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INTRODUCTION
Northern elephant seals repeatedly endure spontaneous, extended
(2–3months) fasting on land as part of their life history. Pups are
suckled for 4weeks before an abrupt weaning that initiates an
8–12week fast (Le Boeuf et al., 1972; Reiter et al., 1978). In
preparation for fasting, pups consume extremely high-fat milk
(~50%) that increases their body fat to up to 50% of their mass
(Reiter et al., 1978), which is referred to as ‘natural adiposity’ (Kirby
and Ortiz, 1994; Ortiz et al., 1978; Ortiz et al., 1984).

For the maintenance of circulating glucose levels, fasting pups
rely on lipid oxidation and efficient glucose recycling
(Champagne et al., 2005; Champagne et al., 2012; Costa and Ortiz,
1982; Tavoni et al., 2013), coupled with insulin resistance (IR)-
like conditions (Fowler et al., 2008; Viscarra et al., 2011a;
Viscarra et al., 2011b). These adapted mechanisms allow pups to
meet their energetic burdens during prolonged fasting. Prolonged
fasting in elephant seals is also characterized by activation of
systemic renin–angiotensin system (RAS) (Ortiz et al., 2000; Ortiz
et al., 2006), decreased plasma adiponectin (Acrp30) (Viscarra
et al., 2011a) and an increasing trend in plasma tumor necrosis
factor-alpha (TNF-α) (Vázquez-Medina et al., 2010), suggesting
that increases in systemic RAS may contribute to the changes in
Acrp30 and TNF-α.

Inappropriate activation of systemic and local RAS, when
associated with obesity, contributes to insulin resistance through
cytokine expression (Dandona et al., 2007; Henriksen, 2007;
Kalupahana and Moustaid-Moussa, 2012; Karlsson et al., 1998;
Olivares-Reyes et al., 2009; Shiuchi et al., 2004). Angiotensin (Ang)
II activates tissue-derived cytokines such as TNF-α in adipose and
muscle tissue (Kurata et al., 2006; Wei et al., 2008b). Recent data
suggest that AT1 activation by Ang II binding in adipose and muscle
tissue impairs glucose uptake by inhibiting Akt activation and the
subsequent translocation of GLUT4 (Shiuchi et al., 2004; Wei et
al., 2008a). The over-production of ROS and upregulation of TNF-
α are implicated in the impairment of glucose uptake (Shiuchi et
al., 2004; Wei et al., 2008a). The RAS components, angiotensinogen
(AGT), angiotensinogen converting enzyme (ACE) and angiotensin
II type 1 receptor (AT1), are expressed in adipose tissue (Cassis et
al., 2008; Engeli et al., 2000; Kalupahana and Moustaid-Moussa,
2012; Yasue et al., 2010) and skeletal muscle (Johnston et al., 2011;
Jones and Woods, 2003; Kadowaki et al., 2006; Vermes et al., 2003)
suggesting that an imbalance between systemic and local RAS has
the potential to exacerbate metabolic disorders.

Obesity may induce the expression of inflammatory cytokines
[TNF-α and monocyte chemoattractant protein-1 (MCP-1)] in
peripheral tissues that may contribute to the development of IR
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(Plomgaard et al., 2005; Saghizadeh et al., 1996). TNF-α has been
demonstrated to be a causative factor of obesity-related IR by directly
inhibiting tyrosine phosphorylation of insulin receptor substrate
(IRS), leading to impaired insulin signaling (Plomgaard et al., 2005;
Steinberg et al., 2006). Increased local cytokine production induced
by activation of RAS can worsen systemic insulin sensitivity
(Yvan-Charvet and Quignard-Boulangé, 2011). Conversely,
secretion of adipose-derived Acrp30 may counter IR by activating
IRS-1-associated PI3-kinase and glucose uptake, accelerating free
fatty acid clearance and fatty acid oxidation in muscle, and
suppressing TNF-α production (Maeda et al., 2002; Stefan et al.,
2002; Wang et al., 2007). However, Ang II reduces plasma Acrp30
levels in an AT1-dependent manner (Ran et al., 2006), suggesting
that RAS activation may induce local cytokine by suppressing
adipose Acrp30. Unfortunately, the relationships between systemic
and local RAS, and tissue cytokines and Acrp30 during prolonged
food deprivation in mammals are not well defined.

While seal pups experience prolonged fasting in a state of ‘natural
adiposity’, the effects of protracted bouts of food deprivation on
local RAS and its contribution to increased potential for a local TNF-
α-associated response during IR-like conditions in mammals are not
well defined. In addition, activation of systemic and local RAS can
induce IR, but data on the contribution of local versus systemic
activation of RAS during prolonged fasting are scarce. To assess
these relationships, we measured the expression of local (adipose
and muscle) RAS components and IR-related immuno-relevant
molecules, TNF-α, MCP-1 and Acrp30, over 7weeks of absolute
fasting in northern elephant seal pups. We hypothesized that
increased activation of systemic RAS during prolonged fasting may
increase local TNF-α production.

MATERIALS AND METHODS
All procedures were reviewed and approved by the Institutional
Animal Care and Use Committees of both the University of
California Merced and Sonoma State University. All work was
realized under National Marine Fisheries Service marine mammal
permit no. 87-1743.

Sample collection
Adipose tissue and muscle biopsies, and plasma samples were
collected from northern elephant seal [Mirounga angustirostris (Gill
1866)] pups at Año Nuevo State Park, CA, at three periods during
their natural, post-weaning fast: (1) 1week (week 1, N=5), (2)
3weeks (week 3, N=6) and (3) 7weeks (week 7, N=5). Sampling
procedures were performed as described previously (Vázquez-
Medina et al., 2011). Briefly, animals were sedated with 1mgkg–1

tiletamine hydrochloride and zolazepam hydrochloride (Telazol, Fort
Dodge Animal Health, Fort Dodge, IA, USA) administrated
intramuscularly. Immobilization was maintained with injection of
ketamine (Fort Dodge Animal Health) as needed. After
immobilization, a spinal needle was inserted into the extradural
spinal vein and blood samples were collected and placed on ice
until plasma separation. Tissue samples were rinsed with ice-cold
sterile saline solution and placed in cryogenic vials. Plasma and
tissue samples were frozen by immersion in liquid nitrogen
immediately after collection and stored at −80°C until analyzed.

Measurement of PRA and Ang II concentrations
Plasma renin activity (PRA) was measured using a commercially
available radioimmunoassay kit (Diasorin, Saluggia, Italy),
previously validated for elephant seals (Ortiz et al., 2000; Ortiz et
al., 2006). Plasma Ang II concentrations were measured using a

commercially available radioimmunoassay kit (Phoenix
Pharmaceuticals, Burlingame, CA, USA), previously validated for
elephant seals (Ortiz et al., 2000; Ortiz et al., 2006), following
methanol extraction.

Real-time PCR
Extraction of RNA from adipose and muscle tissue was completed
with TRIzol according to the manufacturer’s instructions (Life
Technologies, Grand Island, NY, USA). Contamination of genomic
DNA in total RNA was eliminated by digestion with DNase I
(Roche, Indianapolis, IN, USA). Synthesis of cDNA was
accomplished with 1μg of RNA and oligo (dT) primer (Table1)
using the QuantiTect reverse transcription kit (Qiagen, Valencia,
CA, USA). PCR reactions were performed for ACE, AGT, renin,
AT1a, TNF-α, MCP1, Acrp30 and GAPDH, and the PCR fragments
were sequenced. Real-time PCR was performed with 1μl of the
cDNA for each gene except for renin. Primer sequences used are
shown in Table1.

Rapid amplification of cDNA ends or amplification of 
full-length translated region

Following qPCR, rapid amplification of cDNA ends (RACE) PCR
or amplification of full-length translated region was conducted to
obtain full-length sequences of the genes for which mRNA
expression was significantly changed during prolonged fasting
(AGT, Acrp30 and TNF-α). Five micrograms of extracted RNA
were used to synthesize cDNAs for RACE using the GeneRacer
Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
manual. RACE PCR was conducted using each gene-specific
primer (AGT: FW2 or RV2; Acrp30: FW or RV2; Table1) and the
3′ or 5′ primer provided in the kit. The PCR condition was 94°C
for 2min, five cycles of 94°C for 30s and 72°C for 1min, five cycles
of 94°C for 30s and 70°C for 1min, 25 cycles of 94°C for 30s,
60–65°C for 30s and 72°C for 1min, and 68°C for 10min.
Amplification of the full-length translated region of cDNA was
performed for TNF-α using the provided set of primers (FW2 and
RV2; Table1).

Western blots
The amount of tissues obtained from the biopsies prohibited us from
performing western blot analyses on all proteins for which PCR
data were also obtained. Thus, western blot analyses were prioritized
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Table1. Primers used for PCR

Name Sequence (5′–3′)

AGT FW1 ctgaagcagccgtttgtgc
AGT FW2 gctctctggacttgtccacg
AGT RV1 ggaagtggacgtaggtgttg
AGT RV2 cagctttccttggaagtggacgtagg
ACE FW gacttcaggatcaagcagtgc
ACE RV agatgtgcaggagtggagac
AT1a FW ctttgtggtgggaatatttgg
AT1a RV cacactggcatagaggttga
REN FW1 cttcctcaagaaaatgccctc
REN RV1 gactttgaaggtctggggtg
Acrp30 FW gtgatggcagagatggcacc
Acrp30 RV ctccaaccccacactgaatgc
MCP1 FW tcaccagcagcaagtgtccc
MCP1 RV ggaatcctggacccacttctg
TNF-α FW1 ctgaaagcatgatccgggacg
TNF-α FW2 acgccatgagcactgaaagc
TNF-α RV1 caggcagaagagtgtggtgg
TNF-α RV2 cctcacagggcaatgattcc
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to those proteins for which the most robust changes in mRNA
expression were detected. Protein expression in adipose and muscle
AGT and TNF-α, and adipose Acrp30 were quantified by standard
western blotting as previously described (Vázquez-Medina et al.,
2010; Vázquez-Medina et al., 2011; Viscarra et al., 2011a). Primary
antibodies were diluted 1:1000 (sheep anti-dog AGT, a kind of gift
from Dr C. Sernia, University of Queensland, Australia; and goat
anti-Acrp30, Santa Cruz Biotechnologies, Dallas, TX, USA, catalog
no. sc-26497) or 1:500 [goat anti-TNF-α (L1-19), Santa Cruz
Biotechnologies, catalog no. sc-1351]. The HRP-conjugated
secondary antibodies were diluted 1:10,000 to 1:20,000 (donkey
anti-sheep IgG for AGT; Abcam, Cambridge, MA, USA, catalog
no. ab97125; donkey anti-goat IgG for TNF-α and Acrp30, Santa
Cruz Biotechnologies, catalog no. sc-2042). Membranes were
developed using the Immun-Star Western C kit (Bio-Rad
Laboratories, Hercules, CA, USA). Blots were visualized using a
Kodak Image Station 440 (Kodak, Rochester, NY, USA) and
quantified using Kodak 1D 3.6 Image Analysis Software. In addition
to consistently loading the same amount of total protein per well
(20μg), densitometry values were further normalized by correcting
for the densitometry values of β-actin (Viscarra et al., 2011a).
Because commercial AGT kits were not sufficiently robust to detect
plasma AGT concentration, we performed standard western blotting
to measure relative changes in plasma AGT content. Plasma samples
were diluted to normalize the total protein of samples to 1μgwell–1.
The same primary antibody used for tissue AGT measurements was
used for plasma AGT at a 1:10,000 dilution.

Statistics
Means (±s.e.m.) were compared among groups by Kruskal–Wallis
ANOVA. In the case where differences were detected by ANOVA,
the difference between week 1 and another week was tested by the
Mann–Whitney U-test. Differences were considered significant at
P<0.05. Statistical analyses were performed with Statplus
professional software (AnalystSoft, Alexandria, VA, USA).

RESULTS
Systemic RAS components

To evaluate the status of systemic RAS during fasting, PRA, plasma
AGT content and plasma Ang II concentrations were measured.
After 7weeks of fasting, mean PRA increased by 89%, mean plasma
AGT content decreased by 49% and mean plasma Ang II increased
by 1658% (Fig.1). These results indicate that prolonged fasting is
associated with activation of systemic RAS in elephant seals.

Sequencing of qRT-PCR fragments and full-length cDNA
To confirm the validity of qRT-PCR data, we sequenced fragments
obtained by qRT-PCR. Fragment lengths obtained by qRT-PCR
were 190bp for ACE, 197bp for Acrp30, 202bp for AGT, 235bp
for AT1a, 98bp for MCP-1 and 143bp for TNF-α. The nucleotide
sequences and deduced amino acid sequences are highly conserved
in relation to those of other carnivores such as the dog and the panda.
To confirm mRNA expression, PCR fragments of 3′- and 5′-RACE
or amplification of full-length translated regions were obtained for
AGT, TNF-α and Acrp30 using adipose and muscle tissue samples.
Those full-length cDNAs were sequenced for AGT (GenBank
accession number KC013289), TNF-α (KC013291) and Acrp30
(KC013290). The molecular weights estimated by deduced amino
acid sequences were 51.5kDa for AGT, 25.6kDa for TNF-α and
28.4kDa for Acrp30, which are comparable to the molecular
weights deduced for other mammals.

Local expression of RAS components
To evaluate the status of local RAS during fasting, mRNA
expression and protein content of RAS components in adipose and
muscle tissue were measured by qRT-PCR and western blotting. In
both muscle and adipose tissue, AGT mRNA expression decreased
by over 50% after 7weeks (Fig.2A,B). Similarly, muscle AGT
protein at 52kDa decreased by 98% after 7weeks (Fig.2C), while
adipose AGT protein tended (P<0.10) to decrease after weeks 3 and
7 (Fig.2D), as demonstrated by the representative western blot
(Fig.2D, inset). Neither ACE nor AT1a in tissues were significantly
altered with fasting (Table2).

Expression of adipose and muscle adiponectin and 
immuno-relevant molecules

In addition to the RAS components, local inflammation status was
assessed by measuring mRNA and protein of TNF-α and MCP-1,

A

B

C
P

R
A 

(n
g 

m
l–1

 h
–1

)
P

la
sm

a 
A

G
T 

co
nt

en
t (

%
 ∆

 w
ee

k 
1)

P
la

sm
a 

A
ng

 II
 (f

m
ol

 m
l–1

)

70

60

50

40

30

20

10

0
Week 1 Week 3 Week 7

*

*

*

AGT
140

120

100

80

60

40

20

0

250

200

150

100

50

0

Week
1

Week
3

Week
7

Week 1 Week 3 Week 7

Week 1 Week 3 Week 7

Fig. 1. Prolonged fasting increased mean (±s.e.m.) plasma renin activity
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in addition to Acrp30. Adipose Acrp30 mRNA decreased (P<0.05)
by 40% after 3weeks, and remained decreased by 32% after
7weeks, although this decrease was not statistically significant
(P<0.10; Fig.3A). Adipose Acrp30 protein decreased by 98% after
7weeks (Fig.3B), although we could not detect a statistical increase
in adipose TNF-α and MCP-1 mRNA expressions, despite strong
tendencies to increase after 7weeks (Table2). Muscle TNF-α
mRNA expression increased by 239% after 7weeks (Fig.4A), but
Acrp30 and MCP-1 mRNA expressions were not changed with
fasting (Table2). Similarly, muscle TNF-α protein increased by
314% after 7weeks (Fig.4B).

DISCUSSION
A principal finding of the present study is that prolonged fasting
decreases the expression of adipose and muscle AGT, while
circulating RAS is activated, suggesting that local RAS is regulated
independently from systemic RAS during extended bouts of absolute
food deprivation. The decreases in adipose and muscle AGT
production along with the lack of a change in tissue ACE suggests
that local RAS is suppressed with prolonged food deprivation.
Conversely, the increase in PRA, the decrease in plasma AGT

(increased conversion of AGT to Ang I) and the subsequent
elevation in plasma Ang II indicate that circulating RAS is activated
after 7weeks of fasting. While activation of systemic RAS may result
from food deprivation to help regulate osmotic homeostasis (Ortiz
et al., 2000; Ortiz et al., 2002; Ortiz et al., 2006), the effects of this
increase in RAS on cellular functions in seals have not been
examined. Given that these animals present with an IR-like condition
during prolonged fasting (Fowler et al., 2008; Viscarra et al., 2011a;
Viscarra et al., 2011b), this study suggests that the activation of
systemic RAS, not local RAS, is most likely contributing to the IR-
like condition observed in fasting seal pups.

In humans and rodents, excess TNF-α in muscle can disrupt the
tyrosine-phosphorylation of IRS (Plomgaard et al., 2005) and
suppress fatty acid oxidation by suppressing AMPK signaling
(Steinberg et al., 2006), which can contribute to impaired whole-
body insulin sensitivity because muscle is responsible for the
majority of glucose uptake in vivo. In humans, muscle of diabetic
patients expressed fourfold more TNF-α than muscle from non-
diabetic subjects (Saghizadeh et al., 1996). Moreover, a significant,
inverse linear relationship between maximal glucose disposal rate
and muscle TNF-α content is detected (Saghizadeh et al., 1996),
providing evidence for the impact of local TNF-α on insulin
signaling during diabetic conditions. In the present study, muscle
TNF-α mRNA and protein expression increased with fasting
duration. Furthermore, the increase in local TNF-α expression
coincides with the increase in plasma Ang II late in the fast, whereas
local AGT production declined with fasting. The Ang II-mediated
upregulation of muscle TNF-α expression in terrestrial mammals is
well established (Togashi et al., 2000; Shiuchi et al., 2004; Wei et
al., 2008a; as reviewed by Kalupahana and Moustaid-Moussa, 2012),
providing substantial evidence for the contribution of increased Ang
II to the upregulation of TNF-α expression in the present study.
However, despite the increase in plasma Ang II, plasma TNF-α was
not significantly increased and these levels are relatively low
(Vázquez-Medina et al., 2010), suggesting that the Ang II-mediated
increase in local TNF-α is not sufficient to significantly increase
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Table2. Changes from  week 1 in mean (%, normalized relative to
week 1 values; ±s.e.m.) RNA expression of angiotensin converting
enzyme (ACE), angiotensin II receptor-type 1a (AT1a), adiponectin

(Acrp30), monocyte chemotactic protein-1 (MCP1), and tumor
necrosis factor-α (TNF-α)

Adipose Muscle

Week 1 Week 3 Week 7 Week 1 Week 3 Week 7

ACE 100±18 177±34 147±37 100±29 45±14 146±49
AT1a 100±20 104±28 71±28 100±25 61±16 98±27
Acrp30 (Fig.3) 100±46 73±37 43±13
MCP1 100±19 106±24 164±43 100±18 56±14 76±16
TNF-α 100±19 97±27 135±24 (Fig.4)
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circulating levels of TNF-α over the fasting period measured. We
have previously reported a lack of increased plasma TNF-α and C-
reactive protein during fasting in the presence of increased activities
and protein content of antioxidant enzymes, which likely alleviate
the development of a systemic inflammatory response (Vázquez-
Medina et al., 2010; Vázquez-Medina et al., 2011).

Nonetheless, this does not preclude increased plasma Ang II from
exerting effects on insulin signaling in muscle via stimulation of
local TNF-α. As insulin or insulin-like growth factor-stimulated
glucose uptake into skeletal muscle is necessary for growth and
differentiation (Duan et al., 2010; Florini, 1987), an IR-like condition
in developing pups could be disadvantageous. Thus, in addition to
systemic RAS activation, Ang II-induced IR-like condition via TNF-
α in the pups could be a contributing factor to initiating the
termination of the fast.

While increased Ang II can activate adipose cytokines such as
TNF-α and IL-6 (Olivares-Reyes et al., 2009; Skurk et al., 2004),
it can simultaneously decrease plasma Acrp30 concentrations in rats
(Ran et al., 2006). In the present study, prolonged fasting decreased
adipose Acrp30 mRNA expression, which coincides with the
previously demonstrated decrease in plasma Acrp30 after 8weeks
of fasting in elephant seals (Viscarra et al., 2011a). The present study
suggests that the IR-like condition observed in late-fasted seals may
be the consequence of the simultaneous and coordinated increase
in muscle TNF-α and decrease in adipose Acrp30. The lack of a
change in muscle Acrp30 should not be surprising as muscle is not
a significant source of Acrp30 and suppression of muscle Acrp30
would not be expected to contribute significantly to the decrease in
circulating levels. The differential response in tissue TNF-α is much
more intriguing. While the increased expression in muscle TNF-α
was not sufficient to translate into increased circulating levels, the
increase in muscle levels may be sufficient to contribute to local

impairment of insulin signaling, especially because muscle is the
primary sink of peripheral glucose utilization. Thus, the lack of an
increase in adipose TNF-α may be adaptive to allow this relatively
large mass of tissue to utilize glucose as needed to facilitate lipid
metabolism to support the protracted fasting duration (Viscarra et
al., 2012). Hence, the result is differential responsiveness of tissue
TNF-α to increased plasma Ang II that is dependent on the
metabolic contributions of the two tissues, adipose versus muscle.

The production of MCP-1 in adipocytes can be induced by Ang
II (Asamizu et al., 2009). Conversely, in humans, Acrp30 can protect
tissues from Ang II-mediated TNF-α-induced inflammation (Xu et
al., 2008). However, in the present study, MCP-1 mRNA expression
in either adipose or muscle tissue was not significantly altered with
fasting, suggesting that: (1) a typical inflammatory response does
not occur in seal tissues and/or (2) the increase in Ang II was not
sufficient to induce an MCP-1-mediated inflammatory response in
seal pups.

The present study may be the first to compare systemic and local
RAS dynamics during prolonged fasting in mammals. The study
also revealed that adipose and muscle tissue in seals express the
genes encoding most RAS components with the exception of renin.
We obtained PCR fragments of renin with the same sets of primers
when using genomic DNA of the seal, indicating a lack of mRNA
expression in those tissues. Similarly, in humans and rodents, renin
expression or its activity is absent or very low in the adipose (Engeli
et al., 2003; Giacchetti et al., 2002; Saye et al., 1993) and muscle
tissue (Johnston et al., 2011), suggesting that, despite the large fat
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Fig. 4. Prolonged fasting increased mean (±s.e.m.) tumor necrosis factor-
alpha (TNF-α) (A) mRNA and (B) protein content (inset, representative
western blot) in muscle of northern elephant seal pups. Asterisks denote
significant difference from week 1 (*P<0.05, **P<0.01).
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depots in seals, their adipose tissue does not significantly contribute
to circulating renin levels. While several enzymes, such as cathepsin
D and pepsin, can release Ang I from AGT (Johnston et al., 2011),
renin may not be the functionally relevant converting enzyme in
adipose tissue of seals. Nonetheless, adipose tissue does not likely
contribute significantly to circulating Ang II concentrations in
elephant seals.

Perspectives
In northern elephant seal pups, prolonged fasting decreases local
AGT production while circulating Ang II is elevated and associated
with increased muscle TNF-α and decreased adipose Acrp30,
suggesting that: (1) increased plasma Ang II could contribute to the
stimulation of tissue TNF-α and to the decrease in adipose Acrp30,
(2) the IR-like condition observed in pups during prolonged fasting
might be the consequence of the simultaneous increase in muscle
TNF-α and decrease in adipose Acrp30, and (3) ‘natural adiposity’
may not induce local activation of RAS or inflammation in elephant
seals. Elucidating the mechanisms that prevent local RAS activation
and inflammation during a condition of ‘natural adiposity’, despite
the presence of systemic RAS activation, and comparing this
condition with obesity-related pathological conditions in humans
has the potential to contribute to the development of effective
therapeutic approaches for metabolic syndromes. The present study
provides a better understanding of the adaptive mechanisms
protecting these animals from potentially detrimental conditions.
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