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Abstract

Adropin is a secreted peptide that improves hepatic steatosis and glucose homeostasis when
administered to diet-induced obese mice. It is not clear if adropin is a peptide hormone regulated
by signals of metabolic state. Moreover, the significance of a decline in adropin expression with
obesity with respect to metabolic disease is also not clear. We investigated the regulation of serum
adropin by metabolic status and diet. Serum adropin levels were high in chow-fed conditions and
were suppressed by fasting and diet-induced obesity (D10). High adropin levels were observed in
mice fed a high-fat low carbohydrate diet, whereas lower levels were observed in mice fed a low-
fat high carbohydrate diet. To investigate the role of adropin deficiency in metabolic homeostasis,
we generated adropin knockout mice (AdrKO) on the C57BL/6J background. AdrKO displayed a
50%-increase in increase in adiposity, although food intake and energy expenditure were normal.
AdrKO also exhibited dyslipidemia and impaired suppression of endogenous glucose production
(EndoRy) in hyperinsulinemic—euglycemic clamp conditions, suggesting insulin resistance. While
homo- and heterozygous carriers of the null adropin allele exhibited normal DIO relative to
controls, impaired glucose tolerance associated with weight gain was more severe in both groups.
In summary, adropin is a peptide hormone regulated by fasting and feeding. In fed conditions,
adropin levels are regulated dietary macronutrients, and increase with dietary fat content. Adropin
is not required for regulating food intake, however, its functions impact on adiposity and are
involved in preventing insulin resistance, dyslipidemia, and impaired glucose tolerance.

INTRODUCTION

Obesity is associated with insulin resistance and increased risk of developing type 2
diabetes. The economic impact of diabetes on the US economy, estimated at $174 billion in
2007 due to medical expenditures and lost productivity, are projected to increase to $336
billion by 2034 (1,2). Maintaining glycemic control is the primary objective for the
treatment of type 2 diabetes. However, current methods of treatment provide effective
glycemic control for <5 years requiring multidrug therapies and in some cases the use of
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insulin injections (3). Insulin resistance is also frequently associated with nonalcoholic fatty
liver disease, which is an independent risk factor for type 2 diabetes and cardiovascular
disease (4,5). Nonalcoholic fatty liver disease can progress to honalcoholic steatohepatitis,
the most common of cause of chronic liver disease in modern societies. While many
therapies have been evaluated, a consensus on how to manage nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis has yet to develop (6).

The limited efficacy of current treatment methods and the continued upward trend in the
diagnosis of type 2 diabetes and fatty liver disease are an incentive for investigating how
metabolic homeostasis is maintained to improve treatment efficacy and identify novel
treatment methods. Several peptide hormones secreted by the endocrine pancreas, gut,
adipocytes, and liver modulate insulin activity to maintain glucose homeostasis; these
hormones are considered promising leads in the development of therapies against type 2
diabetes (7-9). The secreted peptide adropin, a product of the Energy Homeostasis
Associated (Enho) gene, was recently identified during an investigation of obese insulin
resistant mice as a novel factor linking signals of nutrient intake with metabolic homeostasis
(10). The analysis of adropin regulation and action in mouse models suggested a peptide
hormone involved in metabolic homeostasis. A role for adropin in metabolic homeostasis is
supported by the observation that therapy using synthetic peptide or transgenic over
expression improves glucose homeostasis, fatty liver, and dyslipidemia observed with
obesity. The expression of adropin in the central nervous system suggests a role as a
neuropeptide, while it is possible also that adropin has autocrine/paracrine roles in peripheral
tissues. Adropin also regulates angiogenesis, increasing blood flow, and capillary density in
a model of hind limb ischemia, suggesting that it may be important for maintaining
cardiovascular health (11). A recent report suggests that adropin is present in human serum,
consistent with it being a peptide hormone, with an increase in levels observed in patients
with heart failure (12).

The experiments reported herein had two objectives. The first was to investigate whether
serum adropin is regulated by fasting, nutrition and obesity, as suggested by gene expression
data (10). The second objective was to investigate the phenotype of adropin-deficient mice
and determine whether adropin deficiency per se is sufficient to disturb metabolic
homeostasis using C57BL/6J (B6) adropin knockout mice (AdrKO). The results presented
herein suggest that adropin is a peptide hormone, and that the concentration of adropin in the
circulation is regulated by metabolic state and dietary macronutrients. Analysis of AdrKO
indicates that adropin is involved in regulating adiposity, and that the functions of adropin
are required for preventing hepatic insulin resistance.

METHODS AND PROCEDURES

Gene targeting

The Enho gene may share a poly(A) site with the Dnaicl gene encoding an axonemal
protein involved in mucociliary clearance and neural development (13). We therefore
targeted the open reading frame in exon 2 for Cre-mediated excision to minimize
interference. LoxP sites were inserted into the first intron and 3’ of the adropin coding
sequence in exon 2. Screening for recombinant B6 Bruce-4 ES clones involved PCR
followed by sequencing of critical vector-target gene boundaries. Offspring inheriting the
modified allele (C57BL/6- Enho!™BUtl) were crossed with B6.FVB-Tgn(Ella-
Cre)C5379Lmgd mice to remove the LoxP-flanked region of the Enho gene from the
germline (14). Heterozygous carriers of the null allele (C57BL/6- Enho™-1Bull hereafter
called AdrHET) were mated to produce homozygous knockout mice.

Obesity (Slver Soring). Author manuscript; available in PMC 2014 January 29.
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Animal studies

Studies using mice were approved by the Institutional Animal Care and Use Committees of
the Pennington Biomedical Research Center (Baton Rouge, LA) and The Scripps Research
Institute (Jupiter, FL). Mice were maintained on a chow diet (Purina 5P76; 60% kJ provided
by carbohydrates; 26% kJ/protein, and 14% kJ/fat). Studies investigated the regulation of
serum adropin by dietary macronutrients used a purified low-fat diet (LFD; Research Diets
formula 12450B: 10% kJ/fat, 70% kJ/carbohydrate, and 20% kJ/protein) and high-fat diet
(HFD; Research Diets formula 12492: 60% kJ/fat, 20% kJ/carbohydrate, and 20% kJ/
protein). Male lean and diet-induced obese (DIO) B6 mice were purchased from the Jackson
Laboratory (Bar Harbor, ME); these mice had been maintained on HFD (12492) for 12
weeks. The lean controls for the DIO study purchased from the same vendor were
maintained on LFD (12450B). For studies analyzing serum adropin levels, 8-10-week-old
male B6 mice were purchased from the same vendor. All mice were allowed 2—4 weeks to
recover from shipment. Food intake and energy expenditure were simultaneously measured
using a comprehensive laboratory animal monitoring system (CLAMS; Columbus
Instruments, Columbus, OH) as described previously (10). Mice were acclimated to housing
in the CLAMS for 3 days, and then measurements of food intake, oxygen consumption
(VOy), respiratory exchange ratio (VCO,/VVO;) and movement recorded for a further 3 days.
Body composition (fat mass, fat-free mass) was assessed using a Minispec Live Mice
Analyzer (Bruker Optics, Billerica, MA) (15). Food intake was measured using cages with
wire-mesh bases were to allow for capture of spillage (15).

Blood chemistries

Serum triglycerides, glucose and insulin tolerance tests, and liver lipids were measured as
previously described (10). Serum adropin was measured by ELISA (Bachem, Torrance,
CA). We tested the specificity of the adropin ELISA using conditioned media of HEK cells
expressing a vector with the adropin open reading frame or empty vector (10), and using
sera from AdrKO.

Hyperinsulinemic—euglycemic clamp in conscious mice

Clamp studies were performed at the Vanderbilt University School of medicine Mouse
Metabolic Phenotyping Center. Catheters were inserted into the left carotid artery for
sampling, and the right jugular vein for infusions. Animals were allowed 5-7 days to
recover, with mice losing >15% of body weight excluded from the study. A 2-hour
hyperinsulinemic—euglycemic clamp was conducted in conscious mice fasted for 4 h.
Human insulin was infused at a dose of 2.5 mU/kg/min (Humulin; Eli Lilly, Indianapolis,
IN), while a 20% glucose solution was infused at a variable rate to maintain euglycemia
(16). Whole body glucose turnover was assessed with a 1 uCi bolus of [3-3H] glucose 90
min before insulin treatment, followed by a 0.05 pCi/min infusion during the clamp. Insulin-
stimulated glucose uptake in individual organs was determined using 2-deoxy-d-[1-14C]
glucose (PerkinElmer, Waltham, MA) administered as a single bolus (13 nCi) 120 min after
the start of clamp procedure. At the end of the procedure (t = 145 min), mice were
anesthetized using sodium pentobarbital and the gastrocnemius, superficial vastus lateralis,
liver, diaphragm, heart, and brain were excised, immediately frozen, and stored at -80 °C for
analysis.

Insulin signaling was assessed by measuring phosphorylation of Akt on threonine 308 and
serine 473, and determining total Akt expression, by western blotting as described
previously (15). All antibodies against Akt used for this study were purchased from Cell
Signaling Technology (Danvers, MA). Total protein loading was assessed using an antibody
against B-actin (Sigma-Aldrich, St Louis, MO)
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Statistics
All data are presented as mean + SEM. Student’s t-test or one- or two-way ANOVA where
appropriate were used to determine significance with post-hoc analysis used to determine
significance in comparisons of multiple groups.

RESULTS

Serum adropin is regulated by fasting, dietary macronutrients, and obesity

Expression of the adropin transcript in liver of mice is regulated by fasting and dietary
macronutrients (10). To determine whether adropin levels in the circulation exhibit a similar
pattern of regulation, we investigated serum adropin levels in fasted and chow-fed
conditions, and in mice-fed purified diets with high- or low-fat content. In chow-fed mice,
adropin levels averaged 15 ng/ml and with fasting levels fell to between 1 and 2 ng/ml
(Figure 1a). In mice-fed purified diets for 48 h, serum adropin levels were markedly higher
in the HFD-fed group compared to mice-fed LFD (Figure 1b). We next analyzed serum
adropin in DIO mice. Mice-fed HFD were obese, exhibiting increased body weight
compared to controls fed LFD (41.0 + 1.4g vs. 30.9 £ 0.8 g, P < 0.001). Serum adropin
levels were below the limits of detection (<1 ng/ml) in DIO mice. Serum adropin levels
were also low in the lean control group fed a purified diet with high carbohydrate content
(70% of calories). The low levels of adropin observed in mice fed the purified LFD from 2
days to 3 months is a novel finding, and suggests that diets high in simple carbohydrates
may suppress serum adropin levels. In general, the pattern of regulation correlates with
previously observed changes in expression of the adropin transcript in liver of mice in fed or
fasted conditions (10).

Adropin-deficient mice exhibit reduced viability and increased adiposity

The Enho gene is situated adjacent to the Dnaicl gene that encodes a protein involved in
signal transduction and cytoskeleton function. Mutations in this gene have been linked to
primary ciliary dyskinesia (13). A targeting strategy was therefore designed to minimize
potential interference with the Dnaicl gene (Figure 2a). Expression of the Eiia-Cre
transgene in embryogenesis removed portions of the single intron and the portion of exon 2
containing the adropin open reading frame that were flanked by LoxP sites. Heterozygous
males and females (AdrHET) were then mated to produce homozygous carriers of the null
Enho allele (AdrKO). Expression of the Enho transcript was not detected by reverse
transcription-PCR in liver, whole brain, or skeletal muscle of AdrKO (Figure 2b). Adropin
was also not detected in sera from fed AdrKO (Figure 1a), providing further confirmation of
the successful removal of the adropin open reading frame. Expression of Dnaicl and the
ciliary neurotrophic receptor gene situated 60 kb upstream of the Enho gene on the same
strand of mouse chromosome 4, were not suppressed in neural tissue of AdrKO (Figure 2c).

We have weaned and genotyped 374 progeny obtained from mating heterozygous carriers.
Our analysis suggests that adropin-deficiency has an impact on mortality before weaning.
Genotyping of the offspring revealed 118 wild type (WT), 162 AdrHET, and 94 AdrKO
mice, which is 20-30% fewer heterozygous and homozygous carriers of the null allele
predicted based on simple a Mendelian pattern of inheritance (expected: 118:236:118, 32 =
9.224 with 2 degrees of freedom, P < 0.01).

Male and female mice that survived to weaning were maintained on a standard rodent chow.
AdrKO exhibited an increase in body weight due exclusively to increased fat mass (Figure
3). Analysis of adiposity by two-way ANOVA with sex and genotype as independent
variables indicated no significant effect of sex, with a highly significant effect of genotype
(P =0.007). Post hoc analysis using a multiple comparison procedure indicated evidence of
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a gene-dosage effect, with heterozygous carriers of the null allele exhibiting an intermediate
phenotype at 9 weeks of age (least square means of adiposity by genotype: WT, 11.1 +
0.9%; AdrHET, 12.5 £ 0.8%; and AdrKO, 15.6 + 1.0%; WT vs. AdrKO, P < 0.01; WT vs.
AdrHET, P < 0.05). Analysis of body weight using the same procedures indicated
significant effects of sex (P < 0.001), with males heavier than females, and a significant
increase in body weight of AdrkKO compared to WT (least square means for body weight by
genotype: WT, 20.6 £ 0.7; AdrHET, 21.9 + 0.6; and AdrKO, 23.1 + 0.7; WT vs. AdrKO, P
< 0.05).

To investigate the impact of age on the body composition phenotype, we examined 24
weeks old male AdrKO (n =9) and control littermates (n = 10) maintained on standard
rodent chow. There was no significant difference in body weight of AdrKO compared to the
control group (31.8 £ 0.8 g vs. 29.6 + 0.8 g). However, a 50% increase in fat mass was still
observed (4.4 + 0.5 g vs. 2.6 £ 0.5 g, P <0.05) with no significant difference in fat-free
mass (19.0 £ 0.5gvs. 19.5+0.5g).

AdrKO display reduced physical activity but have normal food intake and energy

expenditure

Whole body energy expenditure and activity was assessed using a 16 chamber
comprehensive laboratory animal monitoring system (Figure 4a—c). The study used WT and
AdrKO with similar body weight (30.0 £ 0.9 g vs. 30.9 £ 1.6 g). The respiratory exchange
ratio, an indicator of whole body substrate preference, and energy expenditure expressed as
kJ per mouse per day were not significantly different in AdrKO compared to controls
(Figure 4a,b). Food intake of AdrkKO was also normal (data not shown). However, a modest
reduction in physical activity expressed as X-beam breaks/h was observed in the dark phase
in AdrKO (Figure 4c).

Fasted AdrKO exhibit hyperinsulinemia and hypertriglyceridemia

Analysis of the blood chemistries of 8—-10-week AdrKO and WT controls suggests mild
fasting hyperinsulinemia, hyperglycemia, and increased fasting triglycerides (Table 1).
However, while chow-fed AdrKO displayed fasting hyperglycemia, they were not glucose
intolerant (baseline blood glucose for WT, 147 + 8; for AdrKO, 171 + 16; area under the
curve for blood glucose during the glucose tolerance test for WT, 285 + 44; AdrKO, 267 +
50; n =10 for WT, n =5 for AdrKO).

Attenuated suppression of endogenous glucose production (EndoRj,) by insulin in AdrKO

Whole body insulin sensitivity was assessed using the hyperin-sulinemic— euglycemic clamp
method in conscious AdrKO and WT (17). After a 3 h fast, infusion of insulin (2 mU/kg/
min) resulted in a state of moderate hyperinsulinemia (Figure 4d). Glucose was infused at a
variable rate sufficient to maintained euglycemia (Figure 4e). The glucose infusion rate
required for maintaining serum glucose at 120 mg/dl was significantly lower in AdrKO
compared to controls during the steady state (Figure 4f and Table 2). Glucose uptake (Rg)
was moderately reduced (25-40%) in some muscle groups (gastrocnemius and diaphragm)
(Figure 4g). However, glucose uptake in brain, cardiac muscle, and adipose tissue was
normal in AdrKO (Figure 4g, data not shown).

EndoR, was modestly (12.5%) but significantly reduced in AdrKO when assessed in basal
conditions (Table 2). During clamp conditions, there was a tendency (P = 0.01) for an
increase (1.8-fold) in EndoR;, in AdrKO (Table 2). Calculation of delta EndoR, by
subtracting EndoR, in clamp conditions from basal indicated a marked (75-80%) reduction
in the ability of insulin to suppress EndoR, (Table 2). These data suggest that the insulin
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resistance observed in AdrKO is partial, and is primarily due to impaired suppression of
EndoR, with a modest effect on insulin-stimulated glucose uptake in nonhepatic tissues.

Normal insulin signaling in the liver of AdrKO

The hyperinsulinemic—euglycemic clamp data suggests hepatic insulin resistance. To
investigate this possibility at a molecular level, we measured insulin-stimulated
phosphorylation of Akt on threonine 308 (T308) and serine 473 (S473) in WT and AdrKO at
a similar age (10 months) to those used for the clamp experiments (Figure 4h—j). The
AdrKO mice used in this experiment were matched for body weight relative to controls
(36.7 £ 1.5 vs. 36.8 = 1.6 g), but still displayed significantly elevated fasting blood glucose
(174 £13 vs. 141 + 7 mg/ dl, P < 0.05, n= 8 for WT, n =7 for AdrKO). Mice were fasted
overnight, and insulin (2 mU/g BW) or saline administered as a single intraperitoneal
injection; liver tissue was collected for analysis 10 min following the injections. Compared
to saline-treated control, a marked increase in phosphorylation was observed on T308 and
S473 of Akt in WT mice 10 min after administration of insulin. A similar response was
observed in AdrKO. AKT is a critical component of the insulin-receptor/ insulin-receptor
substrate/phosphoinositide 3-kinase-signaling cascade, and regulates hepatic glucose and
lipid metabolism through modulating the activity of FOXO1 (18). The impaired suppression
of EndoR, observed in clamp conditions thus cannot explained by a reduction in the
response of the insulin receptor signaling cascade to a pharmacological dose of insulin.

DIO is normal in adropin-deficient mice

The analysis of serum adropin and expression of the adropin transcript in liver indicate that
regulation in fed conditions is influenced by dietary macronutrients. To investigate whether
adropin has a role in energy homeostasis in situations where dietary fat content is increased,
we compared the response to challenge with HFD in 8-week old AdrKO, AdrHET, and
controls (n = 6/group). Male B6 mice are commonly used as a model of DIO and insulin
resistance (19). Male WT, AdrHET, and AdrKO all exhibited weight gain when fed HFD,
and genotype had no significant effect on this response (Figure 5a). Food intake recorded
over 1 month was also not significantly different between genotypes (Figure 5b). We also
examined weight gain of female AdrKO and WT controls fed a HFD for 8 weeks. As with
studies using male mice, weight gain was not significantly different between genotype
(weight gain of WT, 13.8 £ 0.9 g; of AdrKO, 11.9 + 0.6 g). Loss of adropin production thus
has no impact on the effect of HFD on weight gain.

Increased severity of impaired glucose tolerance and hepatic steatosis with DIO in
adropin-deficient mice

In contrast to WT mice, fasting hyperinsulinemia and hyperglycemia associated with weight
gain were more severe in AdrKO (Figure 5¢c—€). There was also a suggestion of a gene-
dosage effect, with AdrHET exhibiting an intermediate phenotype (Figure 5¢c—e). Fasting
Triglycerides were significantly increased in AdrKO (Figure 5¢). Glucose tolerance was also
significantly affected by genotype, and was more severely impaired in AdrKO and AdrHET
(Figure 5f,g). Assessment of insulin action using an insulin tolerance test suggested
impaired insulin sensitivity, with blood glucose levels being significantly higher 15 min
after the injection of insulin (Figure 5h). However, when assessed as a decline from baseline
glucose levels there was no significant effect of genotype (Figure 5i).

Liver lipid and triglyceride content were significantly increased in AdrHET and AdrKO
(Figure 6a,b). Hyperinsulinemia promotes hepatic lipogenesis at least partially through the
stimulation of sterol-regulatory element binding factor-1c (Srebflc), which regulates the
expression of lipogenic enzymes (20). Srebflc mMRNA was increased in liver of AdrHET and
AdrKO, the only enzyme measured showing a significant increase was stearoyl Co-A
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desaturase-1 (Scdl), a key enzyme in the synthesis of monounsaturated fatty acids involved
in the production of very low density lipoproteins (21) (Figure 6c¢).

DISCUSSION

These results provide further support for the hypothesis that adropin is a peptide hormone
involved in regulating metabolic homeostasis. While demonstrating that adropin in
circulation may act as a hormonal signal of metabolic status and dietary macronutrients,
these studies do not rule out a role for adropin acting as an autocrine/paracrine factor.
Moreover, the functions of adropin expressed in the central nervous system likewise remain
to be determined. The second finding is that adropin deficiency has a negative impact on
glucose homeostasis, and is associated with attenuated suppression of EndoR, by insulin.
The liver of AdrKO display a more pronounced steatosis and increased expression of genes
involved in hepatic triglyceride production. Adropin deficiency was also associated with
increased fat mass. Assessment of food intake and energy expenditure suggests that the
impact of adropin deficiency on insulin action and fat mass is not due to altered food intake.

The suggestion that adropin functions as a peptide hormone was based on the detection of
FLAG-immunoreactivity in mice infected with an adenoviral vector expressing an adropin
open reading frame linked to a c-terminal FLAG (10). Recently, it was reported that adropin
is detectable using a different ELISA in human serum, with normal male subjects having
levels of adropin around 6 ng/ml (12). The current results provide further evidence for an
endocrine role, and are the first measurements of the endogenous adropin peptide in serum
from mice. Adropin circulates in chow-fed mice at levels ranging from 4 to 60 ng/ml, or 1-
10 nmol/l assuming a molecular weight of 4.5 kDa for the secreted protein (adropin34-76).
The effects of fasting, feeding and the ingestion of refined diets with either high-fat low
carbohydrate or low-fat high carbohydrate content are remarkably similar to the regulation
exhibited by the adropin transcript in liver. A high degree of variability in serum adropin
levels was observed in chow-fed mice. The reason for this variability is not clear at this
time. However, as expression of the adropin transcript in liver exhibits rapid regulation by
fasting and refeeding (10), it is possible that differences in food intake preceding sample
collection may result in large fluctuations in adropin levels in the circulation. Further studies
are clearly required to analyze the kinetics of adropin clearance from the circulation, and to
investigate the mechanisms involved in the response of adropin to altered metabolic status.

The hypothesis that the liver is the primary source of adropin is based on the high level of
expression of the transcript in the liver, and the similarities in the regulation of hepatic gene
expression and serum adropin levels. Expression of the adropin transcript in liver is reduced
with fasting, and is stimulated by food intake (10); a similar pattern of regulation of serum
adropin was observed in the present study. It is, however, not possible to state conclusively
that the liver is the only source of adropin in the circulation. Future studies involving tissue-
specific deletion of the adropin coding sequence are required to investigate the source of
circulating adropin.

Our analysis of the expression of the adropin transcript in liver and serum adropin in fed and
fasting conditions indicates that the regulation is complex and likely involves a response to
signals of metabolic state and dietary macronutrients. At one level, signals of fasted or fed
stated are involved,; fasting is associated with low expression of the transcript and negligible
levels in serum. In fed conditions, these data suggest an additional level of regulation by
dietary macronutrients. In mice fed a chow diet or the HFD, levels of adropin in serum are
high. However, short- or long-term exposure to the LFD diet has an inhibitory effect on
serum adropin levels when compared to chow-fed animals. While we can only speculate at
this time, one possible explanation is that the source of carbohydrate impacts on adropin
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levels in serum. Carbohydrate is the major source of energy in both the chow diet (58% of
the energy in the diet) and the purified LFD (70%) used for these experiments. However,
chow is a high fiber diet containing a complex mix of agricultural byproducts such as
ground up corn, soybean meal, oats, yeast, alfalfa. Chow contains a mix of complex
carbohydrates, with a low content of sucrose (<4%) and fructose (<1%). In contrast, sucrose
is a major source of energy in the LFD used for these studies, providing 35% of the energy
in the diet. It is also interesting to note that in fed conditions, the expression of the adropin
transcript and levels in sera are higher in situations where hepatic lipogenesis would be
predicted to be reduced (e.g., ingestion of high-fat diets), and low in situations where hepatic
lipogenesis is stimulated (e.g., ingestion of a high-sucrose diet, stimulation of LXRa) (10).
Future studies investigating the regulation of serum adropin by dietary macronutrients, and
determining whether adropin therapy can reduce atherogenic dyslipidemia associated with
the ingestion of refined sugars such as sucrose and fructose, are clearly warranted.

The second objective of these studies was to investigate the overall phenotype of adropin-
deficient mice, and to determine whether adropin-deficiency affects metabolic homeostasis.
The phenotype of adropin-deficient mice suggests functions related to nutrient partitioning
and insulin sensitivity, with no evidence that adropin is required for growth. Adropin-
deficiency is associated with insulin resistance affecting both EndoR, and disposal, and is
also associated with dyslipidemia. We also observed evidence of increased mortality in both
homozygous and heterozygous carriers of the null allele before weaning. Whether this
occurs in utero or as neonates (or both) was not determined. The mechanism explaining the
increase in mortality is likewise unclear. Based on studies showing a role for adropin in
regulating vascularization (11), and altered levels of adropin in sera of patients with heart
failure (12), we can speculate that deficits in cardiovascular development could be one
factor causing increased mortality.

A modest reduction in physical activity was also observed in AdrKO. We previously
observed an increase in physical activity of transgenic mice expressing adropin controlled
by a B-actin promoter (10). The current data thus provide evidence for a bidirectional
response of locomotor behavior to overexpression or deletion of the adropin. The
mechanism explaining this behavioral phenotype is not clear, but could involve actions in
the central nervous system. Interestingly, adropin is expressed in regions of the brain that
could regulate complex behaviors including circadian rhythms and feeding-associated
reward (10).

Obesity due to genetic mutation or a failure to maintain homeostasis when challenged
chronically with calorie-dense diets disrupts the normal regulation of adropin. The
phenotype of AdrKO indicates the loss of adropin production in obesity may be a factor in
the deterioration of metabolic homeostasis. The response of adropin-deficient mice to high-
fat diets is also of interest. Specifically, the increased propensity of carriers of the null allele
to develop impaired glucose tolerance when challenged with HFD suggests that adropin has
an important function in maintaining glucose tolerance. The increase in propensity is not due
to altered food intake or differences in weight gain. The observation that partial loss of
function increases risk of developing insulin resistance and impaired glucose tolerance in
situations where genetic susceptibility or environment exists is particularly important.
Genetic variations that have subtle effects on the activity of gene encoding adropin may
therefore confer increased susceptibility to type 2 diabetes.

It is possible that the modest increase in adiposity observed in AdrkKO might contribute to
insulin resistance in chow-fed conditions. However, a significant reduction in glucose

infusion rate was still observed when AdrKO and controls matched for body weight were
compared. While the data obtained from the clamp experiments indicating that the insulin
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resistance may be primarily hepatic, no difference in insulin-stimulation phosphorylation of
Akt was evident. Several explanations for this discrepancy are possible. During the
hypeinsulinemic—euglycemic clamp, the infusion of insulin at 2.5 mU/kg BW/ min resulted
in a moderate physiological increase in insulin levels (from between 1.5-2 ng/ml and 5-6
ng/ml). The dose of insulin used to investigate insulin signaling, while similar to those
previously, was higher (2 mU/g BW), and likely results in a pharmacological “spike” in
insulin levels. It is thus possible that at this dose any moderate insulin resistance would not
be evident. Indeed, we have observed that stimulation of pAkt(S473) is still evident in mice
displaying severe obesity and hepatomegaly when using a similar dose of insulin (15).
Another possible explanation is that the site of insulin resistance is not hepatic. The intestine
and kidneys can be a significant source of glucose when hepatic output is compromised
(22,23). Finally, adropin has been hypothesized to have a significant role in cardiovascular
function and vascularization (11,12). Proper vascularization has an important role in islet
function, and in transport of insulin to myocytes (24). Further investigation of the
development and health of the vasculature of AdrKO may therefore be informative not only
for investigating potential mechanisms explaining mortality up to the age of weaning.

Another important observation was the response of AdrKO to HFD. DIO was not
significantly affected by genotype. However, the impact of DIO on fasting hyperinsulinemia
and glucose intolerance was more severe in AdrKO and AdrHET. This observation suggests
that the interaction of adropin deficiency and obesity has a deleterious impact on glucose
homeostasis. The more pronounced impaired glucose tolerance observed in AdrKO and
AdrHET fed HFD may indicate a deterioration of $-cell function. Further impairment of
insulin-stimulated glucose disposal in AdrKO and AdrHET is unlikely, as male B6 mice
develop insulin resistance in muscle and adipose tissue as early as 3 weeks after ingestion of
HFD (25).

The liver is known to produce peptide hormones regulated by signals of metabolic state.
These hormones are pleiotropic, with functions ranging from the regulation of growth to the
control of lipid and glucose metabolism. Important examples are the insulin-like growth
factor/insulin-like growth factor binding proteins that regulate growth, amino acid, and
glucose metabolism (26) and fibroblast growth factor-21 that mediates an endocrine
response to fasting (27,28). When compared to these hormones, adropin is unique in terms
of evolution and regulation. In silico analysis of the National Center for Biotechnology
Information (NCBI) adropin open reading frame in the NCBI databases indicates a protein
highly conserved in eutherian mammals, with no compatible sequence observed in the
metatherian, reptilian, or avian genomes. This observation may indicate that the evolution of
the adropin coincided with the development of the true placenta, and that the functions of
adropin are related specifically to the life history of placental mammals.

In summary, these results provide further indication of the significance of adropin in
maintaining glucose homeostasis. Adropin deficiency also impacts on lipid metabolism, and
is association with dyslipidemia and increased propensity for hepatic steatosis. The
phenotype observed in heterozygous carriers of a null gene indicates that partial loss of
function could have a significant impact on metabolic health. Adropin-deficiency associated
with the consumption of diets with a high content of simple carbohydrates or obesity may
increase risk for the development of insulin resistance and diseases of the Metabolic
Syndrome.
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Figure 1.

Serum adropin levels in wild-type mice subjected to various nutritional challenges and in
adropin knockout mice (AdrKO). (a) Adropin levels were measured using ELISA in sera
collected from wild-type C57BL/6J (B6) mice that were fasted overnight or allowed ad
libitum access to rodent chow. No adropin immunoreactivity was observed in sera collected
from AdrKO. There were 5-6 mice per group, *P < 0.05 vs. fasted and AdrKO. (b)
Measurement of serum adropin in lean B6 mice fed a purified low-fat diet (10% kJ/fat, 70%
kJ/carbohydrate) or high-fat diet (60% kJ/fat, 20 kJ%/carbohydrate) for 48 h. All samples
were collected at 0900 h from mice housed in a 12 h light:dark cycle, with lights-on from
0600-1800 h, with six mice per group, *P < 0.05 vs. the low-fat diet-fed mice.
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Gene targeting strategy used to generate adropin knockout mice (AdrKO). (a) The Enho
gene is comprised of two exons, with the adropin open reading frame (ORF) situated in exon
2 (E2). A disrupted Enho allele was generated by inserting loxP sites into the single intron
and 3’ of the adropin ORF in exon 2. Expression of Cre-recombinase removes part of the
intron and the part of exon 2 containing the open reading frame. Note that this will also
remove the neomycin selection cassette (Neo). (b) The transcript produced by the Enho gene
is not detected by reverse transcription (RT)-PCR in total RNA samples from the liver,
brain, and skeletal muscle of AdrKO. (c) RT-PCR analysis of Dnaicl and Cntr expression in

the central nervous system of WT (+/+), AdrHET (+/-), and AdrKO (-/-).
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Figure 3.

Adropin knockout mice (KO) weaned onto standard rodent chow exhibit increased adiposity
at 9 weeks, but not 6 weeks of age. (a, b) Body weight and adiposity (fat mass as a percent
of total body weight) (c, d) are shown for male and female mice at (a, c) 6 weeks and (b, d)
9 weeks of age. At 9 weeks of age, male and female knockout mice exhibit increased fat
mass and adiposity; there was no significant difference in any of the parameter measured in
heterozygous carriers of the null allele (HET). *P < 0.05 vs. WT. n = 3-5 per group.
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Figure4.
Comparison of energy expenditure and insulin sensitivity in male adropin knockout mice

(AdrKO) and controls. (a) Respiratory exchange ratio (RER), (b) energy expenditure, and
(c) mean hourly movements in the X-axis in 8-week-old control wild-type (WT, n=8) and
AdrKO mice (n = 7). Data shown are the mean of measurements recorded over 48 h, and are
presented as mean for the lights-on and dark periods. There was no significant difference in
RER or energy expenditure, the reduction in movement of AdrKO in the dark period was
statistically significant (*P < 0.05). (d—g) Results from the hyperinsulinemic—euglycemic
clamp comparing insulin function in WT (n = 8) and AdrKO mice (n=9). Insulin was
infused to generate a physiological increase in (d) serum insulin, and glucose was infused at
a variable rate to maintain (€) euglycemia. The glucose infusion rate (GIR) was significantly
lower in (f) AdrKO (*P < 0.05). Glucose uptake was reduced by 30-35% in gastrocnemius
and diaphragm muscle, but was normal in other (g) muscle types and organs. (h—) Insulin
stimulation of Akt phosphorylation is normal in the liver of AdrKO. (h) Representative
western blots showing phosphorylation of Akt on threonine 308 (pAkt, T308), serine 473
(pAkt, S473), and total Akt protein. B-Actin levels were assessed as a control for loading.
Quantification of (i) T308 and (j) S473 phosphorylation, expressed as a ratio of total Akt
protein (n = 3-5 per group).
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Figureb5.

Adropin-deficiency does not affect weight gain associated with high-fat diets, but is
associated with an increased severity of impaired glucose homeostasis associated with
obesity. (a) Body composition of wild-type control (WT), heterozygous carriers of the null
adropin allele (HET) and adropin knockout (KO) mice weaned onto chow, and then after 8
weeks on the high-fat diet (60% kJ/fat, HFD) (n = 6/group). Exposure to the HFD resulted in
weight gain predominantly due to increased fat mass. Body weight and composition were
not significantly different after 8 weeks on HFD; at the start of the study, there was a
tendency (P = 0.07) for increased fat mass in adropin knockout mice. (b) Food intake
expressed as kJ/day was not significantly affected by genotype. Food intake was recorded
over a 1 month period. (c—€) Insulin and glucose measurements recorded at the end of 8
weeks on HFD. Hyperinsulinemia and hyperglycemia were more severe in adropin knockout
mice relative to WT. The differences in insulin, blood glucose and homeostasis model
assessment—insulin resistance (HOMAR) between WT and KO were significant (*P < 0.05,
**P < 0.001). The differences in insulin, blood glucose, and HOMA R between HET and
KO were not statistically significant. (€) Adropin knockout mice exhibited fasting
hypertriglyceridemia (*P < 0.05 vs. WT). (f, g) Impaired glucose tolerance associated with
diet-induced obesity is more severe in heterozygous and homozygous carriers of the null
adropin allele. Shown are the raw data (f, P < 0.05 when comparing WT vs. *KO only,
**WT vs. KO and HET, *WT vs. HET only) and the area under the curve (AUC) above
baseline levels (g, *P < 0.05 vs. WT). (h, i) Insulin tolerance tests suggest reduced insulin
action in AdrKO carriers of the null adropin allele fed high-fat diet. *P < 0.05, WT vs. KO.
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Figure6.

Increased hepatic lipid content and expression of lipogenic genes in adropin knockout mice
(AdrKO)-fed high-fat diet (HFD). (a) Total lipid and triglyceride (TG) content (per g wet
weight) of liver samples collected from fasted wild type (WT), heterozygous (HET), and
homozygous carriers (KO) of the null adropin allele. *P < 0.05 vs. WT. (b) Histological
analysis of the liver phenotye of WT mice with AdrKO fed HFD. (c) Expression of genes
involved in lipid and carbohydrate metabolism in livers of WT, HET, and KO mice. The
expression of stearoyl-CoA desaturase-1 (SCD1) and sterol-regulatory element-binding
protein-1c (SREBP1C) was significantly affected by genotype. ACCL1, acetyl-CoA
carboxylase; CPT1, carnitine palmitoyl transferase-1; FAS, fatty acid synthase; G6ép,
glucose-6-phosphatase; LPL, lipoprotein lipase; PEPCK, phosphoenolpyruvate
carboxykinase; PPARa, peroxisome proliferator- activated receptor a.
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Table 1

Blood chemistries of samples collected from AdrKO (n = 8) and WT littermates (n = 7) collected after an
overnight fast

WT AdrKO Student’st-test
Insulin (pg/ml) 304 £33 462 + 67 P =0.06
Serum glucose (mg/dl) 160+ 4 179+ 7 P <0.05
Triglyceride (mg/dl) 36+3 57+8 P =0.05
Cholesterol (mg/dI) 67+2 70+3 ns.
FFA (mmol/l) 1.05+0.07 0.98+0.14 ns.

AdrKO, adropin knockout mice; FFA, free-fatty acid; WT, wild type.

Data are mean + SEM.
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Table 2

Glucose infusion rate (GIR) and rate of endogenous glucose production (EndoR,) of WT and AdrKO mice

WT AdrKO Pvalue

GIR 33.4+£38 193%20 <0.01
EndoR,—basal 241+11 21.1%08 <0.05
EndoR —clamp 86+38 157+17 0.10
Delta (EndoR,) 149+35 43+18 <0.05

The units for all data are mg/kg/min.

AdrKO, adropin knockout mice; WT, wild type.
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