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Thyroidal Regulation of Substrate Metabolism in Fasting Northern Elephant Seal
Pups; FASTING, Re-defined
Bridget Martinez
Doctor of Philosophy in Quantitative and Systems Biology
University of California, Merced, 2016
Chair: Dr. Rudy M. Ortiz
Abstract
To a number of physiological and pathological human conditions, there are a variety of
natural animal models that can be studied in an effort to obtain greater knowledge and
insight into the progression of the disease, as well as enable more accurate and successful
therapeutic strategies. The northern elephant seal, specifically the fasting pups, have been
established as a powerful, natural model for a number of human diseases, including the
onset and development of insulin resistance. Thyroidal regulation has been implicated to
change or be changed during the progression of the disease. Therefore, the aim of this
dissertation is to elucidate how the two are regulating one another, and specifically what
the contributions of an active thyroidal system are, to the regulation of substrate
metabolism, especially lipid. In the first chapter, we demonstrated that despite a prolonged
fasting period, northern elephant seal pups do not down-regulate thyroid hormone-mediated
events, but rather increase all components that would result in increased cellular metabolism.
In the second chapter we showed that fasting duration increases the sensitivity of adipose THmediated mechanisms to insulin, some of which may be mediated by increased glucose. The
third chapter underscored the physiological relevance of an increased thyroidal status, which
very clearly is substantially up-regulated with fasting duration, as the thyroid gland evidently
increases its production of thyroid hormones with fasting duration. The fourth chapter
reveals the contribution of this perplexing physiological response to fasting and its capacity
to not only drive lipid metabolism but also lead the system into a necessary state of insulin
resistance. Evolution has led some species to develop unique adaptations to environmental
influences and lifestyles that are fascinating, perplexing and, if only understood, bare
solutions to widespread health issues. Elephant seals are such a species. Despite prolonged
fasting their metabolism neither slows down nor reduces its sensitivity to stimulation, as is
common, to avoid resource depletion. Instead we find the opposite. Increased thyroid
hormone levels and dynamic response to thyroid gland stimulation reveal how the seals
thrive on a fasting-driven body fat diet. These studies have the potential to elucidate new
therapeutic targets for hormone treatment of human obesity and related metabolic
dysfunctions.
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Introductory Chapter. Adaptive Fasting; Thyroid Hormone Regulation and
Insulin Resistance

Abstract
The relationship between the hypothalamic-pituitary thyroid axis (HPT-axis) and its
contribution, or regulation to/by insulin signaling and glucose homeostasis has been the
subject of study for decades given a number of seminal studies suggesting a complex but
evident co-regulation. Since the discovery that a thyroidal deregulation, whether it’d be
hypo or hyperthyroidism almost always proves to cause detrimental effects on glucose
homeostasis and insulin singling, a multitude of studies have provided more and more
evidence to suggest that though the detrimental effects are inarguable and beyond question,
the pathways or specific contributions remain to a large part elusive and are not well
understood. Most studies to date, however, have relied heavily on using genetically altered
and physiologically modified animal models to study the effects of abnormal thyroidal
status on insulin signaling in an effort to better assess the significance and contribution of
this endocrine system to diseases such as type 2 diabetes and concomitant insulin
resistance. Unfortunately, to a large and unexplored extent, these imposed alterations do
not mimic human disease well and often lead to changes in additional systems, which
remain uncharacterized, contributing further to the amount of confounding data and
inconclusive results. Here, we use a natural model, the northern elephant seal, whose
natural adaptation to fasting provides a novel perspective and unique insight into how
thyroidal regulation is affected by, or contributes to a state of insulin resistance.
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Introduction
Obesity has become the leading cause of death in developed countries, given its profound
contribution to cardiovascular disease, metabolic syndrome and type 2 diabetes (15, 24,
43, 50). It is expected that within less than 10 years from now, the majority of the
population, will be overweight or obese, on the average of 80% nationwide (47). One of
the major consequences of obesity is insulin resistance, a metabolic change, that along with
dyslipidemia, enables the transition from positive energy balances to metabolic syndrome,
diabetes, and eventually cardiovascular disease (16, 20, 44). Since the 1920s, studies have
highlighted the contribution of thyroid hormone-associated derangements (TH) to the
incidence of insulin resistance, notably demonstrated in seminal studies, wherein a partial
thyroidectomy was associated with improvements in insulin resistance and restored
glucose tolerance in diabetic subjects with hyperthyroidism (2, 14, 19, 23). It is therefore
not surprising that thyroid disease and diabetes mellitus are the two most common
endocrine related derangements treated concurrently, in medical practice today (48). Since
then, it has become increasingly evident that TH and insulin signaling are intimately
involved, wherein an aberration in one, leads to concomitant dysregulations in the other
(11). Moreover, albeit poorly defined to date, the contribution of TH to insulin signaling
and glucose metabolism is so profound, it is evident even in euthyroid human subjects
where normal but low levels of the pro-hormone thyroxine (T4) are significantly correlated
with increased insulin resistance (21, 33, 36-38).
Perhaps the most confounding variables involving the contribution of TH lies in the fact
that though a multitude of studies have focused solely on examining the exact role of THmediated insulin signaling and glucose homeostasis, different types of TH aberrations have
profoundly different outcomes, although the physiological detriment is almost always the
same. For example, though hyperthyroidism has been associated with insulin resistance
and abnormal glucose tolerance due to increase glucose oxidation associated with higher
energy loss; in hypothyroidism, reduction intestinal glucose absorption leads to peripheral
insulin resistance, hypoglycemia and reductions in blood flow, most likely mediated by a
reduction in insulin-dependent glucose utilization (13, 29, 51). Even more perplexing, is
that some studies have found no correlation between thyroid status and insulin sensitivity
at all (10, 12, 34).
To a large part, what contributes to such confounding variables, is perhaps as a result of
the animal model of choice studied, which is often times either genetically modified or
pharmaceutically altered to present either hypo- or hyperthyroidism. The latter, for
example, has been studied using a transgenic mouse expressing the human thyroidstimulating Ab (TSAb), however the lack of lymphocyte aggregates puts into question the
exact degree of the preferred induced state of Graves’s disease, as well as fails to address
what other immunological responses were affected, which have not been described (18).
Other models, include immunization with specific expression vectors, as well as injections
with specific expressing adenovirus (32). An animal model exhibiting naturally adapted
endocrine responses, or precisely, changes in thyroidal status, would provide an ideal
animal choice of study. It would be ideal for example, to examine these specific endocrine
changes, as they occur naturally, in an animal model lacking any undiscernible and
undesirable side effects that inherently come with inducing a disease and thereby providing
a biologically tested, nature-approved solution to a clinical disorder. The northern elephant
seal is natural model for cardiovascular disease, diabetes and hyperthyroidism; and as we
move forward to unravel the mechanisms behind these diseases, the northern elephant seal
provides evolution’s solution, likely baring the answers we seek to physiologically
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perplexing questions, some of which nature has already tested and answered. Therefore,
the purpose of this dissertation, is to (1) address the current state of the field, as it pertains
to TH function, glucose homeostasis and insulin resistance, (2) delineate potential
pathways in which the two are regulated by one another, (3) provide an alternative
perspective that elucidates further and offers intriguing insight using data from a mammal
that has naturally adapted to insulin resistant and hyperthyroid states.
Thyroid Status and Insulin Resistance
There exists no debate that there is a strong correlation between deregulation of
carbohydrate metabolism and thyroidal derangements. This correlation is highlighted by
studies that show that the severity of the disorder is linearly proportional to the thyroidal
derangement and demonstrated through a plethora of studies suggesting that the effects of
triiodothyronine (T3) on glucose metabolism are as substantial and as profound as those of
insulin (5, 26, 28). TH directly and indirectly regulate insulin secretion; either by reducing
glucose induced-insulin secretion or beta cell responsiveness due to increases is cell mass,
in hypo and hyperthyroidisms, respectively (30, 42). Moreover, it is also relevant to note
the importance of tissue cross-talk in the development of insulin resistance, given that
studies have shown that proper insulin signaling is restored when crosstalk between tissue
types is removed. For example, in vitro muscle cells taken from insulin resistant subjects,
respond normally to insulin, which is not the case when these same cells, both myocytes
and adipocytes are co-cultured (35). Given that normal glucose regulation can be disrupted
by either an excess or diminished amount of TH, the next two sections will focus on what
the contributions of the two are, in disrupting normal glucose utilization and insulin
signaling.
Hyperthyroidism and Insulin Resistance
The physiological role of TH has been well established, it is to increase the rate of
metabolism (8, 25, 29, 39). In a hyperthyroid state, glucose depletion increases
substantially, to counteract the loss in energy, and as result there is a general increase in
demand for insulin (9). Hyperthyroidism is also associated with increase venous blood
flow owing to increases in a faster clearance of GI tract derived glucose, which also leads
to hyperglycemia and subsequently, again, and increased demand for insulin(6).
Moreover, the effect of TH in excess is quite variable in different tissue types. In the liver,
TH increase gluconeogenesis through either the canonical transcription mediated TH
pathway, involving the eventual translation of gluconeogenesis driving proteins, including
glucose transporters or as a consequences of secondary influences on hepatocytes (31, 49).
In peripheral tissues, studies show that in a hyperthyroid state, glucose utilization increases
in muscle, resulting in peripheral insulin resistance yet other studies suggest that
hyperthyroidism leads to increased insulin sensitivity (30, 40). Glycolysis also increases
in muscle, in response to a hyperthyroid state, with concomitant increases in peripheral
lactate production, which likely leads to hepatic insulin resistance given that these same
lactate generations become the substrate for hepatic glucose production. Moreover, it
seems as though the severity associated with deregulation in TH-mediated events increases
with age. Bertand et al, for example showed that mice lacking a mitochondrial T3 receptor
are more susceptible to glucose intolerance and become more insulin resistant with age;
suggesting that specific organelles such as the mitochondria, play important roles in the
development insulin resistance and especially as it pertains to pancreatic β cell dysfunction
(3). Additional studies have reported intriguing mechanisms involving overall energy
homeostasis in hyperthyroidism, including, hypoghrelinemia, with interesting glucagon to
ghrelin ratios suggestive of insulin resistance status in hyperthyroid states (1). Moreover,
adiponectin, an important adipokine associated with insulin resistance, is increased in
hyperthyroid states (1, 22).

15

Hypothyroidism and Insulin Resistance
Hypothyroidism has been associated with several key peripheral effects on insulin
secretion and glucose metabolism. In contrast to hyperthyroidism, hypothyroidism reduces
glucose absorption from the GI tract (7). It is also associated with an almost complete halt
of hepatic glucose output as well as with increased insulin levels. In a study conducted by
Vyakaranam et al, Homeostasis Model Assessment- Insulin resistance (HOMA-IR) values
were significantly higher in subjects with subclinical hypothyroidism (SCH) when
compared to euthyroid subjects (46). Moreover, in this same study, thyroid stimulating
hormone (TSH) was positively correlated with insulin as well as with HOMA-IR values
while lower levels of the physiologically active TH, free thyroxine free T4 (fT4) and free
triiodothyronine (fT3), were inversely correlated with insulin and HOMA-IR- highlighting
the agonistic effects of TH to insulin, given the capacity for even mild decreases in TH to
impede normal insulin stimulated glucose disposals (46). Several other studies have
reported that increases in TSH levels are associated with insulin resistance and clearly
demonstrated that hypothyroidism is linked to increases in insulin resistance18,19.
Moreover, even modest increases in TSH, associated with subclinical hypothyroidism are
significantly correlated with IR, and concomitant hyperlipidemia (4, 17, 21, 27). TSH has
the capacity to directly induce adipogenesis, this was demonstrated in a study by Valyaseci
et al, where a PPARγ receptor agonist, proved to be a potent stimulator of functional
thyroid stimulating hormone receptor (TSHR) expression, effectively linking its
expression to adipogenesis (45). Moreover, studies also demonstrates that TSH regulates
the expression of adipokines, given that TSHR have been measured in human adipose
tissue, and the data from studies suggest that TSH expression mediates the differentiation
from preadipocytes to adipocytes and subsequent release of adipokines (41).
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Chapter I. Prolonged food deprivation increases mRNA expression of deiodinase 1
& 2, and thyroid hormone receptor β-1 in a fasting-adapted mammal.*
Abstract
Food deprivation in mammals is typically associated with reduced thyroid hormone (TH)
concentrations and deiodinase content and activity to suppress metabolism. However, in
prolong-fasted, metabolically active elephant seal pups, TH levels are maintained, if not
elevated. The functional relevance of this apparent paradox is unknown and demonstrates
variability in the regulation of TH levels, metabolism and function in food-deprived
mammals. To address our hypothesis that cellular TH-mediated activity is up-regulated with
fasting duration, we quantified the mRNA expression and protein content of adipose and
muscle deiodinase type I (DI1) and type II (DI2), and TH receptor beta-1 (THrβ-1) after 1,
3 and 7 weeks of fasting in elephant seal pups (n = 5-7/wk). Fasting did not decrease the
concentrations of plasma thyroid stimulating hormone, total triiodothyronine (tT3), free T3,
total thyroxine ( tT4) and free T4 suggesting that the hypothalamic-pituitary-thyroid axis is
not suppressed, but rather maintained during fasting. Mean mRNA expressions of adipose
DI1 & DI2 increased 3- and 4-fold, respectively, and 20- and 30-fold, respectively, in
muscle. With the exception of adipose DI1, protein expression of adipose DI2, and muscle
DI1 & DI2 increased 2- to 4-fold. Fasting also increased adipose (5-fold) and muscle (4fold) THrβ-1 mRNA expressions suggesting that the mechanisms mediating cellular TH
activity are up-regulated with prolonged fasting. The data demonstrate a unique, atypical
mechanism of TH activity and regulation in mammals adapted to prolonged food deprivation
in which the potential responsiveness of peripheral tissues and cellular TH activity are
increased, which may contribute to their lipid-based metabolism.

* Martinez B, Soñanez-Organis JG, Vázquez-Medina JP, Viscarra JA, MacKenzie DS, Crocker DE,
and Ortiz RM. The Journal of Experimental Biology 216: 4647-4654, 2013.
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Introduction
The regulation of thyroid hormone (TH) levels and function during fasting metabolism has
long been a subject of research interest, especially because of the diversity of regulatory
mechanisms in mammals (2,17,49). Thyroid hormones have been extensively examined in
food deprived humans and rodents (3,4,13, 22, 24, 29, 52, 54) as well as metabolically
quiescent, hypothermic hibernating mammals such as squirrels, hedgehogs and bears (4, 14,
15, 19). However, a comprehensive understanding of the hypothalamic-pituitary-thyroid
(HPT) axis and the subsequent cellular activity and function during prolonged fasting in
naturally adapted, metabolically active mammals is lacking.
Thyroid hormones regulate metabolism through the regulation of the rate by which several
TH-specific genes are transcribed (21, 38, 42, 49). Thyroid hormones, 3,5,3’triiodothyronine (T3) and thyroxine (T4), promote basal metabolism in mammals (56).
Before T3 can promote thyroid-regulated effects, T4 is deiodinated by either deiodinase type
I (DI1) or type II (DI2), where DI1 can deiodinate either the inner or outer ring, and DI2
only deiodinates the outer ring of the pro-hormone (30). During food deprivation, DI1 is
increased to preferentially increase the mono-deiodination of the inner ring to promote the
production of reverse T3 (rT3), which suppresses cellular metabolism to protect the organism
from the energetic burdens imposed during periods of reduced energy intake (16, 33, 53).
Following mono-deiodination of T4, the available T3 can bind to its nuclear receptor, THrβ1, in peripheral tissues (ie, adipose and skeletal muscle) (5, 36, 40). The binding of THrβ-1
activates the transcription of several genes including uncoupling protein 2 (UCP2), which
contributes to substrate metabolism, especially lipid (31).
Because TH regulate basal metabolism in mammals, it is not surprising that their levels and
function are altered with prolonged food deprivation (3, 13, 22, 24, 29, 42, 53, 54).
However, alterations in TH alone may not accurately represent TH-mediated changes in
cellular metabolism during food deprivation. Thus, changes in deiodination and receptor
availability may provide a more meaningful and representative assessment of TH-mediated
changes in cellular metabolism (17). For example, the increase in plasma T3 concentration
in hibernating ground squirrels results from reduced TH metabolism, accompanied by a
reduction in nuclear receptors suggesting that TH function is suppressed despite the increase
in circulating levels (i.e., cryptically hyperthyroid) (34, 35). Such variability in the
regulation of TH levels and function in food-deprived mammals demonstrates the diversity
of TH physiology during periods of acute or chronic food deprivation, and highlights the
necessity to perform more comprehensive studies into the functional relevance of these
differences.
Northern elephant seals naturally fast from food and water for up to three months while on
land (10, 32, 41), during the post-weaning fast, oxidation of non-esterified fatty acids
(NEFAs) accounts for about 95% of the pup’s metabolic rate (41, 63). The fasting
metabolism of seals is primarily dependent on lipid oxidation (10, 11, 12, 26, 47, 57, 63).
Lipid metabolism in fasting pups is characterized by reduced adipose NEFA uptake and
increased triglyceride hydrolysis, which contribute to the maintenance of elevated NEFA
during the fast (63). However, unlike hibernators or other food-deprived mammals, fasting
elephant seals remain metabolically active and normothermic (10, 48). Furthermore, with
the exception of hibernating squirrels and unlike other mammals (40), prolonged fasting in
elephant seals is associated with maintained, if not increased, total TH levels without
increasing rT3 (42, 45) suggesting that the lack of TH suppression may be adaptive to help
support the energetic demands imposed during fasting. If so, then this mechanism would be
unique among mammalian endocrine systems. However, to properly interpret the
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significance of the changes in circulating TH levels in prolong-fasted seals, a comprehensive
examination of the cellular TH-mediated responses is necessary. Therefore, to elucidate the
mechanisms regulating the cellular function of TH in a mammal naturally adapted to
prolonged food deprivation, we quantified the mRNA expressions of DI1, DI2, THrβ-1, and
the TH-target gene, UCP2, as well as their associated proteins in adipose and muscle. We
addressed the hypothesis that mRNA expressions of deiodinases 1 and 2, and THrB-1
increase with fasting duration in northern elephant seal pups.
Methods
All procedures were reviewed and approved by the Institutional Animal Care and Use
Committee’s of both the University of California Merced and Sonoma State University. All
work was conducted under the National Marine Fisheries Service marine mammal permit
#87-1743.
Sample Collection & Preparation
We are not allowed to sample pups while nursing (feeding) owing to federal permitting
regulations, but rather we examined the changes in circulating and cellular TH factors that
occur between 1 and 7 weeks of food deprivation to represent the effects of fasting duration.
Eighteen northern elephant seal pups were studied at Año Nuevo State Reserve, CA during
their natural postweaning fast. Separate cohorts of pups were sampled at three time periods:
early (1 wk postweaning; n=5), mid (3-4 wk postweaning; n=7), and late (7–8 wk
postweaning; n=6) fasting. Tagging of pups at birth helped ensure the accuracy of their age
to within 1 or 2 days. Sedation procedures, blood sampling, and tissue biopsy collections
have been detailed previously (42-45, 58, 59, 61-63). Biopsies were rinsed with cold, sterile
saline, placed in cryogenic vials, immediately frozen by immersion in liquid nitrogen, and
stored at −80°C until later analyses. Frozen tissue samples were homogenized in 500 μL of
hypotonic buffer containing a protease and phosphatase inhibitor cocktail (PIC; Sigma) as
previously described (58, 59, 61-63). Nuclear and cytosolic extractions were performed
using the Nuclear and Cytoplasmic Extraction Reagents Kit (NE-PER) from Thermo Fisher
Scientific. Total protein content in both cytosolic and nuclear fractions were measured by
Bradford assay (Bio-Rad Laboratories, Hercules, CA) in preparation for Western blotting.
Quantification of mRNA Expressions
Total RNA was isolated individually from adipose and muscle samples using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. RNA integrity
was confirmed by measuring the absorbance at 260 nm/280 nm and by 1% agarose gel
electrophoresis (Sambrook and Russell, 2006). Contamination of genomic DNA in total
RNA was eliminated by digestion with DNase I (Roche, Indianapolis, IN, USA), as specified
by the manufacturer. Separate cDNAs from each tissue were synthesized from total DNAfree RNA (1 µg) using oligo-dT and the QuantiTect Reverse Transcription kit (Qiagen,
Valencia, CA, USA).
Specific primers for DI1 & 2, THrβ-1 and UCP2 were designed based on homologous
mammalian nucleotide sequences (Table 1). The expression of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal standard to normalize the expression of
each target gene. Gene expression was measured by quantitative RT-PCR using DI1Fw2 +
DI1Rv2, DI2Fw1 + DI2Rv2, UCP2Fw1 + UCP2Rv2, THrβ1Fw1 + THrβ1Rv1 and
GAPDHFw + GAPDHRv primers, respectively. The PCR reactions of each tissue sample
were run on a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) in
a final volume of 20 µL containing 10 µL of SYBR Green PCR Master Mix (Applied
Biosystems), 6 µL of H2O, 0.5 µL of each primer (20 µmol L–1) and 3 µL of cDNA
(equivalent to 150 ng of total RNA). After an initial denaturing step at 94°C for 5min,
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amplifications were performed for 40 cycles at 94°C for 30 s, 60°C for 30 s and a final step
of 30 s at 72°C, with a single fluorescence measurement and a final melting curve program
decreasing 0.3°C each 20 s from 95 to 60°C. Positive and negative controls were included.
Standard curves for each gene of interest were run to determine the efficiency of
amplification using dilutions from 5E–3 to 5E–8 ng µL-1 of PCR fragments. For each
measurement, expression levels (ng µL-1) were normalized to the expression of GAPDH.
Additional assays were run to confirm that GAPDH expression did not change with fasting
duration, confirming its utility for normalizing the other genes.

Table1. Primers used to obtain the cDNA sequences of elephant seal deiodinase type I (DI1),
type II (DI2), thyroid hormone receptorbeta-1 (THrβ-1) and uncoupling protein 2 (UCP2)
Quantification of Protein Expression by Western Blotting
The quantity of the biopsy samples limited our ability to quantify the expressions of all the
proteins. Because our hypothesis focused on the changes in the deiodinases and the TH
receptor, these proteins were given priority. Protein expression was quantified by standard
Western blot as previously described in our lab (51, 58, 59, 61-63). The primary antibodies
for DI1 & DI2, THrβ1, TATA binding protein, Histone 3 and β-actin (Santa Cruz
Biotechnology, Santa Cruz, CA) were diluted 1:500 to 1:5,000. The HRP-conjugated
secondary antibody (Pierce, Rockford, IL) was diluted 1:10,000, and blots were developed
using the Immun-Star Western C kit (Bio-Rad). Blots were visualized and semi-quantified
using a Kodak 440 digital science imager. In addition to consistently loading the same
amount of total protein (20 μg) per well, densitometry values were further normalized by
correcting for the densitometry values of β-actin.
Plasma Analyses
The plasma concentrations of all TH were measured by radioimmunassay previously
validated for elephant seals (43, 45). All samples were analyzed in duplicate and run in a
single assay with intra-assay, percent coefficients of variability of < 10% for all assays.
Statistics
Means (± SD) were compared by analysis of variance adjusted for repeated measures across
the fast using a Bonferroni post hoc test. Means were considered statistically different at
P<0.05. Statistical analyses were performed using STATISTICA 8 software (StatSoft Inc.,
Tulsa, OK, USA).
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Results
Prolonged fasting does not decrease circulating thyroid hormone concentrations
Plasma concentrations of TSH, total and free T3 and T4, and rT3 were not significantly
altered with fasting duration (Table 2).

Table 2. Mean (±s.e.m.) concentrations of plasma thyroid-stimulating hormone (TSH), free
and total 3,5,3′-triiodothyronine (fT3and tT3) and thyroxine (fT4and tT4), and reverse
T3(rT3) from northern elephant seal pups during weeks 1, 3 and 7 of their postweaning fast
Prolonged fasting increases adipose & muscle DI1 & DI2 mRNA and protein expressions
Adipose DI1 mRNA expression was not altered after 3 wk of fasting, but increased (P<0.05)
3.4-fold by week 7 (Figure 1A). Mean muscle DI1mRNA expression decreased (P<0.05)
70% at 3 wk before increasing (P<0.05) 20-fold by week 7 (Figure 1B). Similarly, the mean
mRNA expressions of adipose and muscle DI2 decreased (P<0.05) 80% in week 3, but
increased (P<0.05) 4- and 30-fold , respectively, after 7 wk of fasting (Figure 1C & 1D).
With the exception of adipose DI1 protein expression, the protein expressions of muscle
DI1, and adipose and muscle DI2 increased (P<0.05) in a step-wise fashion from week 3 to
week 7. Mean adipose DI1 protein expression decreased (P<0.05) 84% by week 3 and by
92% by week 7 compared to week 1 (Figure 2A). The protein expression of muscle DI1
increased (P<0.05) approximately 3-fold by week 3 and 4-fold by week 7 (Figure 2B). The
protein expressions of adipose DI2 increased (P<0.05) 63% by week 3 and over 2-fold by
week 7 compared to week 1 (Figure 2C), and muscle DI2 protein expressions increased
(P<0.05) 54% by week 3 and over 2.5-fold by week 7 (Figure 2C & 2D).
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Fig.1. Mean (±s.d.) mRNA expression levels of deiodinase type I (DI1) and typeII (DI2) in
(A,C) adipose and (B,D) muscle from fasting elephant seal pups. Asterisks denote
significant (P<0.05) differences from week 1.
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Fig.2. Mean (±s.d.) protein expression levels of deiodinase type I (DI1) and typeII (DI2) in
(A,C) adipose and (B,D) muscle from fasting elephant seal pups. Asterisks denote
significant(P<0.05) differences from week 1.
Prolonged fasting increases adipose & muscle THrβ-1mRNA and protein expressions
The mRNA expressions of adipose THrβ-1 increased (P<0.05) 63% by week 3 and
approximately 5-fold by week 7 of fasting compared to week 1 (Figure 3A). The mRNA
expressions of muscle THrβ-1 increased (P<0.05) approximately 3-fold by week 3 and 4fold by week 7 of fasting compared to week 1 (Figure 3B). The protein expression of adipose
THrβ-1 increased (P<0.05) two-fold by week 3 and that increase was maintained at week 7
(Figure 3C). Protein expression of THrβ-1 did not change in muscle (Figure 3D).

Fig.3. Mean (±s.d.) mRNA expression levels of thyroid hormone receptor beta-1 (THrβ-1)
in (A) adipose and (B) muscle, and mean (±s.e.m.) protein expression levels of THrβ-1 in
(C) adipose and(D) muscle from fasting elephant seal pups. Asterisks denote significant
(P<0.05) differences from week 1.
Prolonged fasting increases adipose & muscle UCP2 mRNA expressions
To assess the potential functionality of the increase in THrβ-1, the expressions of adipose
and muscle UCP2 were also measured. The mRNA expression of adipose UCP2 increased
(P<0.05) 3-fold by week 7 (Figure 4A). Mean muscle UCP2 mRNA expression decreased
(P<0.05) 74% in week 3, but expression levels more than completely recovered by week 7,
increasing (P<0.05) over 30% from week 1(Figure 4B).
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Fig.4. Mean (±s.d.) mRNA expression levels of uncoupling protein-2 (UCP2) in (A)adipose
and (B) muscle from fasted elephant seal pups. Asterisks denote significant (P<0.05)
differences from week 1.
Discussion
The typical responses to food deprivation in mammals are: (1) suppression of the HPT axis,
(2) a reduction in TH levels, and (3) down-regulation of deiodinases and TH receptor to
minimize the cellular actions of TH (1, 2, 3, 16, 30, 40, 53, 60). Collectively, these responses
curtail the energetic costs associated with TH-mediated cellular functions. Alternatively,
metabolically quiescent hibernators such as the ground squirrel respond to hibernationassociated food deprivation differently; reducing TH metabolism, which results in elevated
TH levels (14, 15). However, these elevated levels in the presence of reduced receptor
number and binding affinity (14, 15) makes these animals cryptically hyperthyroid and
renders these TH concentrations essentially non-functional. Furthermore, unlike humans
and rodents, T3 levels remain constant while T4 levels decrease during fasting in the house
musk shrew (6, 7, 55) suggesting that deiodination and T3 utilization are increased, and
subsequently cellular metabolism. The present study demonstrates that the TH-mediated
response to fasting duration in northern elephant seal pups is atypical. While the THassociated cellular response to fasting in elephant seals may be atypical, this response may
have evolved to facilitate and support the energetic costs imposed by prolonged fasting,
which in turn may allow us to characterize their postweaning fast as “cryptically fasting”.
Prolonged fasting in elephant seals is considered “hyper-metabolic” as they exhibit a
metabolic rate that is approximately two-times greater than can be estimated by body mass
(Kleiber) (48). Furthermore, metabolism in breeding adult elephant seals is associated with
increased plasma tT3 that is directly proportional to an increase in energetic expenditure
(11, 12, 28) suggesting that TH contribute to the active metabolism of fasting elephant seals
regardless of age. Additionally, the present study highlights the diversity of TH-associated
cellular response to food deprivation amongst higher vertebrates.
In rats, plasma T3 and T4 decreased with acute food deprivation, but the activity and mRNA
expression of DI2 increased (9) suggesting that the HPT axis is suppressed. Fasting in
humans is typically associated with a decrease in circulating tT3 and fT3 (8, 21, 52) , and an
increase in rT3 (18, 20, 46, 52) to diminish the energetic demands food deprivation places
on cellular metabolism (33). These changes compensate for the metabolic alterations
associated with fasting, especially if stored substrates are limited. However, this may not be
the case with fasting elephant seal pups as adipose can account for nearly 50% of their body
mass during the early phase and is still about 45% in the late phase (10, 11, 12, 39, 41).
Thus, given this degree of adiposity throughout the fast and their reliance on lipid oxidation
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to maintain their metabolism, the lack of a decrease in TH concentrations may indicate that
the animals are not substrate limited (12, 48). Furthermore, the decrease in plasma T3
typically associated with food deprivation in mammals may be attributed to a decrease in
DI1 and DI2 activity (23). In the present study, the mRNA expressions of both DI1 and DI2
increased by week 7 in both muscle and adipose suggesting that fasting duration is
associated with an increase in cellular thyroid hormone activation. If not, at least the
potential for increased TH-mediated cellular activation exists. With the exception of adipose
DI1, the corresponding increases in the tissue content of DI1 and DI2 provide confirmation
that the increased expression of the genes translated into increased protein content by week
7, potentially increasing cellular activity. The decrease in adipose DI1 protein despite the
increase in mRNA expression suggests that adipose DI1 undergoes post-translational
modification over the course of fasting duration. This response may provide an indication
of differential metabolism of the enzyme between the two tissues. Furthermore, while some
discrepancies exist between mRNA expression and parallel changes in protein expression,
especially around week 3, we suspect that transitory changes in substrate metabolism during
the early phase of fasting may account for these discrepancies. Thus, TH-related genes and
cellular activity may be responding to this transitory phase, resulting in a shift in cellular
activity during fasting metabolism. Nonetheless, the changes between weeks 1 and 7 provide
a better reflection of the net effects of fasting duration, independent of the transitory changes
observed in week 3. Alternatively, because DI1 is primarily responsible for the 5-monodeiodination of T4 to produce rT3 (21, 30, 54), adipose in elephant seals may possess a
unique mechanism to suppress the translation of DI1 mRNA to “protect” against the
production of rT3 as a means of maintaining an adequate supply of cellular T3 to support
TH-mediated activities. Because DI2 can promote 5’-mono-deiodination responsible for the
formation of T3, the increase in adipose DI2 may compensate for the decrease in DI1 protein
content, similar to the changes in hepatic DI1 and DI2 in fasting shrews (55). The lack of a
significant increase in plasma rT3 suggests that the increase in muscle DI1 protein content
was not sufficient to alter circulating rT3 levels or that its increased activity was directed at
the 5’-position. Furthermore, DI3, an enzyme that inactivates thyroid hormones, is not likely
contributing to the observed levels of tT4, as tT4 remained steady in this study (25). Thus,
the increase in DI2 may provide a better metric to assess increased cellular TH activation in
peripheral tissues during prolonged food deprivation in fasting-adapted mammals.
Nonetheless, the parallel increases in the expressions of DI1 and DI2 in both adipose and
muscle at week 7 suggest that the net regulation of these genes is similar in peripheral tissues
during prolonged fasting.
After 24 hrs of food deprivation in mice, mRNA expression of THrβ-1 in peripheral tissues
decreased (7). In the present study, fasting duration was associated with increased THrβ-1
mRNA and protein expressions, providing further indication of increased TH-mediated
cellular activation. Similar to DI2, increased mRNA expression of the receptor coincided
with increased protein expression suggesting that, at the very least, adipose and muscle have
the potential to increase TH-mediated effects. Additionally, the increase in the THrβ-1
target gene, UCP2, suggests that the increase in THrβ-1 was functional, as UCP2 mRNA
expression was measured as a marker to assess the responsiveness of the receptor. While the
role UCP2 plays in regulating cellular metabolism is not well defined, decreased hepatic
UCP2 is associated with impaired lipid metabolism and antioxidant capacity in insulin
resistant rats (37). Because we have demonstrated that insulin resistance develops with
fasting duration in elephant seal pups (61-63), but with enhanced lipid metabolism (63) and
antioxidant capacaity (58, 59), the observed increase in UCP2 may contribute to the
regulation of both lipid metabolism and oxidative stress in late-fasted pups. Collectively, the
increases in the genes measured indicate that fasting duration is associated with upregulation of the TH-mediated signal transduction pathway in adipose and muscle in a select
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group of mammals uniquely adapted to periods of extensive food deprivation. Because the
seal’s metabolism during prolonged fasting relies primarily on lipid oxidation (11, 12, 41,
63) , the increase in the THrβ-1 suggests that TH likely contribute to the regulation of lipid
metabolism (31). This is substantiated by the fact that plasma tT3 and daily energy
expenditure from the measurement of field metabolic rates are positively correlated in
fasting adult elephant seals (11, 28).
In fasted rats, plasma T3 and T4 concentrations fall in response to decreased TRH and TSH
(29) suggesting that food deprivation suppresses the HPT axis. Similarly, circulating levels
of TH decreased in wintering bears (4). However, in hibernating ground squirrels T3 levels
increased (Demeneix and Henderson., 1978a; Demeneix and Henderson., 1978b) due to a
decrease in metabolic clearance from circulation, and in the presence of reduced TH receptor
number and binding affinity (14, 15). This increase in plasma T3 is characteristic of cryptic
hyperthyroidism, reducing the functionality of the elevated circulating levels. Alternatively,
increased expression of DI2 facilitated the maintenance of T3 levels in fasting house musk
shrews (55). Thus, the lack of a decrease in plasma TH levels in the present study and
previously reported increases (44, 45), in the presence of increased TH-mediated signal
transduction and cellular activation suggests that the HPT axis must remain active to support
the increased cellular metabolism and utilization of circulating levels. The end result is an
active and functional HPT axis during prolonged fasting that contributes to TH-mediated
cellular functions to support the active, normothermic metabolism of these seals, despite
their protracted fast. Otherwise, increased cellular utilization of circulating TH and a
suppressed HPT axis would result in significant decreases in circulating total TH
concentrations, which was not observed here or previously (42, 45). Collectively, an
examination of the effects of food deprivation on circulating TH suggests that mammals
have evolved a dynamic array of mechanisms regulating the HPT axis and TH-mediated
cellular activity. This array of mechanisms may be thusly modulated to meet the energy
demands of specific animals experiencing varying degrees of altered caloric restriction
across a range of respiratory quotients (RQ ≈ 0.73 in this case) (48).
In summary, despite a prolonged period of absolute food deprivation we demonstrated that:
(1) circulating concentrations of T4 and T3 are maintained, (2) the mRNA expressions of
DI1, DI2, THrβ-1, and UCP2 are increased, and (3) by week 7 the increases in mRNA
expressions are translated into increased protein levels. These cellular responses to fasting
duration suggest that up-regulation of TH-mediated cellular activity contributes, at least in
part, to the sustained lipid-based metabolism of these animals (26, 27, 39, 41, 63). This
apparent paradox suggests that an increase in TH activity is partially responsible for the
maintenance of the relatively high metabolic rates observed in a fasting, but normothermic
mammals such as the northern elephant seal (10, 48). If so, then these animals may be
characterized as “cryptically fasting” as the lack of food intake does contribute to substrate
depletion during this measurement period. Thus, given the dependence on lipid metabolism
in fasting seals, increased cellular thyroid hormone activity appears to contribute
significantly to their lipid metabolism. Additionally, because these animals are weaned and
developing, it is very likely that increased cellular TH activity is also contributing to the
pups postweaning development. Clearly, these animals have evolved divergent, yet robust
hormonal mechanisms that have allowed a select group of mammals to tolerate protracted
periods of absolute food deprivation.
Perspectives
Because the RQ in morbidly obese humans is in the range of 0.82-0.85 indicative of a
protein-based metabolism, whereas, the RQ in elephant seals is approximately 0.73 (lipidbased metabolism) throughout their fast (48), these animals may serve as an intriguing
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model to better understand the TH-mediated mechanisms that dictate such a reliance on lipid
metabolism that is not otherwise present in morbidly obese humans. A better understanding
of these cellular metabolic mechanisms may elucidate new therapeutic targets of thyroid
hormones for human obesity. Nonetheless, the present study highlights: (1) a unique,
atypical thyroid hormone-associated response to food deprivation in a mammal reliant on
lipid metabolism, and (2) the diversity of evolved endocrine mechanisms in mammals as
they relate to prolonged food deprivation.
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Chapter II. Glucose Delays the Insulin-induced Increase in Thyroid Hormonemediated Signaling in Adipose of Prolong-Fasted Elephant Seal Pups*
Abstract
Prolonged food deprivation in mammals typically reduces glucose, insulin and thyroid
hormone (TH) concentrations, as well as tissue deiodinase (DI) content and activity, which,
collectively, suppress metabolism. However, in elephant seal pups, prolonged fasting does
not suppress TH levels, and is associated with up-regulation of adipose TH-mediated cellular
mechanisms and adipose-specific insulin resistance. The functional relevance of this
apparent paradox and the effects of glucose and insulin on TH-mediated signaling in an
insulin resistant tissue are not well defined. To address our hypothesis that insulin increases
adipose TH signaling in pups during extended fasting, we assessed the changes in THassociated genes in response to an insulin infusion in early- and late-fasted pups. In late
fasting, insulin increased DI1, DI2 and THrβ-1 mRNA expressions by 566%, 44% and 267%
at 60 min post-infusion, respectively, with levels decreasing by 120 min. Additionally, we
performed a glucose challenge in late-fasted pups to differentiate between insulin- and
glucose-mediated effects on TH signaling. In contrast to the insulin-induced effects, glucose
infusion did not increase the expressions of DI1, DI2, and THrβ-1 until 120 min suggesting
that glucose delays the onset of the insulin-induced effects. The data also suggest that fasting
duration increases the sensitivity of adipose TH-mediated mechanisms to insulin, some of
which may be mediated by increased glucose. These responses appear to be unique among
mammals and evolved in elephant seals to facilitate their adaptation to tolerate an extreme
physiological condition

* Martinez B, Sonanez-Organis JG, Viscarra JA, Jaques JT, MacKenzie DS,
Crocker DE, and Ortiz RM. American Journal of Physiology - Regulatory, Integrative
and Comparative Physiology, 310(6):R502-R512, 2016.
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Introduction
Prolonged food deprivation is associated with a decrease in cellular thyroid hormone (TH)mediated events, in an effort to abate substrate depletion and starvation. It is characterized by a
suppression of circulating levels of TH coupled with a decrease in deiodinase type 1 (DI1),
deiodinase type 2 (DI2), thyroid hormone receptor beta 1(THrβ-1), and the transcription of certain
TH-targeted genes including mitochondrial uncoupling protein 2 (UCP2) and peroxisome
proliferator-activated receptor coactivator 1(PGC1α) in most fasting mammals, including
humans, rats and bulls (3, 23, 24, 43). It is also coupled with an increase in deiodinase type 3
(DI3) expression and, concomitantly, plasma reverse tri-iodothyronine (rT3) (5, 13). In humans
serum triiodothyronine (T3) levels decrease as a consequence of a reduced peripheral deiodination
from thyroxine (T4) to T3 (24, 46). During fasting in bull calves, TH secretion is nearly halted
(44). Similar effects have been observed in fasted chickens (45), rats (19, 23), and black bears
(4, 21) suggesting that the cellular, TH-mediated responses to prolonged food deprivation in
higher vertebrates is conserved. Conversely, in hibernating ground squirrels, plasma T3
concentration increase as a result of marked reductions in nuclear receptors (dampening TH
function despite the increase in circulating levels), rendering them cryptically hyperthyroid (25,
26).
Elephant seals naturally fast from food and water for up to three months while on land
(15, 31, 32, 36). Contrary to the typical responses to food deprivation in other mammals,
prolonged fasting in elephant seals is associated with: (1) a lack of decrease in circulating
concentrations of T4 and T3, (2) increase in the mRNA expressions of DI1, DI2, THrβ-1, and
UCP2, and (3) increased translation of these genes into increased protein levels (28). Furthermore,
fasting is not associated with increased levels of rT3 (28, 33, 34) suggesting that the cellular THmediated activity is potentially functional and that DI3 activity is not increased, if not reduced
altogether. Therefore, suppression of DI3, in a mammal undergoing prolonged fasting, contributes
to a unique endocrine adaptation, given that most, if not all other mammals that fast and/or
hibernate, undergo a systematic dampening of TH signaling.
While blood glucose has been shown to increase in response to hyperthyroidism (8, 9), the
effects of elevated glucose on circulating TH and TH-mediated cellular events remain elusive.
Though some studies show that fasting blood glucose levels in hyperthyroidism are normal (55),
another study demonstrated elevated blood glucose resulting from an increase in hepatic glucose
production in patients with hyperthyroidism (12) suggesting that glucose may stimulate TH
secretion. If so, then elevated glucose and the concomitant increase in insulin do not likely induce
a negative-feedback effect on TH levels and TH-mediated cellular effects. Regardless, the
regulatory effects of insulin and glucose on cellular TH-associated mechanisms are not welldefined in mammals. Therefore, to address the complex interrelationships among glucose, insulin,
and TH, and our hypothesis that insulin increases adipose TH signaling in pups during extended
fasting, we separately infused fasting elephant seal pups with either insulin or glucose and
thoroughly examined the cellular TH-associated components.

Materials and methods
All procedures were reviewed and approved by the Institutional Animal Care and Use
Committee’s of both the University of California Merced and Sonoma State University. All work
was conducted under the National Marine Fisheries Service marine mammal permit #87-1743.
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The current study compliments and extends our previous study elucidating the cellular
mechanisms of lipid metabolism in fasting northern elephant seal pups within the same cohort of
animals (49).

Animals
Northern elephant seal (Mirounga angustirostris) pups were studied at the Año Nuevo State
Reserve (30 km north of Santa Cruz, CA, USA) while they are on land during their natural, postweaning fast. In preparation of the infusion studies (insulin or glucose), pups were weighed, and
initially sedated with an intramuscular injection of Telazol (tiletamine/zolazepam HCl, Fort
Dodge Labs, Ft Dodge, IA, USA) (49-51). Once immobilized, an 18 gauge, 3.5-inch spinal needle
was inserted into the extradural spinal vein to facilitate the infusion of insulin or glucose (35).
Initially, body mass was estimated based on length and girth measurements, which has been
validated in elephant seals (11, 18) (Figure 1).
Insulin Infusion
For the insulin study, pups were infused during the early (1-2 weeks post-weaning; n=5; 127 ± 1
kg) and the late (6–8 weeks post-weaning; n=6 late; 93 ± 4 kg) fasting periods. Prior to infusion,
a pre-dose adipose biopsy and blood sample were collected, immediately followed by the bolus
infusion, and subsequent blood sampling at 5, 10, 20, 30, 60, 90, and 120 min (Figure 1).
Subsequent subcutaneous adipose biopsies were collected at 60 and 120 min (Figure 1).
Procedures were terminated at 120 min to avoid potential concerns associated with insulininduced hypoglycemia. Immediately following the collection of the 120 min samples, glucose
was infused (i.v.) slowly to assist in the restoration of pre-infusion levels and the animals were
monitored closely.
Intravenous Glucose Infusion
Because the analysis of the effects of glucose on TH-mediated cellular events was conducted to
complement our previous study (48, 49, 51), sufficient samples (plasma and biopsies) to perform
complete measurements were only available for the late-fasting portion of the study. Thus, only
data from this group of animals is provided. However, this dataset is still valuable to the
interpretation of the results for the following reasons: (1) a direct comparison of the effects of
insulin vs glucose can be made because complete data are available for both in late-fasted animals,
(2) no other data exist on the effects of glucose on cellular, TH-mediated events in any naturally
adapted mammal, and (3) federal restrictions on the number of animals that can be used is limited
making replication of such studies difficult. Furthermore, because the most profound changes in
response to insulin were observed in the late-fasted pups, the impact of the lack of glucoseinfusion data during the early fasting period is minimized. Therefore, for the glucose infusion
study, only data from late-fasted (6–8 weeks post-weaning; n=8 late; 83 ± 7 kg) pups are
presented. The animals studied in the glucose infusion protocol were different from those used in
the insulin infusion study. The inclusion of this data allowed us to better evaluate the cellular
responses to the two infusion protocols and provided an opportunity to distinguish between
insulin- and glucose-mediated effects on cellular TH-associated genes.
As with the insulin infusion study, once the animals were sedated a pre-infusion blood sample
and adipose biopsy was collected from each animal. Following the pre-infusion sample collection,
animals were infused with a mass-specific dose of glucose (0.5 g/kg) over a 2 min period (48, 49).
Immobilization of the animal was maintained with 100 mg bolus i.v. injections of ketamine as
needed. Subsequent blood samples were collected at 5, 10, 15, 20, 30, 45, 60, 90, and 120 min
post-infusion and subsequent adipose biopsies were collected at 60 and 120 min post-infusion (4851) (Figure 1). Immediately after collection, blood glucose was measured using a commercially
available blood glucose monitor (49).
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Figure 1. Protocol diagram representing the sampling period for both insulin and glucose treated
animals. The pups were sampled during either the early (1-2 weeks post-weaning; insulin infusion
only) and the late fasting period (6–8 weeks post-weaning; glucose and insulin infusions).

Sample collection and preparation
Blood samples obtained from the extradural spinal vein were collected in chilled, EDTA-treated
vacutainer sample tubes containing a protease inhibitor cocktail (PIC; Sigma–Aldrich) and kept
on ice until they could be centrifuged (49). Blood samples were centrifuged for 15 min at 3000 g,
and the plasma was transferred to cryogenic vials, immediately frozen by immersion in liquid
nitrogen, and stored at −80 °C upon return to the lab (48-51).
Adipose biopsies were collected by first cleaning a small region in the flank of the animal near
the hind flipper with alternating wipes of isopropyl alcohol and betadine, followed by a
subcutaneous injection of 2–3 ml lidocaine (Henry Schein, Melville, NY, USA). A small
(<1.5 cm) incision was made using a sterile scalpel, and a biopsy (ca. 100–200 mg) collected with
a sterile biopsy punch needle (Henry Schein) (48, 49). The biopsy samples were rinsed with cold,
sterile saline, placed in cryogenic vials, immediately immersed in liquid nitrogen, and stored at
−80 °C until later analyses. Frozen tissue samples were homogenized in 500 μl hypotonic buffer
containing a protease inhibitor cocktail (PIC) and phosphatase inhibitor cocktail (Halt PIC;
Thermo, Waltham, MA, USA) (48, 49). The homogenate was then centrifuged at 16,100 g for
15 min and the aqueous layer was aliquoted into a separate tube. The pellet was reconstituted with
TBS (500 μl) containing 1% v/v Triton X-100, 1% w/v SDS, and 1% v/v PIC and sonicated. The
resulting suspension was then centrifuged at 16,100 g for 15 min, and the aqueous layer was again
transferred to a separate tube. Total protein content in nuclear, cytosolic and membrane bound
fractions was measured by Bradford assay (Bio-Rad Laboratories) and quantities were used to
normalize loading of samples into gel wells.
Quantification of mRNA Expressions
Total RNA was isolated from adipose samples using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s instructions. RNA integrity was confirmed by measuring the
absorbance at 260 nm and 280 nm and by evaluating the bands run on 1% agarose gel

39

electrophoresis (38). Contamination of genomic DNA in total RNA was eliminated by digestion
with DNase I (Roche, Indianapolis, IN, USA) as specified by the manufacturer. Different cDNAs
from each tissue were synthesized from total DNA-free RNA (1 µg) using oligo-dT and the
QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA, USA). Specific primers for DI1,
DI2, DI3, THrβ-1, UCP2, and PGC1α were designed based on homologous mammalian
nucleotide sequences and partial sequences confirmed (Table 1). The expression of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal standard to
normalize the expression of each target gene. Gene expression was measured by quantitative
qPCR using DI1Fw2 + DI1Rv2, DI2Fw1 + DI2Rv2, DI3Fw1 + DI3Rv1, UCP2Fw1 + UCP2Rv2,
THrβ1Fw1 + THrβ1Rv1, PGC1αFw1 + PCG1αRv1, and GAPDHFw1 + GAPDHRv1 primers,
respectively. The PCR reactions of each tissue sample were run on a 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) in a final volume of 20 µL containing 10 µL of
SYBR Green PCR Master Mix (Applied Biosystems), 6 µL of H2O, 0.5 µL of each primer (20
µmol L–1), and 3 µL of cDNA (equivalent to 150 ng of total RNA). After an initial denaturing
step at 94°C for 5min, amplifications were performed for 40 cycles at 94°C for 30 s, 58-63°C for
30 s, and a final step of 30 s at 72°C, with a single fluorescence measurement and a final melting
curve program decreasing 0.3°C every 20 s from 95 to 60°C. Positive (with cDNA) and negative
(no cDNA) controls were included in each assay. Standard curves for each gene of interest were
run to determine the efficiency of amplification using dilutions from 5E–3 to 5E–8 ng µL-1 of PCR
fragments. For each measurement, expression levels (ng µL-1) were normalized to the expression
of GAPDH. To confirm that GAPDH expression did not change with fasting duration or in
response to the exogenous infusions, additional qPCR analyses were performed, and the data
confirmed its utility for normalizing as a reference gene.
Quantification of Protein Expression by Western Blotting
The quantity of the biopsy samples limited our ability to quantify the expressions of all the
proteins of interest. Because our hypothesis focused on the changes in the deiodinases and THrβ1, these proteins were given priority. Protein expression was quantified by standard Western blot
as previously described (48, 51). The primary antibodies for DI1, DI2, THrβ1, β-actin, and TATA
binding protein (TBP) (Santa Cruz Biotechnology, Santa Cruz, CA) were diluted 1:500 to 1:5,000.
The HRP-conjugated secondary antibody (Pierce, Rockford, IL) was diluted 1:10,000, and blots
were developed using the Immun-Star Western C kit (Bio-Rad). Blots were visualized and semiquantified using a Kodak 440 digital science imager. In addition to consistently loading the same
amount of total protein (20 μg) per well, densitometry values were further normalized by the
densitometry values of β-actin or TBP.
Plasma Analyses
The plasma concentrations of thyroid stimulating hormone (TSH), total thyroxine (tT4), free
thyroxine (fT4), total triiodothyronine (tT3), and free triiodothyronine (fT3) were measured by
radioimmunoassay and previously validated for elephant seals, with internal control provided by
the manufacturer (33, 36). Plasma sample volumes limited our analyses of TH to 6 time points in
the present study and to only 3 time points (0, 10, 120 min) for TSH. The validation of TSH assay
for elephant seal plasma was confirmed by diluting two separate pools of plasma (Figure 2). All
samples were analyzed in duplicate and run in a single assay with intra-assay percent coefficients
of variability of <10% for all assays.
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Figure 2. TSH dilutions hold well on two different high pools indicating that the samples are
reading TSH specifically and not some aberrant antigen.

Statistics
The baseline (or time-0) measurements (plasma, mRNA, or tissue protein content) of the earlyand late-fasted groups were used to assess changes as a function of fasting duration (insulin
infusion study only). Means (± SEM) were compared by ANOVA using a Fisher's protected least
significant difference (PLSD) post hoc test. Repeated-measures ANOVA was used to determine
changes in parameters following the infusions of glucose and insulin. Mean percent changes were
calculated for each time point and compared by repeated measures ANOVA to identify the
changes in response to the infusions using a Fisher's PLSD post hoc test. Changes were
considered significantly different at P < 0.05. Statistical analyses were performed with
StatView® software (SAS Institute Inc., Cary, NC).
Results
Insulin Infusion Increased Adipose DI1 & THrβ-1 mRNA Expressions
The expressions of adipose DI1, DI2, and THrβ-1 were influenced both by fasting and by infusion
of exogenous insulin during fasting. Fasting duration (Early vs Late, T0) was associated with 3and 4-fold increases (P<0.05) in mRNA expressions of DI1 (Early group: 100 ± 62 vs. 301 ± 132)
and THrβ-1, respectively (Early group: 100 ± 5 vs. 413 ± 131) (Figure 3). Infusion of insulin early
in fasting had little to no effect on any of these three variables suggesting that the cellular THassociated signaling is desensitized to insulin during this period. However, infusion of insulin late
in fasting increased the expressions of all three at 60 min post-infusion (Figure 3). Insulin infusion
in late fasting increased (P<0.05) the mRNA expression of DI1 2.8-fold at 60 min (Time 60: 867
± 264 vs. 301 ± 132) with levels returning to baseline (T0) by 120 min (Figure 3A). Insulin
infusion in late fasting increased (P<0.05) the mRNA expression of DI2 1.4-fold at 60 min with
levels remaining elevated at 120 min (Time 60: 141 ± 77 vs. 97 ± 9) (Figure 3B). Insulin infusion
in late fasting initially (T60) increased (P<0.05) the mRNA expression of THrβ-1 1.6-fold (Time
60: 680 ± 101 vs. 413 ± 131) with levels decreasing to 19% of baseline (T0) at 120 min (Figure
3C). Nonetheless, these reduced THrβ-1 expression levels at T120 were 2.8-fold greater (P<0.05)
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than the lower levels in early fasting (Early group: 27 ± 4 vs. 77 ± 22). These results suggest that
prolonged fasting increases the adipose expressions of DI1 and THβ-1 and increases the tissues
sensitivity to insulin with regard to its ability to enhance the expressions of D1, D2, and THβ-1.
Levels of DI3 mRNA expression were not detectably expressed in adipose before or during
insulin infusion in both early and late fasting.

Figure 3. Mean (± SEM) mRNA expressions of adipose A) deiodinase type I (DI1), B) type II
(DI2), and C) thyroid hormone receptor beta-1 (THrβ-1) from early (2 wks post-weaning) and
late (7-8 wks post-weaning) fasting elephant seal pups before (0) and following (60 and 120 min)
an insulin infusion. * denotes significant (P<0.05) difference from Early; # denotes significant
(P<0.05) difference from T0 within a group; + denotes significant (P<0.05) difference from T60.

Insulin Infusion Altered Adipose UCP2 mRNA Expression but not PGC1α
While insulin infusion had no significant effect on adipose mRNA expression of UCP2 in early
fasting, insulin infusion in late fasting decreased (P<0.05) UCP2 expression 7.5-fold at 60 min
(Time 60: 20 ± 3 vs. 148 ± 113) (Figure 4A). At 120 min, the expression of UCP2 increased
(P<0.05) 6-fold in early fasting and nearly 5-fold in late fasting (Time 120: 683 ± 238 vs. 148 ±
113 (Figure 4A). While an increasing trend with fasting duration (T0) is evident, insulin had no
significant effect on PGC1α expression, whether it was infused early or late in fasting. (Figure
4B).
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Figure 4. Mean (± SEM) mRNA expressions of adipose A) uncoupling protein 2 (UCP2) and B)
peroxisome proliferator activated receptor gamma co-activator 1 alpha (PGC1α) from early (2
wks post-weaning) and late (7-8 wks post-weaning) fasting elephant seal pups before (0) and
following (60 and 120 min) an insulin infusion. * denotes significant (P<0.05) difference from
Early; # denotes significant (P<0.05) difference from T0 within a group; + denotes significant
(P<0.05) difference from T60.
Glucose Delays the Insulin-induced Increase in mRNA Expressions of DI1, DI2 & THrβ-1
Effects of glucose infusion in late fasting (Figures 5 - 7) were similar to those of late-fasting
insulin infusion (Figures 3 and 4). Expressions of adipose DI1 and DI2 mRNA increased (P<0.05)
3.6- (Time 120: 366 ± 118 vs. 100 ± 29) and 6.3- fold (Time 120: 632 ± 38 vs. 100 ± 4),
respectively, at 120 min (Figure 5A & 5B). The protein expression of DI1 increased (P<0.05) 5fold at 60 min (Time 60: 506 ± 76 vs. 100 ± 51), and 7-fold at 120 min (Time 120: 688 ± 77 vs.
100 ± 4) (Figure 5C). Similarly, the protein expression of DI2 increased (P<0.05) 2.6-fold at 60
min (Time 60: 262 ± 36 vs. 100 ± 25) and remained elevated (P<0.05) at 120 min (Time 120: 209
40 vs. 100 ± 25) (Figure 5D). Similar to DI1 and DI2 expressions, the mRNA expression of
THrβ-1 was not increased initially (T60), but mean levels increased (P<0.05) 4-fold at 120 min
(Time 120: 436 ± 134 vs. 100 ± 28) (Figure 6A). The protein content of THrβ-1 increased
(P<0.05) 40% at 60 min and (Time 60: 140 ± 4 vs. 100 ± 11), an additional 40% at 120 min (Time
120: 180 ± 23 vs. 100 ± 11) (Figure 6B). In general, the effects of glucose infusion were delayed,
prolonged, or both compared to those of insulin infusion.
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Figure 5. Mean (± SEM) mRNA expressions of adipose A) deiodinase type I (DI1) and B) type
II (DI2), and of protein content levels of adipose C) DI1 and D) DI2 from late (7-8 wks postweaning) fasting elephant seal pups before (0) and following (60 and 120 min) a glucose infusion.
Inserts: Representative western blots for each protein. * denotes significant (P<0.05) difference
from T0.
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Figure 6. Mean (± SEM) adipose thyroid hormone receptor beta-1 (THrβ-1) A) mRNA
expressions and B) protein content levels from late (7-8 wks post-weaning) fasting elephant seal
pups before (0) and following (60 and 120 min) a glucose infusion. Insert: Representative
Western blot for THrβ-1. * denotes significant (P<0.05) difference from T0.

Adipose UCP2 mRNA Expression Responds Differentially to Glucose
While insulin induced an initial decrease in UCP2 mRNA expression, glucose increased (P<0.05)
mean mRNA expression of adipose UCP2 2.4-fold at 60 min (Time 60: 243 ± 84 vs. 100 ± 32)
and 4.6-fold at 120 min (Time 120: 461 ± 179 vs. 100 ± 32) (Figure 7A). Unlike the effects of
insulin, glucose increased (P<0.05) the mean mRNA expression of adipose PGC1α 68-fold at 60
(Time 60: 6,621 ± 1,996 vs. 100 ± 46), and despite the 91% decrease between 60 and 120 min,
the mean expression levels remained (P<0.05) 6-fold higher (Time 120: 591 ± 252 vs. 100 ± 46)
at time 120. (Figure 7B).
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Figure 7. Mean (± SEM) mRNA expressions of adipose A) uncoupling protein 2 (UCP2) and B)
peroxisome proliferator activated receptor gamma co-activator 1 alpha (PGC1α) from late (7-8
wks post-weaning) fasting elephant seal pups before (0) and following (60 and 120 min) a glucose
infusion. * denotes significant (P<0.05) difference from T0; # denotes significance difference
from T60.
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Neither Insulin nor Glucose Infusion Altered Circulating TH Levels
Neither insulin nor glucose infusion had remarkable effects on the circulating levels of any of the
TH measured (Table 1).

a
b

Insulin and glucose values were adapted from Viscarra et al. 2013.
Glucose values were adapted from Viscarra et al. 2011a.

Table 1. Mean (± SEM) concentrations of plasma thyroid stimulating hormone (TSH), total (t)
and free (f) 3,5,3′-triiodothyronine (T3), thyroxine (T4), insulina, and glucoseb from northern
elephant seal pups before (0) and 10, 30, 60, 90, and 120 post- insulin infusion during the early
and late fasting period, and post-glucose infusion during the late fasting period (except 30 min
time point).
Discussion
While thyroid hormones have profound and direct effects on glucoregulatory pathways (22,
40-42, 52), the relationships between insulin and glucose on cellular TH-mediated signaling is
more complex and not well-established. To address the complexity in these relationships, the
more significant contributions of the present study are that: (1) fasting duration is associated
with increased responsiveness of cellular TH-mediated signaling to insulin in adipose, (2)
elevated glucose delays the insulin-induced increase in TH-associated genes in late-fasted
seals, (3) cellular TH pathways via UCP2 respond differentially to insulin depending on the
presence or absence of elevated glucose, and (4) potentially redundant, but independent
activation of TH-mediated signaling by both glucose and insulin.
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Insulin Up-regulates Cellular Thyroid Hormone-Associated Genes
The contributions of TH on substrate-level metabolism (glucose) have been described (37, 41)
(52) (40) (20), but are incongruent. Both hypo- and hyperthyroidism may affect insulin actions,
directly altering insulin secretion, and ultimately, glucose levels. In hypothyroid subjects,
glucose-stimulated insulin secretion (GSIS) was decreased (39), while in hyperthyroid
subjects, the beta cell response to glucose was increased (29) demonstrating the incongruence
of the data of glucose effects on insulin secretion in the presence or absence of elevated TH
levels. However, the reciprocal changes in insulin levels on cellular TH-mediated responses
are less defined. In the present study, infused insulin in the absence of high glucose and
unaltered TH levels increased the mRNA expressions of DI1 and THrβ-1 (and to a lesser extent
DI2) at 60 min, but the insulin-induced increases were not sustained, returning to baseline
levels by 120 min. The quantification of deiodinases can provide an accurate assessment of
cellular thyroidal status where elevated DI2 corresponds to an active thyroid status, elevated
DI3 to a preferential down-regulation of the system, and elevated DI1 representing either
condition (16). Here we show that elevated insulin increases TH-mediated signaling, with the
timing of the cellular events associated with reduced extracellular glucose.
The peripheral thyroid hormone receptor, THrβ-1, has been shown to affect insulin
signaling; however, the reciprocal is not well defined. Because UCP2 is a target gene of THrβ1 (6), the insulin-induced increase in adipose UCP2 expression suggests that the increase in
THrβ-1 was functional and biologically relevant. While the contribution of UCP2 to regulating
cellular metabolism is not yet fully understood, decreased hepatic UCP2 is associated with
impaired lipid metabolism and antioxidant capacity in insulin resistant rats (30). Furthermore,
in beta cells, UCP2 may regulate GSIS and protect against oxidative stress by decreasing
mitochondrial reactive oxygen species (ROS) in insulinoma cells (1, 2). Therefore, the
increase in cellular TH-mediated signaling with fasting duration may contribute to UCP2associated lipid metabolism and to alleviation of mitochondrial ROS generation (30, 47). This
is corroborated by our previous studies in fasted elephant seal pups demonstrating that
oxidative damage is alleviated while antioxidant enzyme activities and protein content are
increased (47).
Changes in the mRNA expression of PGC1α can provide further indication of the
activation of THrβ-1. While the mRNA expression of PGC1α did not increase in response to
insulin, glucose infusion increased its expression suggesting that some aspect (direct or
indirect) of a hyperglycemic environment contributes to the regulation of adipose PGC1α
expression during late fasting. Although T3 directly regulates PGC1α in vivo and in vitro (54),
the glucose-induced increase in adipose PGC1α protein was independent of changes in T3 (or
any other TH) suggesting that glucose directly regulates adipose PGC1α in late-fasted seals.
PGC1α may also promote the induction of UCPs in both adipose and muscle (53); however,
the simultaneous increase in UCP2 and PGC1α was only observed in response to the glucose
infusion suggesting that the effects of PGC1α on UCP2 in adipose during prolonged fasting is
a function of elevated glucose (and not insulin) in seals.
Glucose Delays the Insulin-induced Increase in TH-associated Genes
Because profound effects of insulin on cellular TH-mediated signaling were observed only
during late fasting, when animals develop adipose-specific insulin resistance (48-51), a
supplemental, glucose-infusion study was performed to complement the insulin infusion data.
This additional protocol provides a more robust assessment of the contributions of glucose to
cellular TH-mediated signaling. While DI2 may contribute to glucose metabolism, its role in
insulin resistance is not well defined. Where DI2 increases glucose metabolism in human
cardiac tissue (20) and has protective effects against diet-induced obesity (27), DI2 knockout
mice have reduced glucose uptake, consistent with insulin resistance, independent of dietinduced obesity (27). In the present study, glucose infusion increased the mRNA expressions
of both DI1 and DI2, but not until the 120 min measurement period. In contrast, insulin infusion
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increased these expressions at 60 min with levels returning to baseline by 120 min. The distinct
timing of the increases in DI1 and DI2 expressions between the two infusion protocols, which
differ in circulating levels of glucose, suggests that glucose delays the insulin-induced
increased expressions of DI1 and DI2 in late-fasted animals. This is further corroborated by
the observation that the elevated glucose and insulin induced with glucose infusion remain so
at 120 min (48). Moreover, these dynamic changes in deiodinase and receptor expressions
suggest that increases in cellular TH-mediated signaling are functional and possibly
contributing to reciprocal regulation of substrate metabolism.
Hyperglycemia, Independent of Insulin, Stimulates Similar TH Pathways as Insulin:
Redundant Activation in Adipose?
Alternatively, given that the increases in the expression of these TH-associated genes during
insulin infusion are associated with an increase in plasma insulin, peaking at 138 µU/mL, but
with a decline in glucose below baseline, glucose and insulin may redundantly activate some
of the same genes, with the principal distinction being that glucose delayed and prolonged the
effects compared to those of insulin. Moreover, given that peak plasma insulin levels are
substantially higher in the insulin-infused group than they are in the glucose-infused group, the
hyperglycemia, independent of insulin, may activate the observed increases in TH-associated
genes. This alternative hypothesis is supported by the difference in plasma insulin levels
measured between the two infusion groups. Also supporting this alternative explanation are
the differing transcriptional responses of cellular TH-target genes, UCP2 and PGC1α.
Specifically, while the mRNA expression of UCP2 decreased then increased with the insulin
infusion and no significant effect on PGC1α, both UCP2 and PGC1α expressions increased
with the glucose infusion.
Responsiveness of TH Signaling Genes to Insulin Is Increased with Fasting
While we showed that the thyroid hormone-associated genes increased in response to insulin
during the late fast, we also showed that the mRNA expression of adipose DI1 and THrβ-1
increased with fasting duration, which coincides with the development of adipose-specific
insulin resistance in NES pups (49). A significant and major contribution of the present study
is the change in the responsiveness of the TH-associated genes to insulin. During the early
fasting period, the responses of the measured genes to insulin were wholly unremarkable with
only a couple of detectable changes. However, the responsiveness of the genes of interest to
insulin was starkly contrasted during late fasting, and much more dynamic in nature.
Interestingly, this stark contrast in responsiveness to insulin in adipose, which we have
previously described as insulin resistant (49) suggests that adipose maybe resistant to insulin’s
glucoregulatory effects, but is not resistant to its secondary effects (i.e., promotion of TH
signaling). The dynamic variability of insulin effects in adipose in this fashion sheds new light
on the complexity of insulin-mediated signaling during the manifestation of fasting-induced
insulin resistance.
Neither Insulin nor Glucose Alter Circulating TH Levels: Change in Clearance?
Previous studies have noted a correlation between TH levels and insulin signaling. For
example, in humans the prevalence of impaired fasting glucose increases linearly with levels
of fT3, and impaired glucose tolerance decreases with levels of fT3 (22). The
present study demonstrated that neither insulin nor glucose infusions remarkably altered any
of the plasma thyroid hormones over the course of the measurement period. However, this lack
of treatment-induced changes in TH may be indicative of increased clearance of hormones
from circulation, which can be facilitated by increased deiodinase and receptor availability (7).
The increases in adipose DI1 (and lesser extent DI2) and THrβ-1 expressions could potentially
contribute to increased hormone clearance/metabolism, explaining the lack of changes in
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circulating levels. Regardless, measuring plasma TH alone does not provide an accurate
assessment of functional potential, especially in regards to TH-mediated mechanisms. This
concept is further supported by data from hibernating ground squirrels. Plasma T3
concentrations increase as a result of reduced TH metabolism, which is accompanied by a
reduction in nuclear receptors indicating that, despite the increase in circulating levels (i.e.,
cryptically hyperthyroid), TH function is suppressed (25, 26). Conversely, in the present study,
the up-regulation of cellular TH-associated genes and proteins despite the lack of an increase
in circulating hormone levels suggests that TH activity is up-regulated, regardless of changes
in hormone levels.
Perspectives and Significance
Unlike many fasting-adapted mammals, the fast of northern elephant seal pups is paradoxically
associated with increases in cellular TH-mediated events. Furthermore, these TH-mediated
events are associated with the onset of adipose-specific insulin resistance. In this study, we
show that there is a defined shift in the responsiveness of adipose to insulin with fasting
duration that may represent a “conditioning” state as the animals prepare to depart the rookery
soon after this measurement period to feed. This is especially significant because fasting
duration is associated with reduced plasma insulin. Therefore, elucidation of the mechanisms
that contribute to maintaining the integrity of insulin signaling may have profound implications
in the study of understanding insulin resistance. Additionally, because feeding stimulates
insulin secretion, maintaining the responsiveness of peripheral tissues to insulin is paramount
to sustaining cellular metabolism and function. Conversely, desensitization of the insulinmediated effects during early fasting would be adaptive and help to abate the metabolic burden
induced by insulin signaling, resulting in the conservation of circulating glucose. This study
highlights the capacity of glucose to delay the insulin-induced increases in TH-associated
genes despite the development of fasting-induced insulin resistance. This is significant because
it elucidates a novel signaling pathway that contributes to the complexity of the interrelationships among glucose, insulin and thyroid hormones (Figure 8).

Figure 8. Schematic representation for proposed insulin induced regulation of cellular
thyroid hormone associated pathways.
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Limitations
While the significant new revelations elucidate novel signaling pathways and interactions, we
are cognizant of the studies limitations. Glucose infusion studies in early-fasted seals to parallel
the data in the late-fasted animals would have been ideal. However, a comparison of the effects
of insulin vs. glucose infusions in late-fasted animals alone, when the most dynamic and
interesting changes were detected, revealed highly significant contributions to our
understanding of these interactions, especially as they relate to insulin resistance. Another
limitation associated with working with federally protected animals, is the inability to sample
other tissue besides peripheral adipose, muscle, and blood. Given that adipose is stored in
different sites and functionally distinct (14), distinguishing the potential contributions of these
different fat stores (e.g., subcutaneous vs visceral vs brown) is not possible here. However,
elephant seals have little visceral fat compared to other mammals including other phocid seals
(10, 17), with most of their adipose stored in subcutaneous blubber, from which we sampled.
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Chapter III. Feasting on Fasting*
Abstract

Thyroid hormones (TH) can increase cellular metabolism1. Food deprivation in mammals is
typically associated with reduced thyroid gland responsiveness, in an effort to suppress cellular
metabolism and abate starvation2. However, in prolonged-fasted, elephant seal pups, cellular
thyroid hormone-mediated proteins are up-regulated and thyroid hormone levels are maintained
if not increased with fasting duration3-5. The function and contribution of the thyroid gland to this
apparent paradox is unknown and physiologically perplexing. Here we show that the thyroid
gland remains responsive during prolonged food deprivation, and more importantly that its
function and production of TH increase with fasting duration in elephant seals. We find that our
modeled plasma TH data in response to thyroid stimulating hormone predict cellular signaling,
which is corroborated independently with enzyme expression data. Considering that cellular TH
pathways are active and functional during prolonged food-deprivation in metabolically active
seals, the data suggest that the regulation and function of the thyroid gland and of thyroid
hormones in the northern elephant seal is atypical for a fasted animal, and can be better described
as, “adaptive fasting”. Because these unique endocrine responses occur simultaneously with a
nearly strict reliance on the oxidation of lipid, these findings provide an intriguing model to better
understand the TH-mediated reliance on lipid metabolism that is not otherwise present in
morbidly obese humans. Hence, this study elucidates therapeutic targets of thyroid hormones for
human obesity and related metabolic derangements. Furthermore, the modeling data help
substantiate the in vivo responses measured, providing unique insight on hormone clearance,
production rates, and thyroid gland responsiveness. When coupled with cellular, tissue-specific
responses, these data provide a more integrated assessment thyroidal status that can be
extrapolated for any fasting/food deprived mammal.

* Martinez B, Scheibner M, Soñanez-Organis JG, Jaques JT, MacKenzie DS,
Crocker DE, Ortiz RM (in review, PNAS).
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Introduction
Hypothalamic-pituitary-thyroid axis (HPT) regulates circulating levels of thyroid hormones
(TH), which in turn regulate cellular metabolism (6). The pituitary gland secretes thyroid
stimulating hormones (TSH), which stimulates the release of thyroxine (T4) and
triiodothyronine (T3) in a ratio of approximately 17:1 (7, 8). Because T3 is the most
biologically active form of the hormone, T4 must be deiodinated by either deiodinase type 1
(DI1) or deiodinase type 2 (DI2) before it can exert genomic physiological effects (9-12). DI1
catalyzes the deiodination of both inner and outer rings of primarily T4, and DI2 catalyzes only
outer ring deiodination (converting T4 into biologically active T3), with its activity providing
an indicator of increased cellular thyroid hormone-mediated activity (11, 12). DI3 exclusively
catalyzes inner ring deiodination converting T4 into reverse T3 (rT3) and rendering the
hormone inactive (11, 12). Once DI1 or DI2 deiodinate T4, T3 enters nucleus and binds to its
tissue-specific nuclear receptor to increase the transcription of specific metabolism-driving
genes (13-16). Thyroid hormone receptor beta 1 (THrβ1) is the principal receptor in peripheral
tissues such as muscle and adipose; localized on specific DNA promoter sequences for thyroid
hormone target genes. T3-bound THrβ1 increases the transcription of genes, and eventually,
the translation of proteins associated with substrate turnover (10, 17, 18) (Figure 1A).

Figure 1. Schematic representation of cellular, thyroid hormone mediate activity in (A) normal
fasting response vs. (B) elephant seal response. Abbreviations: MCT8, monocarboxylate
transporter 8; T4, thyroxine; T3, triiodothyronine; rT3, reverse triiodothyronine; DI1,
deiodinase type 1; DI2, deiodinase type 2; DI3, deiodinase type 3; ER, endoplasmic reticulum;
TRE, thyroid hormone response element; RXR, retinoid X receptor; THrβ1, thyroid hormone
receptor beta 1; Co-Act, co-activator complexes; HAT, histone acetyl transferase; NCo-R,
nuclear co-repressor complexes; HDAC, histone deacetylase activity
Fasting is typically characterized by a decrease in cellular metabolism to abate substrate
depletion and further consequences of starvation (2, 19-22). As such, this suppression of
cellular metabolism is an essential adaptive response for survival, and regulated by the
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hypothalamus (23). The response is also characterized by a suppression of circulating levels of
TH coupled with a decrease in DI1, DI2, and THrβ1 transcription, and an increase in DI3
expression and rT3 levels (2, 19, 21, 22, 24-26). However, in prolonged fasting northern
elephant seal (NES) pups, the mRNA expressions of DI1, DI2, and THrβ1are increased with
fasting duration (3, 27). Moreover, this fasting bout is coupled with increased or maintained
circulating levels of TH (5). This unique and paradoxical, physiological response to prolonged
fasting is further perplexing, given that these mammals are non-hibernators, remain physically
active, and remain normothermic throughout their fast (5, 28, 29). Collectively, these data
suggest that NES have evolved unique endocrine responses to prolonged food deprivation,
namely, that cellular thyroid hormone-mediated events increase with fasting duration.
However, it remains unclear whether these observed changes are functional or the consequence
of altered clearance from circulation or both, or uncoupled cellular signaling driven by
enzymatic activity of the deiodinases and availability of the receptor.
Here, we use a mathematical model to better assess the dynamics of cellular, thyroid hormonemediated events, and production and clearance rates after exogenous TSH infusion, comparing
changes between early- and late-fasted pups. Aside from producing a mathematical model that
describes hormonal dynamics in vivo in a mammal naturally adapted to prolonged fasting, we
also show that the increase in endogenous T4 levels resulting from reduced clearance, which
has been observed in hibernating squirrels (30, 31), is a function of active secretion.
Ascertaining the functional contributions of thyroid hormones on metabolism based solely on
changes in circulating levels is problematic especially when changes in hormone clearance and
cellular signaling cannot be measured and coupled simultaneously. Thus, a strength of this
study is the construction of a mathematical model that predicts the dynamic changes in TH
observed, which are inﬂuenced by production rates, and to a lesser extent, changes in clearance
rates. The model, coupled with complimentary gene expression data, provides robust evidence
that these mammals, while fasting, demonstrate that the Fasting-Associated Metabolism In
Northern Elephant-seals, or FAMINE, is anything but.

Results
TSH Infusions are Equivalent at Both Early and Late Fasting Periods
To confirm that our infusion of exogenous TSH increased circulating levels, plasma TSH was
measured. Furthermore, the disappearance of TSH from circulation provides an indication of
the clearance of TSH in elephant seals. The measurable amount of exogenous TSH infused
was the same in both early and late fasting, which allows us to predict the responsiveness of
the thyroid gland and its rate of production as a function of only fasting duration, and not
variations in TSH fluctuations (Figure 2A-D). During both the early and late fast,
concentrations of tT4, fT4 and tT3 increased in response to TSH, with levels peaking after 120
minutes. While, concentrations return to baseline after 24 hours in the early fast, in the late fast
circulating levels of tT4 and fT4 remain elevated after 24 hours. The area under the curve
(AUC) for TSH=i_0*\tau_tg; early: 362 minutes*ng/ml vs. late: 486 minutes*ng/ml. AUC for
tT4 curve under the constant clearance model=i_0*s_tT4*\tau_tT4,d: 31682 minutes*ng/ml
early vs. 69524 minutes*ng/ml late. AUC for fT4 curve under the constant clearance model
=i_0*s_fT4*\tau_fT4,d: 671 minutes*pg/ml early vs. 1475 minutes*pg/ml late. Lastly, AUC
for
tT3
curve
under
the
constant
clearance
model
=
(\tau_tT3,d*i_0(s_43*\tau_tT4_d*\tautT3_g+s_tT3*\tau_tT4,g*\tau_43))
/(tau_tT3,g*\tau_43): 815 minutes*ng/ml early vs. 815 minutes*ng/ml late.
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Figure 2. Modeled mean (± s.e.m.) concentrations of plasma (A) thyroid stimulating hormone,
(B) total thyroxine (tT4), (C) free thyroxine (fT4), and (D) total 3,5,3′-triiodothyronine (tT3)
from northern elephant seal pups before (0) and 15, 30, 60, 120, and 1440 mins post- thyroid
stimulating hormone infusion in the early (n=6; 2–3-weeks post-weaning) and late (n=6; 6–8
weeks post-weaning)-fasted elephant seal pups. The black line is the ﬁt to the early fasting data
(solid squares). The red line is the ﬁt to the late fasting data (open triangles) according to the
constant clearance model.

Season

endogenous levels of
TSH

total T4

free T4

total T3

(ng/ml)

(ng/ml)

(pg/ml)

(ng/ml)

Early

0.053 ± 0.010

31 ± 2

0.45 ± 0.02

1.06 ± 0.04

Late

0.058 ± 0.003†

38 ± 3

0.56 ± 0.04

1.08 ± 0.07

Table 1. Measured endogenous levels at time zero (before TSH or saline infusion). Values
represent the averages from 10 animals each during the early and the late fasting seasons. (†)
The value for the late TSH was calculated from the average of nine animals, as the tenth value
exceeded the average by seven standard deviations.
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Season

Fitted values for
i0

τi

τTG

(ng/ml)

(min)

(min)

Early

10.2 ± 0.9

0.24 ± 0.27

35 ± 5

Late

10.2 ± 0.5

0.20 ± 0.11

48 ± 4

Table 2. Fitted values (including standard errors) describing the dynamics of the infused TSH
during the early and late fasting seasons.

Season

Data values for
ntT4

nfT4

ntT3

(ng/ml)

(min)

(min)

t=60 minutes
Early

4.62 ± 1.42

0.11 ± 0.04

0.25 ± 0.03

Late

6.65 ± 1.58

0.10 ± 0.02

0.30 ± 0.04

16.25 ±
1.63

0.35 ± 0.03

0.58 ± 0.02

t=120 minutes
Early

20.81 ±
0.35 ± 0.04
0.59 ± 0.05
1.44
Table 3. Comparison of the t = 60 mins and t = 120 mins data points for early and late
fasting.
Late

60

Parameter

Fasting Season
Early

Late

Total T4
τtT4,g

350 min.†

stT4

9.64±1.09††

τtT4,d

(384±39)min.

(824±77)min.

Free T4
τfT4,g

360 min.†

sfT4

0.180±0.011††

τfT4,d

(366±30)min.

(819±46)min.

Total T3
τtT3,g

60 min.†

stT3

0.077±0.032††

τtT3,d
𝜏43
𝑠43

(80±73)min.

(73±9)min.

(6 · 1015 ± 0)min.
(10900±2900)min.

Table 4. Constant Generation Model Fitting: Fitted values describing the total T4, free T4 and
total T3 dynamics after TSH infusion during the early and late fasting seasons. †The values for
the generation times were determined through an initial fitting step in which they were left as
fitting parameters. In a second step they were fixed at values near the fitting value obtained
initially. The displayed value represents a value for which the standard error of the other fitting
parameters is approximately minimized. ††The values for the scaling parameters were obtained
from fitting the data from the early fasting season. Those values were then fixed when fitting
the data from the late fasting season.
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Parameter

Fasting Season
Early

Late

Total T4
τtT4,g

(350±37)min.

(647±74)min.

stT4

(8.09±0.74)

(17.75±1.37)
384 min.†

τtT4,d
Free T4
τfT4,g

(350±30)min.

(873±87)min.

sfT4

(0.180±0.013)

(0.395±0.021)

366 min.†

τfT4,d
Total T3
τtT3,g

(70±0)min.

stT3

(0.089±0.045)

(565±0)min.
(0.680±0.039)

τtT3,d

80 min.†

𝜏43
𝑠43

(7 · 1011 ± 0)min.
(30200±14100)min.

Table 5. Constant Clearance Model Fitting: Fitted values describing the total T4, free T4 and
total T3 dynamics after TSH infusion during the early and late fasting seasons assuming a
constant clearance. †The values for the depletion times were taken from the fitting of early
fasting data performed under the under constant generation assumption.

Modeling of TSH-induced Thyroid Hormones
In order to estimate the changes in thyroid hormone levels during the period in which
measurements were not taken, we mathematically modeled the measured levels of T4 and T3
as a function of time after TSH infusion (Figure 3A). This model considered the following
conditions and processes:
1. Before TSH infusion, endogenous TSH is present at a constant level, neTSH. The level is
considered to remain constant over the course of the experiment.
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2. Prior to TSH infusion, the levels of total T3 (nT3), free T4 (nfT4), and total T4 (nTT4) are
constant in time.
3. The endogenous TSH disperses into the body from where it is generated at a rate
neTSH/τe.
4. The infused TSH, niTSH, disperses into the body of the animal at a rate, niTSHτi.
5. The total TSH is depleted from the body by the thyroid gland at a rate,

𝑛𝑒𝑇𝑆𝐻 −𝑛𝑖𝑇𝑆𝐻
𝜏𝑇𝐺

6. The thyroid gland produces free T4 (nfT4), total T4 (ntT4), and total T3 (ntT3) due to TSH
stimulation and releases it into the body at a rate, ntT4/τtT4,g, nfT4/τfT4,g and
nT3/τT3,g respectively.
7. Free T4, total T4, and total T3 are metabolized at a rate, ntT4/τtT4,d,
nfT4/τfT4,d and nT3/τT3,d, respectively.
8. Total T3 may also be generated from T4 at a rate, τ43. However, we assume that T4 is not
being affected by T3 production as the amounts of T3 generated from T4 are typically much
smaller than the amounts of T4 available, as is the case in this study.
Mathematically we describe this model by the following set of rate-equations:

𝑑𝑛𝑒𝑇𝑆𝐻
=0
𝑑𝑡

(1)

𝑑𝑛𝑖𝑇𝑆𝐻
𝑛𝑖𝑇𝑆𝐻
=−
𝑑𝑡
𝜏𝑖

(2)

𝑑𝑛𝑏𝑇𝑆𝐻 𝑛𝑒𝑇𝑆𝐻 𝑛𝑖𝑇𝑆𝐻 𝑛𝑏𝑇𝑆𝐻
=
+
−
𝑑𝑡
𝜏𝑒
𝜏𝑖
𝜏 𝑇𝐺

(3)

𝑑𝑛𝑇𝐺 𝑛𝑏𝑇𝑆𝐻 𝑛𝑇𝐺
=
−
𝑑𝑡
𝜏 𝑇𝐺
𝜏𝑥,𝑔

(4)

𝑑𝑛𝑇4
𝑛𝑇𝐺
𝑛𝑇4
= 𝑠4
−
𝑑𝑡
𝜏4,𝑔 𝜏 𝑇4,𝑑

(5)

𝑑𝑛𝑇3
𝑛𝑇𝐺
𝑛𝑇3
𝑛𝑇4
= 𝑠3
−
+ 𝑠43
𝑑𝑡
𝜏3,𝑔 𝜏 𝑇3,𝑑
𝜏 𝑇43

(6)
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Here the scaling factors sx (with x = fT4 or x = tT4), s3 and s43, are introduced to account for the
fact that, for example, TSH does not stimulate total T4 on a one-to-one basis, and that only a
fraction of T4 is converted to T3. In this model we treat the total T3 semi-independently from
the total T4, and free T4 equivalently to total T4. That is,
1. the dynamics of total T4 is not influenced by the dynamics of total T3,
2. the dynamics of free T4 is considered identical to that of total T4, and
3. the dynamics of total T3 may be influenced (however weakly) by the dynamics of total T4
through the mechanism that generates total T3 from T4, or deiodination.
We justify these three assumptions as follows:
1. the levels of total T4 being much larger than the levels of total T3,
2. the ratio between the endogenous total T4 and free T4 levels remains the same between the
early and late fasting seasons,
3. the gene expression data indicates that the T4 to T3 conversion is increased during the late
fasting season.
Endogenous Levels: Steady-state Considerations
In this analysis we treat the endogenous levels as constant over the time scale of the
experiment. Mathematical expressions for the endogenous levels are obtained by setting each
of the previous equations 1-6 equal to zero. The resulting initial conditions presume that all
endogenous levels are constant prior to TSH infusion:
𝑛𝑒𝑇𝑆𝐻 (0) = 𝑒0
(7)
𝑒0 𝜏 𝑇𝐺
𝑛𝑏𝑇𝑆𝐻 (0) =
(8)
𝜏𝑒
𝑒0 𝜏𝑥,𝑔
𝑛𝑇𝐺 (0) =
(9)
𝜏𝑒
𝑛𝑥 (0) = 𝑠𝑥

𝑛𝑇𝐺 (0)𝜏𝑥,𝑑
𝑒0 𝜏𝑥,𝑑
= ⋯ = 𝑠𝑥
𝜏𝑥,𝑔
𝜏𝑒
𝑛𝑇3 (0) = 𝑠3

=

𝜏4,𝑔
𝑒0 𝜏 𝑇3,𝑑
𝜏4,𝑑
(𝑠3
+ 𝑠43 𝑠4
)
𝜏𝑒
𝜏3,𝑔
𝜏43

(10)

𝑛𝑇𝐺 (0)𝜏 𝑇3,𝑑
𝑛𝑇4 (0)𝜏 𝑇3,𝑑
+ 𝑠43 𝑠4
=⋯
𝜏 𝑇3,𝑔
𝜏43

(11)

Together with the measured endogenous levels from Table 1, equations 7-11 offer some initial
insights on the metabolic dynamics during early and late fasting. Table 1 reveals that the
endogenous levels between early and late fasting change for free and total T4, while the
endogenous levels of TSH and total T3 remain unchanged within the measurement error.
Consequently, we can assume that the dynamics associated with endogenous TSH remains
𝐸
𝐿
unchanged between the early and the late fasting seasons. That is, 𝑛𝑏𝑇𝑆𝐻
= 𝑛𝑏𝑇𝑆𝐻
, which
𝐸𝑎𝑟𝑙𝑦
𝐸𝑎𝑟𝑙𝑦
𝐸𝑎𝑟𝑙𝑦
𝐸𝑎𝑟𝑙𝑦
𝐿𝑎𝑡𝑒
𝐿𝑎𝑡𝑒
𝐿𝑎𝑡𝑒
suggests 𝑒0
= 𝑒0 , 𝜏𝑒
= 𝜏𝑒 , and 𝜏 𝑇𝐺 = 𝜏 𝑇𝐺 . The observation that 𝑛𝑇3 =
𝐸𝑎𝑟𝑙𝑦
𝑛𝐿𝑎𝑡𝑒
≠ 𝑛𝐿𝑎𝑡𝑒
𝑇3 , but that 𝑛 𝑇4
𝑇4 suggests that not just the T4-related dynamics change, but also
the T3-related dynamics, yet in a way that keeps the endogenous T3 level unchanged.
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TSH Infusion Dynamics
Further information on the metabolic dynamics is obtained from the response to TSH infusion.
At time t = 0, an amount estimated by 𝑛𝑖𝑇𝑆𝐻 (𝑡 = 0) = 𝑖0 is being infused. To assess only the
effect of TSH infusion on circulating levels of thyroid hormones, we subtract the endogenous
levels at time 𝑡 = 0 from all measured values, which is equivalent to setting 𝑒0 = 0 in the
above equations.
Fitting the resulting TSH levels according to
𝑛𝑇𝑆𝐻 (𝑡) − 𝑛𝑇𝑆𝐻 (0) =

𝑡
𝑡
𝑖0 𝜏 𝑇𝐺
−
−
(𝑒 𝜏𝑇𝐺 −𝑒 𝜏𝑖 )
𝜏 𝑇𝐺 − 𝜏𝑖

(12)

yields the values summarized in Table 2. The fitted values reveal that the dynamics of the
infused TSH is nearly identical during the early and late fasting seasons.
Thyroid Hormone Dynamics: Constant Generation Model
Before fitting the T4 and T3 data according to the above described model it is necessary to
evaluate the data at time points t = 60mins and t = 120mins (Table 3). These data suggest that
the generation of T4 and T3 induced by the TSH infusion follows the same dynamics at early
and late fasting periods. That is, for the purpose of fitting the data we may assume, that changes
in the dynamics between early and late fasting results from a change in clearance. Here it is
important to note, that the generation rates involved in the endogenous dynamics may change
between early and late fasting. Whether that is the case or not can be addressed by assuming
that the underlying dynamics are not affected by the TSH infusion, and that the changes in the
clearance dynamics are solely responsible for the change in the endogenous levels. If so, then
the fitted values for the clearance effect can be directly related to the measured endogenous
levels (Table 1) with equations 7-11 as such:
𝐸𝑎𝑟𝑙𝑦

𝐸𝑎𝑟𝑙𝑦

𝑛𝑡𝑇4 (0) 𝜏𝑡𝑇4
= 𝐿𝑎𝑡𝑒
𝐿𝑎𝑡𝑒
𝑛𝑡𝑇4
(0)
𝜏𝑡𝑇4

(13)

A discrepancy between the calculated values and what is observed endogenously using this
model, will indicate that the endogenous generation of hormone levels changes between early
and late fasting. To fit the total T4, free T4, and total T3 data according to the above model,
we proceed as such:
1. We fitted the TSH data for both early and late fasting by solving for nbTSH(t),
which yielded values for i0, τi and τTG.
2. We used the (average) values obtained for the TSH dynamics (Table II) as fixed parameters
for fitting the total T4 data by solving for nT4(t), to obtain values for sx, τx,g, and τx,d, with x
= tT4.
3. We repeated the previous step for the free T4 data.
4. We used the values obtained from fitting the TSH and total T4 data as fixed parameters for
𝑠
fitting the total T3 data by solving for nT3(t), which yields values for s3, 43 , 𝜏3,𝑔 and τ3,d.
𝜏43
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5. Fitting the data for late-fasted animals was performed as described above (steps 1-4), while
keeping all parameters pertaining to the generation fixed to their values from the
early fasting season. That is, only the clearance times remained as fit parameters. These
data are summarized in Table 4.
We find for total T4:

𝐿𝑎𝑡𝑒 (0)
𝑛𝑡𝑇4
𝐸𝑎𝑟𝑙𝑦
𝑛𝑡𝑇4 (0)

=⋯=

‖
1.24

𝐿𝑎𝑡𝑒
𝜏𝑡𝑇4,𝑑
𝐸𝑎𝑟𝑙𝑦

𝜏𝑡𝑇4,𝑑

(14)

‖
≠

2.14,

(15)

and for free T4:

𝐿𝑎𝑡𝑒
(0)
𝑛𝑓𝑇4
𝐸𝑎𝑟𝑙𝑦
𝑛𝑓𝑇4 (0)

=⋯=

‖
1.24

𝐿𝑎𝑡𝑒
𝜏𝑓𝑇4,𝑑
𝐸𝑎𝑟𝑙𝑦

𝜏𝑓𝑇4,𝑑

(16)

‖
≠

2.24,

(17)

which indicates that the assumption that the changes in clearance are solely responsible for
the changes in endogenous levels is false.
Thyroid Hormone Dynamics: Constant Clearance Model
In contrast to the constant generation model, we analyzed the data under the assumptions of a
constant clearance model. Here, we assumed that the clearance remained unchanged between
early and late fasting and that changes in endogenous thyroid hormone levels were caused
solely by changes in generation. In order to fit the data according to this model, we proceeded
as before using the TSH values obtained by fitting the early fasting T4 data. To fit the late T4
𝐸𝑎𝑟𝑙𝑦
𝐿𝑎𝑡𝑒
data, we kept the T4 depletion time constant, 𝜏 𝑇4,𝑑 = 𝜏 𝑇4,𝑑
, and left the generation time,
𝐿𝑎𝑡𝑒
𝜏 𝑇4,𝑔 , and the scaling factor, 𝑠𝑇4 , as free fitting parameters. Then, we used the obtained values
to fit the T3 data (Table 5). We then compared the fitted values to their matched endogenous
ratios.
For total T4 we solved with Equation 10 as follows:
𝐿𝑎𝑡𝑒
𝑛𝑡𝑇4
(0)
=⋯
𝐸𝑎𝑟𝑙𝑦
𝑛𝑡𝑇4 (0)
𝐿𝑎𝑡𝑒 𝐸𝑎𝑟𝑙𝑦
𝑠𝑡𝑇4
𝜏𝑡𝑇4,𝑔
= 𝐸𝑎𝑟𝑙𝑦 𝐿𝑎𝑡𝑒
(18)
𝑠𝑡𝑇4 𝜏𝑡𝑇4,𝑔
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‖

‖

1.24

≈

1.19,

(19)

and for free T4:
𝐿𝑎𝑡𝑒
𝑛𝑓𝑇4
(0)
𝐸𝑎𝑟𝑙𝑦

𝑛𝑓𝑇4 (0)

=⋯

𝐸𝑎𝑟𝑙𝑦

=

𝐿𝑎𝑡𝑒
𝑠𝑓𝑇4
𝜏𝑓𝑇4,𝑔

(20)

𝐸𝑎𝑟𝑙𝑦

𝐿𝑎𝑡𝑒
𝑠𝑓𝑇4 𝜏𝑓𝑇4,𝑔

‖
1.24

‖
≈

0.95,

(21)

The obtained ratios using the constant clearance assumption matched the endogenous ratios
much better than those obtained under the constant generation assumption. An example of how
the two fitted models differ is provided in Figure 3B. This analysis indicates that the
assumption that the changes in the endogenous levels between early and late fasting are solely
caused by changes in clearance is highly unlikely, suggesting instead that the changes in the
endogenous T4 levels are the result of active T4 secretion. Collectively, these thorough
analyses provide robust evidence for a functional and active thyroid gland throughout the
elephant seal’s fast. It is interesting to note that the fitted models yielded quasi infinite τ43/s43
ratios for early fasting and finite values for late fasting. This observation is consistent with the
up-regulation of the T4 to T3 conversion between early and late fasting that is independently
corroborated by the gene expression data.
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Figure 3. (A) A diagrammatic model depicting the developed mathematically model assessing
the measured levels of T4 and T3 as a function of time after TSH infusion in fasting northern
elephant seal pups, (B) Fitted total T4 dynamics using mathematical model. The black line is
the fit to the early fasting data (solid squares). The grey line is the fit to the late fasting data
(open triangles) according to the constant generation model. The red line is the fit to the late
fasting data according to the constant clearance model.
TSH Increases mRNA Expressions of DI1 and THrB1
Accordingly, both the mRNA expressions of DI1 and THrβ1 increased in response to TSH;
however, the increases peaked at 120 min in adipose, and at 60 min post-infusion in muscle
(Figure 4). Moreover, the increase in DI2 mRNA expression observed with fasting duration
alone, are not changed with THS infusion (Figure 4). The tissue-specific increases in receptor
availability and deiodinase transcript elucidate an additional level of regulation, where there
also exists a change in tissue-specific sensitivity, with muscle deiodination and clearance
increasing faster when compared to adipose. Collectively and complimentarily, both the
modeled thyroid hormone data and the empirically generated gene expression results provide
a more comprehensive and novel picture of thyroidal regulation during fasting duration in a
large mammal, naturally adapted to prolonged fasting.
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Figure 4. Mean (± s.e.m) mRNA expressions of (A) adipose and muscle deiodinase type I
(DI1) and (B) adipose and muscle deiodinase type II (DI2) and (C) adipose and muscle thyroid
hormone receptor beta-1 (THrβ1) from northern elephant seal pups before (0) and 60, 120, and
1440 mins post- thyroid stimulating hormone infusion in the early (n=6; 2–3-week postweaning) and late (n=6; 6–8-week post-weaning)-fasted elephant seal pups. * denotes
significant (P<0.05) difference from 2-3 weeks post-weaning; # denotes significant (P<0.05)
difference from T0 within a group.

Discussion
A review of the literature clearly demonstrates that the responses of the thyroid gland and
thyroid hormone-mediated cellular events to food deprivation, fasting, and/or starvation are
variable and dynamic among mammals. But typically for most mammals, the response to food
deprivation is suppression of thyroid hormone secretion, circulating levels, and TH-mediated
cellular signaling. Furthermore, the differences in these variable responses help to assess the
ecological and/or evolutionary pressures on that particular species’ metabolism to conform and
adapt for the survival of that species. Therefore, the motivation for this study was to better
assess the responsiveness of the thyroid gland and the concomitant cellular events to more
thoroughly define the requisite physiological adaptations evolved in seals to tolerate and thrive
during prolonged bouts of absolute food deprivation. Because elephant seals maintain a
seemingly paradoxical increase in mass-specific metabolic rate during their naturally evolved
fasts, characterized by physical activity and normothermia, the study of the thyroid gland and
cellular TH-mediated events in such a model of unique physiology is intriguing and offers a
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number of intellectual challenges. We hypothesized that the previously reported increases in
thyroid hormones between the early and late fasting were not solely a result of reduced
clearance, but rather a result of increased secretion, influenced by: (1) production at the level
of the gland, (2) cellular metabolism by deiodinases, and (3) receptor availability (Figure 1B).
The infusion of TSH has long been used as a tool for assessing thyroidal regulation and its
contribution to disease. For example, the potential of infused TSH to alter deiodination rate
has been examined (32). However, deiodination was assessed by examining changes or
alterations in labeled T4 via urinary excretion and not surprisingly, no changes were measured
(32). Similarly, a number of studies have assessed thyroidal secretion and sensitivity using prelabeled radioactive iodine experiments, which are only proxy measurements at best. More
recently, T4 and T3 concentrations were measured following TSH infusion, with levels
remaining unchanged acutely, but increased with time and remained elevated after TSH
stimulation was removed (33). In this same study, deiodination was not assessed, although the
author suggested that TSH may have also directly affect deiodination based on T3 being
preferentially secreted during TSH stimulation (33). Our results are similar in that TH levels
were not immediately nor acutely increased in response to TSH, but levels are predicted to
increase substantially and are maintained elevated after TSH levels have diminished. These
responses suggest that the thyroid gland does not have a pool of free hormone that can be
released immediately. Moreover, the prolonged secretion of TH even after TSH stimulation is
removed suggests that TSH remains bound to its receptor sufficiently long enough to
perpetuate stimulation of the thyroid gland despite the disappearance of the acutely elevated
TSH levels, this physiological maintenance of TSH stimulation due to prolonged receptor
binding has previously been reported (34). Moreover, TSH has been shown to directly increase
mono-deiodination in rat kidney, although the mechanism is not clear (35). Additionally, TSH
stimulates both inner and outer ring deiodination (36). This effect is at the very least suggestive
of ubiquitous genomic regulation, whose inhibition would likely come from epigenetic
regulation, or methylation. However, it should be noted that the number of TSH infusion
studies in an effort to better assess thyroidal status, are starkly overshadowed by the number
of thyrotropin releasing hormone (TRH) studies (37-42). Furthermore, of the few TSH infusion
studies (43, 44), to the best of our knowledge, none have simultaneously examined deiodinases
and receptor availability in different tissues, highlighting the significance of the present study.
An additional intriguing discovery includes the differential response in the timing of observed
peak gene expressions between adipose and muscle following TSH infusion. For example,
TSH increased both DI1 and THrβ1 in the late fast at 120 mins in adipose, but were increased
at 60 mins in muscle. This time-dependent, tissue-specific differences in cellular response is
indicative of a tissue-specific shift in sensitivity to elevated TH levels as a function of fasting
duration. Furthermore, the timing of these cellular responses are closer to the peaks in TSH
than to the peaks in THs suggesting that TSH may directly stimulate cellular events. TSH
receptors have been found in a variety of peripheral tissues including, adipose, liver, and the
pituitary gland (45-47). TSH receptors are G-coupled protein receptors, which are integral
cellular components that mitigate enzyme modification and gene expression (48). Thus, the
differential, tissue-specific responses suggest that peripheral TSH receptors regulate the
sensitivity of that tissue as a function of fasting duration.
While adipose and muscle are both targets of TH, they may contribute differentially to tissuespecific cellular metabolism. For example, lipid and glucose metabolism may be regulated
differentially within the two tissues examined (49, 50). The differences in the timing of the
cellular events suggest that, while TH are likely contributing to the maintenance of the lipid
metabolism characteristic of fasting in NES pups, the sensitivity to TSH is increased in muscle.
Additionally, in muscle, T3-liganded THrβ1 increased the expression of mitochondrial
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uncoupling proteins as well as glucose transporter 4 (GLUT4) among others, resulting in THinduced shifts in muscle function ending with high oxidative capacity and glycolytic potential
(51, 52). Thus, the stimulation of TH-mediated events within muscle especially in late-fasted
pups may be important to support muscle function and development to help prepare the animals
for their initial diving experiences, which immediately follow their fast.
The increases in muscle gene expressions and sensitivity (compared to adipose) may facilitate
specific life-history events. The change in sensitivity to TSH may act as an endocrine cue that
enables and sustains the energetically costly activities involved with learning to swim and to
dive while at sea, all the while also contributing to the maintenance of a lipid-based
metabolism. Alternatively, this differential response may highlight the intricate relationship
between TH regulation and insulin signaling, given that adipose develops insulin resistance
with fasting duration in NES pups (53-56).
An additional point of notable consideration is that the regulation of the expression of DI2 is
subject to ER stress (57). Specifically, ER stress acts as a highly effective disruptor of D12
activity (57). It is well established that ER disruption, which is caused by metabolic disorders
such as diabetes, insulin resistance, and obesity, increase ER stress (58). Although DI2
expression is relatively lower in adipose, which is insulin resistant compared to muscle (53,
55, 56, 59), adipose DI2 expression increases with fasting duration suggesting that insufficient
stress is generated to disrupt DI2 expression. Oxidative stress is also abrogated in these tissues
as a function of fasting duration further corroborating the contention that cellular stress is not
likely contributing to the regulation of DI2, and likely the other deiodinases, in fasting elephant
seals (60).
From the modeled data we observed and predicted the following: (1) T4 clearance decreased
in the late fast compared to the early fast, resulting in the maintenance of circulating levels of
TH with fasting duration, (2) the secretion of T4 in response to TSH was greater in late fasting
compared to early suggesting that the sensitivity of the gland increased with fasting and that
this increased production provides an additional means to help maintain circulating levels, (3)
T3 was cleared faster than T4 regardless of fasting duration, which would help ensure the
availability of T4 for cellular deiodination, and thus, cellular activity, and (4) the T4:T3 ratio
decreased after TSH infusion suggesting that T3 and T4 are generated at a diﬀerent rate than
prior to TSH infusion. The model independently predicted that during the late fast, the
conversion of T4 to T3 is upregulated. This would suggest that deiodination and receptor
clearance are increased, which is what the empirical gene expression data demonstrated.
This study revealed three significant contributions to the disciplines of cell and evolutionary
biology, endocrinology, comparative and ecological physiology, and biomedicine. Among
these important findings were: (1) given the potential issues with assessing thyroid status from
a single plasma sample, which only accounts for a static measure of circulating TH levels, the
modelling of the endocrine response to a TSH challenge provides unique insight to clearance
rates, thyroid gland responsiveness, and production rates that when coupled with cellular,
tissue-specific events, provides a more robust assessment of the dynamic changes associated
with the thyroid gland and its related cellular signaling, (2) evidence that elephant seal pups
undergo a unique fasting period that is driven by paradoxical, fasting-induced changes in
thyroid gland production that can be better characterized as “adaptive fasting”, and (3) the
reliance on lipid oxidation to support the metabolism of fasting northern elephant seals makes
it likely that TH-mediated signaling contributes to lipid metabolism, which may provide unique
insights into the complex interactions between thyroid hormones, impaired lipid metabolism,
and human obesity. Unraveling the biology behind this truly exceptional fasting responses,
perhaps better known as, “adaptive fasting”, may provide alternative insight to addressing the
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multitude of metabolic disorders in humans. For example, identifying mechanisms that would
allow humans to preferentially metabolize lipid, all the while not eating and maintaining the
integrity of their cellular capacity, could provide beneficial changes on many scales.

Material and methods
All procedures were reviewed and approved by the Institutional Animal Care and Use
Committee’s of both the University of California Merced and Sonoma State University. All
work was conducted under the National Marine Fisheries Service marine mammal permit #871743.
Animals
Northern elephant seal (Mirounga angustirostris) pups were studied at the Año Nuevo State
Reserve (30 km north of Santa Cruz, CA, USA) during their natural post-weaning fast while
they are still on land. Ten pups were sampled during the early (1-2 wks post-weaning) and ten
were sampled during late fasting period (6–8 week post-weaning) as independent cohorts. The
elephant seal pups were isolated on the beach during the procedures to protect them from the
much larger adults. The pups were initially sedated with 1 mg/kg Telazol
(tiletamine/zolazepam HCl, Fort Dodge Labs, Ft Dodge, IA, USA) administrated
intramuscularly and once immobilized, an 18 gauge, 3.5-inch spinal needle was inserted into
the extradural spinal vein to facilitate the infusion of thyroid stimulating hormone (TSH) or
saline (5, 61). The body mass was measured using a hanging-load cell suspended from a tripod.
Intravenous Thyroid Stimulating Hormone Infusion
Pre-infusion blood samples were collected in chilled, EDTA-treated vacutainer sample tubes
and kept on ice until they could be centrifuged. Pre-infusion adipose and muscle tissue biopsies
were collected by first cleaning a small region in the flank of the animal near the hind flipper
with alternating wipes of isopropyl alcohol and betadine. A small (<1.5 cm) incision was made
using a sterile scalpel, and a blubber and muscle biopsy (ca. 50–200 mg) was collected with a
sterile biopsy punch needle (Henry Schein). The biopsy samples were rinsed with cold, sterile
saline, placed in cryogenic vials, immediately frozen by immersion in liquid nitrogen, and
stored at −80 °C until later analyses. Following initial sample collection, animals (n=10 early,
n=10 late) were infused with 8 IU of bovine TSH (Sigma) (n=6) or with saline (n=4).
Following the infusion, blood samples were collected at 15, 30, 60, 120, and 1440 mins.
Additionally adipose and muscle biopsies were collected at 60, 120, and 1440 mins.
Sample preparation
Blood samples were centrifuged for 15 min at 3000 g, and the plasma was transferred to cryovials, immediately frozen by immersion in liquid nitrogen, and stored at −80 °C upon return to
the lab (53-56). Frozen tissue samples were homogenized in 500 μl hypotonic buffer containing
a protease inhibitor cocktail (PIC) and phosphatase inhibitor cocktail (Halt PIC; Thermo,
Waltham, MA, USA). The homogenate was then centrifuged at 16,100 g for 15 min and the
aqueous layer was aliquoted into a separate tube. TBS (500 μl) containing 1% v/v Triton X100, 1% w/v SDS, and 1% v/v PIC was added to the pellet and sonicated. The resulting
suspension was then centrifuged at 16,100 g for 15 min, and the aqueous layer was again
transferred to a separate tube. Total protein content in nuclear, cytosolic and membrane bound
fractions was measured by Bradford assay (Bio-Rad Laboratories) and quantities were used to
normalize loading of samples into gel wells.
Quantification of mRNA Expressions
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Quantification of DI1, DI2, DI3, and THrβ1 mRNA expressions was performed as previously
detailed (3, 27). As before, the expression of beta-actin (β-actin) was used as an internal
standard to normalize the expression of each target gene. β-actin expression did not change
with fasting duration or in response to the exogenous infusions, confirming its utility for
normalizing as a reference gene here.
Plasma Analyses
The plasma concentrations of thyroid stimulating hormone (TSH), total thyroxine (tT4), free
thyroxine (fT4) and total triiodothyronine (tT3) were measured by radioimmunoassay as
previously validated and detailed (5, 27, 61-63) . All samples were analyzed in duplicate and
run in a single assay with intra-assay, percent coefficients of variability of <10% for all assays.
Statistics
Repeated measures ANOVA was used to determine changes following the infusions. Changes
were considered significantly different at P < 0.05. Statistical analyses were performed R
Software.
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Chapter IV. Thyroid hormone stimulated increases in PGC-1α and UCP2 promote
life-history specific changes that actuate insulin resistance and potentiate shifts in
substrate metabolism*
Abstract
Thyroid hormones (TH) regulate metabolism and increases in cellular respiration in almost all
tissue types and are suppressed during times of stressful physiological conditions, including
fasting. Interestingly, recent studies in northern elephant seal pups have demonstrated that not
only is fasting associated with increases in circulating thyroid hormones levels, but also that
production of the thyroid gland increases with fasting duration. This unique shift in thyroid gland
sensitivity coupled with complimentary increases in deiodinase mRNA expression further
corroborate the increase in availability of circulating TH levels in a mammal adapted to fasting.
However, to date, the functional relevance of this physiological paradox have remained largely
unexplored and TH functionally still remains in question. Given that previous studies also suggest
unique endocrine adaptations to fasting, including insulin resistance, it is possible that TH are
driving several key endocrine adaptations that are coupled to specific life-history stages in
northern elephant seals. To address the hypothesis that thyroid stimulating hormone (TSH) driven
increases in TH has the capacity to regulate other endocrine system as well as substrate metabolic
shifts, we infused early and late fasted pups with thyroid stimulating hormone (TSH) and
measured TSH-stimulated THs capacity to induce changes in in several key metabolic driving
genes, hormones, peptides, and proteins; including peroxisome proliferator activated receptor
gamma coactivator alpha (PGC-1α), uncoupling protein 2 (UPC2), fatty acid translocase/CD36
(CD36), glucose and insulin, among others. Our results suggest that TSH-induced increases in
TH, increase the mRNA expression of PGC-1α, UCP2 and protein expression of CD36 in a tissue
specific manner. Here we show that TH increases with fasting duration are functional and possibly
drive very specific life-history changes, including the shift and maintenance to/of lipid
metabolism and tissue specific insulin resistance.

* Martinez B, Soñanez-Organis JG, Crocker DE, Ortiz RM.
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Introduction
Thyroid hormones have been shown to exert many physiological and metabolic effects
(2, 20, 47). Physiologically, TH regulate skeletal, cardiovascular and nervous system
homoeostasis, whereas metabolically, they are capable of stimulating metabolism, via
energy consumption in cells from almost all tissues (less the brain, spleen and testicles)
through the acceleration of protein, carbohydrate and lipid cycling (both the synthetic and
catabolic pathways) (7, 18, 27, 29, 32, 47). Peroxisome proliferator-activated receptor
gamma coactivator-1alpha (PGC-1α) is a master co-regulator of both glucose and lipid
metabolism and an important co-factor for the peroxisome proliferator-activated receptor
alpha (PPARα). As it pertains to lipid metabolism, it regulates the transcriptional
activation of genes associated with fatty acid oxidation (FAO), directly increasing
palmitate oxidation rates (36). Interestingly, given that PGC-1α expression is
upregulated through genomic-mediated TH action, not only is PGC-1α a direct target of
TH, but PGC-1α itself also coactivates liganded thyroid hormone receptor (TR) (49).
As a promoter of oxidative metabolism, once its activity is upregulated, PGC-1α
maintains the potent capacity to upregulate the expression of genes regulating the
tricarboxylic acid cycle (TCA cycle), beta-oxidation of free fatty acids (FFA), and
oxidative phosphorylation, thereby, promoting oxygen consumption. These cellular
responses are induced in times of physiological stress, coupled with energetic burdens,
such as fasting and exposure to cold (10, 48). To meet such demands, PGC-1α facilitates
fatty acid transport through increases in fatty acid transporter (CD36) (3). In terms of
glucose metabolism, knock out studies have suggested that PGC-1α is associated with
glucose intolerance and insulin resistance (13). Although its specific role remains unclear,
it has been established that PGC-1α drives anabolic processes like glucose refueling and
whole-body lactate homeostasis (31).
Mitochondrial uncoupling is another biochemical process that can mediate glucose
homeostasis and lipid metabolism. Though it has been suggested to regulate lipid
metabolism, mitochondrial uncoupling protein 2 (UCP2) may alter glucose homeostasis
as well as insulin secretion through metabolite transport, which also implicates the
uncoupling protein in insulin resistance and glucose utilization (37). Interestingly, both
UCP2 and PGC-1α are also concomitant regulators of insulin secretion, where PGC-1αmediated increases in UCP2 expression impairs insulin secretion (19).
Previous studies in northern elephant seal pups (NES) have identified some unique
physiological responses to prolonged fasting that would accommodate their natural
adaptations, however, the functional or evolutionary purpose of some of these perplexing
responses remain elusive. For example, NES exhibit tissue-specific insulin resistance,
hypertriglyceridemia, and paradoxical increases in circulating TH and up-regulation of
TH-associated cellular signaling (16, 17, 39, 41, 42, 45). To address the hypothesis that
thyroid stimulating hormone (TSH)-mediated increases in TH regulates other endocrine
systems and substrate metabolism, we compared the changes in several key genes in
adipose and muscle associated with lipid metabolism, plasma hormones and metabolites
proteins following an acute TSH infusion in early- and late-fasted pups. The aim of this
study was to assess the contributions of TSH-induced increases in TH on cellular function
and subsequent changes in substrate metabolism in a large mammal where TH activity is
increased despite prolonged fasting.
Material and methods
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All procedures were reviewed and approved by the Institutional Animal Care and Use
Committee’s of both the University of California Merced and Sonoma State University.
All work was conducted under the National Marine Fisheries Service marine mammal
permit #87-1743.
Animals
Northern elephant seal (Mirounga angustirostris) pups were studied at the Año Nuevo
State Reserve (30 km north of Santa Cruz, CA, USA) during their natural post-weaning
fast while they are still on land. Ten pups were sampled during the early (1-2 wks postweaning) and ten were sampled during late fasting period (6–8-wks post-weaning). The
elephant seal pups were isolated on the beach during the procedures to protect them from
the much larger adults. The pups were initially sedated with 1 mg/kg Telazol
(tiletamine/zolazepam HCl, Fort Dodge Labs, Ft Dodge, IA, USA) administrated
intramuscularly and once immobilized, an 18 gauge, 3.5-inch spinal needle was inserted
into the extradural spinal vein to facilitate the infusion of saline (control) or TSH(21-23,
25, 34, 35, 38, 43, 44). Body mass was measured using a hanging-load cell suspended
from a tripod following the procedures.
Intravenous Thyroid Stimulating Hormone Infusion
Pre-infusion (T0; baseline) blood samples were collected in chilled, EDTA-treated
vacutainer sample tubes and kept on ice until they could be centrifuged. Pre-infusion
adipose and muscle biopsies were collected as previously described (16, 17, 33, 39, 40,
42, 45). Following initial sample collection, animals were infused with sterile saline
(n=4) or bovine TSH (8 IU; Sigma; n=6). Following the infusions, blood samples were
collected at 15, 30, 60, 120, and 1440 min. Subsequent adipose and muscle biopsies were
collected at 60, 120, and 1440 min. Blood and tissue samples were prepared in the field
as previously described (16, 17, 33, 39, 41, 42, 45). Total protein content in nuclear,
cytosolic and membrane bound fractions was measured by Bradford assay (Bio-Rad
Laboratories) and quantities were used to normalize loading of samples into gel wells
(Bio-Rad Laboratories, Hercules, CA).
Quantification of mRNA Expressions
Tissue samples were processed for the quantification of mRNA expressions and PCR
reactions were performed as previously described (16, 17). Specific primers for PGC-1α,
and UCP2 were designed based on homologous mammalian nucleotide sequences and
partial sequences were confirmed. The expression of beta-actin (β-actin) was used as an
internal standard to normalize the expression of each target gene. Gene expression was
measured by quantitative qPCR using PGC-1αFw1 + PGC-1αRv1, UCP2Fw1 +
UCP2Rv1, and β-actinFw1 + β-actinRv1 primers, respectively. Positive (with cDNA)
and negative (no cDNA) controls were included in each assay. Statistical analyses were
performed to confirm that β-actin expression did not change with fasting duration or in
response to the exogenous infusions, confirming its utility for normalizing as a reference
gene.
Quantification of Protein Expression by Western Blotting
Protein expression was quantified by standard Western blot as previously described (30,
34, 35, 38, 43, 44). The primary antibodies for CD36 and β-actin (Santa Cruz
Biotechnology, Santa Cruz, CA) were diluted 1:500 to 1:5,000. Blots were visualized
using Odyssey Clx, Li-Cor Imager (Li-Cor Biosceinces, Lincoln, NE). In addition to
consistently loading the same amount of total protein (15 μg) per well, densitometry
values were further normalized by the densitometry values of β-actin. Again, statistical
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analyses confirmed the appropriateness of using β-actin expression to normalize the
CD36 values.
Plasma Analyses
Glucose, lactate, and triglycerides were measured in duplicate on a YSI 2300 autoanalyzer. Insulin (SRI-13K; Linco Research, St. Charles, MO) and IGF-1 (22-IGFHUE01, ALPCO Diagnostics, Salem, NH) were measured in duplicate as previously
described(4, 24, 26, 39). NEFAs were also measured using a commercially (Wako
Chemicals, Richmond, VA, USA) available kit. All samples were analyzed in duplicate
and run in a single assay with intra-assay, percent coefficients of variability of <10% for
all assays.
Statistics
Means (±SE) were compared by analysis of variance (ANOVA) using repeated measures
ANOVA was used to determine changes following the infusions. Changes were
considered significantly different at P < 0.05. Statistical analyses were performed using
R Software.
Results
Thyroid stimulating hormone increases the mRNA expression of PGC-1α
In adipose, the mRNA expression of PGC-1α, in response to TSH, decreased 90% during
the early fast at 120mins, with levels returning to baseline after 24hrs; whereas during
the late fast there was no measurable statistical difference. In muscle, the mRNA
expression of PGC-1α, in response to TSH first decreased to 32% at 60 mins, while at 24
hrs, increased 148% during the early fast; in the late fast levels increase almost 500% at
60 minutes, returning to baseline after 120 mins. (Figures 1 and 2).
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Thyroid stimulating hormone increases the mRNA expression of UCP2
In adipose, the mRNA expression of UCP2 increased 2735% in response to TSH during
the early fast at 60 mins, returning to baseline after 120 mins; whereas there was no
measurable statistical difference during the late fast. In muscle, the mRNA expression of
UCP2 decreases to 11% at 120 mins in the early fast, in response to TSH; however, UCP2
levels increases over 5000% at 60 mins in the late fast and return to baseline after 120
mins (Figures 1 and 2).
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Thyroid stimulating hormone increases the mRNA expression of CD36
In adipose, the protein expression of CD36 did not change significantly in response to
TSH; however, the protein expression of CD36 increased 110% in response to TSH
during the late fast at 120 mins (Figure 3).

Thyroid stimulating hormone increase circulating glucose and insulin in the late fast
Though glucose plasma levels were not significantly altered in the early fast; in response
to TSH, glucose increases gradually 5%, 12%, 12%, at 15, 30 and 60 minutes,
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respectively, peaking to a 18% increase at 120 minutes and with levels returning to
normal after 24 hours in the late fast. In response to TSH, plasma insulin decreases 10%
at 120 minutes, and 27% at 24 hours in the early fast. Conversely, in the late fast, in
response to TSH, insulin decreases 26% at 30 mins; while this decrease is maintained at
60 and 120 mins, insulin plasma levels increase 16% at 24 hours (Figure 4).

Thyroid stimulating hormone increases non-esterified fatty acids
In response to TSH, NEFA plasma concentrations do not significantly change during the
early fast. However, during the late fast, NEFA concentrations increase 25% at 120 min
with levels returning to normal after 24 hours in response to TSH (Figure 5).
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Thyroid stimulating hormone increases lactate in the early fast but decreases lactate in
the late fast
Circulating plasma lactate levels increased 13% at 120 mins, during the early fast in
response to TSH, with levels returning to normal after 24 hours. However, during the late
fast, circulating lactate levels increase 33% at 15 minutes in response to TSH, gradually
returning to baseline after 120 mins (Figure 6).

Thyroid stimulating hormone decreases Insulin-like growth factor 1 (IGF-1)
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To assess the capacity for cellular, thyroid hormone mediated events to contribute to, and
regulate other endocrine systems, such as the GH/IGF1 axis, we measured circulating
levels of IGF1-1 in response to TSH. In response to TSH, circulating levels of IGF-1
decreased 10% after 24 hours in the early fast (Figure 7).

Thyroid stimulating hormone does not change Triglycerides
Circulating plasma triglycerides levels did not change significantly in response to TSH,
during the early or late fast (Figure 8).

Discussion
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Recent studies have clearly demonstrated that northern elephant seal pups undergo a
physiologically perplexing fast, characterized by increases in TH as a direct result of
markedly increased thyroidal production, which is coupled with fasting induced, adiposespecific insulin resistance. Given the contributions of TH signaling to substrate
metabolism, including lipid and glucose mobilization, this study investigated the
potential of increased cellular thyroid hormone-mediated events during prolonged fasting
to drive tissue- specific metabolism. The underlying hypothesis is that these changes in
cellular events with fasting duration elicit, or at the very least, enable life history
transitions facilitating the survival of NES pups during a period of adaptive fasting. The
phenotype of NES pups make them an ideal model to elucidate the mechanism by which
endocrine systems have evolved to exert cellular effects that protect tissues and ergo,
function, against the consequences of dyslipidemia and insulin resistance. Here we
elucidate life-history specific modulation of thyroid function.
TSH mediated- thyroid hormone effects on adipose
Though several studies have related UCP2 function to energy metabolism, especially that
of lipid, more recently its involvement in glucose and insulin regulation has been revealed
(6, 14, 46). It seems no coincidence that the gene location of UCP2 lies in the obesity and
type 2 diabetes trait loci (9). Specifically, UPC2 has been associated with impaired
glucose stimulated insulin secretion (GSIS), leading to insulin resistance, and
triiodothyronine (T3) has been shown to increase adipose UCP2 expression (1). Given
that NES pups develop adipose-specific insulin resistance, coupled with our most recent
data, which demonstrates that plasma T3 levels are increased and metabolized as a
function of increased thyroidal production and peripheral deiodination, UCP2 is likely
contributing to adipose-specific insulin resistance.
The mechanism by which UCP2 regulates insulin resistance in adipose during the fast,
maybe associated with adiponectin expression. Adiponectin is an abundant adipokine
expressed in adipose tissue, and has the capacity to regulate insulin sensitivity by
sensitizing the body to insulin (11). In NES pups, adiponectin is decreased with fasting
duration suggesting that it likely contributes to adipose-specific insulin resistance
observed in late-fasted pups (42). Interestingly, UCP2 has been show to mediate glucose
signaling through the direct regulation of adiponectin gene expression. In UCP2-null
mice, both adipose and plasma adiponectin are reduced (5). In this study, we show that
although in the early fast, TSH-induced increase in T3 is associated with an almost
3000% increase in adipose UCP2 mRNA expression, during the late fast, there are no
detectable changes. This would suggest very tight regulation, and the need to disable
UCP2 expression in an effort to maintain tissue-specific insulin resistance. This tight
control also seems to be mediated by PPARγ activation, which has also been observed to
decrease with fasting duration in NES pups (42) rendering any PGC1-α increases
incapable of mediating UCP2 gene expression, at least through this mechanism.
Additionally, PGC-1α may control lipid metabolism through fatty acid oxidation,
oxidative phosphorylation, and lipid secretion (8) as well as regulating glucose
metabolism. Adipose-specific PGC-1α knock out mice are more insulin resistant than
wild-type mice, providing strong evidence that adipose PGC-1α regulates whole body
glucose homeostasis (12). However, in this study we did not see statistically different
increases in PGC1-α in adipose, likely owing to small sample size and limited cDNA,
though the increasing trend during the late fast would indicate the potential for PGC-1α’s
actions as a cofactor to drive a shift in fuel utilization from glucose to fatty acid oxidation
and maintain specific substrate oxidation while sparring glucose utilization. Moreover,
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CD36 is not only involved in fatty acid transport, but also participates in lipid sensing
(15).
TSH mediated- thyroid hormone effects on muscle
In this study we show that PGC1-α and UCP2 are both increased in response to TSH at
60 minutes in muscle. These findings are very interesting because they further highlight
the importance of UCP2 in the regulation/mediation of insulin resistance in adipose,
given that in non-insulin resistant tissue TH are indeed able to promote UCP2 expression
during the late fast. Moreover, given that PGC-1α itself also coactivates liganded thyroid
hormone receptor (TR), which has been shown to be in increased at 60 minutes in muscle,
in response to the same TSH stimulation, again underscores the importance of PGC1α/PPAR mediation of insulin resistance in adipose.
Additionally, during the early fast, TSH-stimulated TH do not have the capacity to drive
gluconeogenesis. Yet, interestingly, in this study we find that TSH-stimulated TH are
able to drive gluconeogenesis during the late fast, although the insulin response appears
blunted, or at least delayed, given that we do see increases in insulin at 24 hours.
Moreover, glucose disposal in muscle seems plausible given the increases in UCP2
expression at 60 minutes, which potentially mediate glucose through the insulin
sensitizing actions of adiponectin. Another important finding in this study, is the increase
in NEFA production in response to TSH-stimulated TH levels, which suggests that TH
are capable of driving lipid metabolism, which is further corroborated by increases in
protein levels of CD36, possibly mediated by PGC1-α’s potential to shift to a lipid
metabolism. More importantly, studies have shown that increases in NEFAs, not only
interfere with insulin mediated glucose uptakes, especially in muscle but also has the
capacity to drive mitochondrial uncoupling events. During a lipid infusion study, for
example, increased NEFAs concentrations were able to inhibit insulin mediated glucose
uptake in muscle (28). Again suggesting that lipid metabolism, ending with some level
of ROS production will induce an insulin resistant state. And indeed circulating levels of
NEFAs, coupled with all the other observations in the late fast corroborate this theory.
One final note to consider, is the possibility that TH may be increased in NES pups for
the purpose of contributing to growth and development. Though that may be the case,
data from this study may suggest otherwise. We are clearly aware that NES pups are
developing and growing, and given that T3 stimulates osteoblast differentiation and
proliferation through the direct activation of parathyroid hormones, leading to increases
in IGF-1 and fibroblast growth factor (FGF)(7) we would expect to see an increase in
IGF-1, would T3 be contributing solely, to growth and development. Yet, in response to
TSH, and concomitant increases in T3 during both the early and late fast, T3 does not
induce changes circulating levels of IGF-1. And although some studies show that there
are specific states of development, or pre-pubertal growth, where it is TH that have the
greatest potential to effect skeletal growth, when compared to the role played by growth
hormone, it is still through genomic, T3-mediated IGF-1 transcription. Yet, in this study,
we see no TH- mediated IGF-1 response, further supporting the conclusions that TH do
contribute, at least in part to the metabolism of adipose during fasting duration, and
therefore possible provide the necessary endocrine cues that mediate specific life history
events that allow these seals to survive and thrive!
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Conclusions and Future Directions
When subjects become whole-body insulin resistant, it is normally as a result of increased
insulin resistance in muscle tissue, given that it is the main tissue for glucose disposal. Yet,
interestingly, the northern elephants seal develops adipose specific insulin resistance while
fasting, all the meanwhile sparring muscle tissue which appears to remain sensitive to insulin
throughout the fast (12, 13, 15, 16). Moreover, during the fast, it has been demonstrated that
several key insulin sensitizing hormones are reduced, including adiponectin while circulating
plasma levels of cortisol increase, acting perhaps as an insulin antagonist. The fast is also
characterized by high blood glucose and increased levels of non-esterified fatty acids (NEFA).
Moreover, a combination of studies that specifically address the onset of insulin resistance in
fasting NES pups demonstrate that diacyl glycerol (DAG) accumulation is responsible for the
development of tissue specific insulin resistance in adipose. The accumulation of DAG is
attributed to increases in adipose triglyceride lipase (ATGL), coupled with decreases in hormonesensitive lipase (HSL), a response which appears to be driven by continuous AMPk activation
(14, 16).
It has been shown that DAG accumulation leads to cellular resistance of regulatory factors
as well as inulin. However, what drives DAG accumulation is still debated. Interestingly, studies
have reported that liver perfusion of hypothyroid animals with a T4 spiked solution increase
hepatocytes DAG accumulation (6). Moreover, another study showed that in T4 has the capacity
to drive DAG accumulation in liver cells, and additionally non-genomically activates
phospholipase C, phospholipase D and protein kinase C (7). This is intriguing, as it suggests a
level of regulation and possible pathway for the development of insulin resistance in adipose,
through phospholipase c mediated DAG formation (7). Moreover, T3 alone can act in a nongenomic action to increase AMPk. This would suggest that increases in both T4 and T3 would
provide two separate pathways, genomic and non-genomic, both increasing the accumulation of
DAG in adipose tissue. Additionally, and perhaps most relevant, is the finding that TSHR is found
in a multitude of tissues outside the thyroid gland, including adipose. Additionally, TSHR
activation in adipose tissue, also leads to DAG accumulation, as well increased activity and
concentration of kinases and secondary messengers, respectively (4, 17). Yet, a multitude of
studies addressing the presence of TSHR in muscle, to date, remain in conflict although the
general consensus appears to be that TSHR receptors are not found in skeletal muscle (3, 10). It
would appear that T4, T3, as well as TSH, all have the capacity to drive DAG accumulation,
through non-genomic, genomic and g-coupled protein receptor pathways, respectively.
Moreover, the latter highlights a tissue specific modulation, where increases in TSH production,
would lead to DAG accumulation in adipose tissue alone, given the lack of TSHR in peripheral
muscle. Moreover, as was summarized above, in addition to driving DAG accumulation, TSH is
an important biomarker for BMI values, and has been in most studies positively correlated with
HOMA-IR values. TSH, it appears, plays an important role in the regulation of whole-body,
and/or tissue specific insulin resistance, and is itself regulated by adipose tissue, an important
endocrine gland in its own right. Naturally, we explored thyroidal function in northern elephant
seals, during fasting duration.
In addition to physiologically intriguing fasting characteristics, NES pups, also exhibit
paradoxical changes in thyroidal function. Though we have known that the fast is characterized
by modest increases in circulating levels of T4 and T3, a recent study has shown that these modest
changes in actuality amount to substantial changes in TH production owing to changes in thyroid
gland production, which increase dramatically with fasting duration. In response to a TSH
infusion, for example, which was conducted both during an early fasting period and replicated
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during a late fasting period, we found that in response to the same amount of TSH stimulation,
the amount of TH production, of both T4 an T3, increases substantially during the late fast.
Moreover, these data are corroborated and supported by PCR data which highlights the increases
expression of deiodinase type 1 and type 2 to increase (DI1, DI2), respectively. These enzymes,
are specifically able to regulate the conversion of T4-which is through genomic activation
pathways, biologically inactive, into T3, which potentiates and drives TH genomic mediated
action (1, 2, 5, 11). Deiodinase type 3 (DI3) retains the capacity to convert T4, into only reverse
T3 (rT3) which, though has the capacity to bind to DNA on thyroid response element (TRE)
cannot induce transcriptional activation. Most recently, our lab has found that DI3 is regulated at
the epigenetic level, and methylation increases in muscle much faster than it does in adipose, 60
minutes to 24 hours respectively, post THS infusion. These results were obtained using genomic
DNA sodium bisulfite treatments, with methylation status assessed at the single nucleotide basepair resolution. This regulation, and suppression highlights a strong inhibition, at the epigenetic
level, to drive and essentially allow the increase production of the thyroid gland to be
physiologically active and potentially drive the necessary adaptations that allow this mammal to
survive, including tissue specific insulin resistance. Moreover, though we have never shown
increases in circulating levels of TSH, given the rapid clearance from circulation, which is
observed during the TSH infusion, coupled with data that strongly supports the HPT axis is
functional and highly upregulated in northern elephant seals, it is very likely that we are unable
to measure the actual changes given an increased in clearance. Yet, given the enormity of data
suggesting that TH are indeed increasing substantially with fasting duration, we know that
circulating TSH levels must also be changing, and is probable that they highly increase in the late
fast.
Potential Future Directions
A review of the literature poses several challenges in the delineating the effects of hypoor hyperthyroidism on glucose regulation and insulin signaling in humans, and how these
perturbations lead to eventual disease states. Perhaps the most challenging, will be obtaining data
from a natural system or model, from which we can gain insight into the natural progression of
endocrine events and their effects on other tissues, which seemingly play an important role. For
example, though we have highlighted studies which demonstrate insulin signaling is restored in
myocytes when insulin resistance adipocytes are removed from media, in northern elephant seals,
insulin resistance in restricted, and seemingly, tissue crosstalk is disrupted. Aside from further
confirming studies which show that the development of IR begins and develops as a direct
consequence of obesity, these data also suggest the capacity for muscle to block certain key
modulators that would disrupt normal myocyte and adipocyte crosstalk under fasting conditions.
It would be interesting and valuable to address how a NES cell line would respond to similar
studies. Lastly, but just as crucial, is the need to better assess thyroidal status. Every study
addressing the contributions of TH status on insulin sensitivity, fails to examine key components
that sometimes will render entirely different thyroidal status characterizations. This importance
of measuring TH- mediated components, is observed perhaps most evidently in studies conducted
in hibernating ground squirrels, which were described to be hyperthyroid as a consequence of
circulating plasma levels of TH during hibernation, however, were shortly thereafter termed
cryptically hyperthyroid, after future analysis proved that receptor availability was essentially
rendering TH increases physiologically useless (8, 9). Models addressing the contribution of DI
activity on circulating TH plasma levels would prove an invaluable tool in assessing actual
thyroidal status, from which we can make more accurate associations to disease states, such as
insulin resistance, diabetes and cardiovascular disease.
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