA expression in
adipose tissue were related to one another. Abdominal and gluteal ZAG was negatively
associated with glucose metabolism. Additional work is needed to study whether ZAG
and HSL play a role in body weight maintenance and the potential of exercise to modify
its effects.
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