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The Adipocyte as a Novel TSH Target 
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Abstract: Thyroid stimulating hormone (TSH; also known as thyrotropin), binds cognate receptors on the surface of thy-

rocytes to regulate proliferation and thyroid hormone synthesis. This unidimensional view of TSH is being transformed as 

new evidence indicates that TSH acts on adipose tissue. Adipocyte inflammatory responses that predispose to cardiovas-

cular disease may occur in thyroid disorders associated with elevated TSH levels. 
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INTRODUCTION 

 An unexpected convergence has occurred recently be-
tween lines of research on 1) the role of thyroid stimulating 
hormone (TSH; also known as thyrotropin) with respect to 
thyroid gland function, and on 2) adipose tissue inflamma-
tion as a predisposing factor to cardiovascular disease (CVD). 
To understand the implications of these intersecting investi-
gational directions, the role of TSH in the thyroid will be 
briefly reviewed, followed by a review of new information 
on TSH action on adipose cells.  

TSH 

 TSH is a glycoprotein hormone belonging to a family 
that includes follicle stimulating hormone, luteinizing hor-
mone, and human chorionic gonadotropin [1]. Members of 
this family are characterized by their heterodimeric structure. 
All members share a common subunit designated the alpha-
sub-unit. The distinct effector function of each hormone 
therefore depends on the distinguishing attributes of their 
unique beta-subunits.  

 TSH is synthesized by cells in the anterior pituitary 
known as thyrotrophs, under the stimulatory influence of 
TSH releasing hormone released by the hypothalamus [2]. 
Once produced by thyrotrophs, TSH is secreted into the cir-
culation to reach its principal target, the thyroid gland. It 
then acts on thyrocytes by specifically engaging its cognate 
receptor, the TSH receptor (TSHR) to induce cell prolifera-
tion, as well as thyroid hormone production and secretion. 

TSHR STRUCTURE AND SIGNALING 

 The cell-surface TSHR belongs to the large superfamily 
of G protein-coupled receptors. The organization of the 7 
transmembrane TSHR is complex. It has a large N-terminal 
extracellular ectodomain made up of many leucine-rich re-
peats, followed by a cysteine-rich flanking region that can be 
cleaved, creating A and B subunits that remain linked by 
disulfide bonds [3]. This receptor arrangement has been re-
ported to be functional with respect to binding TSH and ini- 
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tiating intracellular signaling. As a result of receptor subunit 
associations during intracellular processing, as well as 
subunit shedding of the mature receptor, various multimer 
forms may be produced, but the physiological impact of 
each, if any, is not yet clear [4]. The fully processed, intact 
(i.e. not cleaved) holoreceptor is also competent for TSH 
signaling, and has been found in the thyrocyte as well as the 
adipocyte [5-7]. 

 In thyrocytes, TSHR is coupled to adenylyl cyclase via
Gs proteins (generating cAMP). Although still a somewhat 
controversial point, TSHR is also linked to phospholipase C 
(PLC) via Gq proteins [3, 4, 8, 9]. The cAMP pathway, acting 
through its main target, cAMP-dependent protein kinase 
(PKA), mainly controls thyrocyte proliferation and differen-
tiation, as well as thyroid hormone secretion, whereas PLC 
has been proposed to regulate thyroid hormone synthesis [9]. 
It has been suggested that activated TSHR partitions into 
lipid rafts [10, 11], but other investigations found that TSHR 
signaling complexes do not localize in such structures [12]. 
TSHR signaling has been shown to be quenched by -
arrestin 2-dependent receptor internalization [13]. 

Many investigators have observed that TSHR also signals, to 
varying extent, through alternate pathways involving p38 
MAPK, extracellular signal-regulated kinase 1 and 2 (ERK1/2; 
also known as p42/44 MAPK), phosphoinositide 3-kinase 
(PI3K), protein kinase B/Akt, and p70 S6 kinase, but the role 
of these novel signaling routes is less understood [3, 4, 6-9]. 

HYPOTHYROIDISM - SUBCLINICAL VERSUS 
OVERT  

 Subclinical hypothyroidism is a distinct, though related, 
clinical entity compared to overt hypothyroidism. It is a 
commonly occurring mild form of thyroid gland failure, of-
ten due to chronic autoimmune destruction, in which thyroid 
hormone production begins to falter. However, thyroid hor-
mone output is able to be restored to normal levels due to an 
increase in TSH secretion from the pituitary (Fig. 1). This 
compensated state may remain stable for years or eventually 
progress to frank thyroid gland failure i.e. overt hypothyroid-
ism. 

 The overall prevalence of subclinical hypothyroidism is 
1-10%, but rises to ~20% in the older population, in women 
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more than men [14, 15]. The approach to treatment of sub-
clinical hypothyroidism remains controversial [16, 17]. 
Briefly, some argue there is no actual disease state, since 
circulating thyroid hormones are kept in the normal range, 
albeit by an elevated TSH level. Proponents of this view hold 
that thyroid hormone therapy should be withheld, and only 
be used if/when overt thyroid gland failure develops. Others 
believe the compensated state of subclinical hypothyroidism 
does merit attention, and argue that thyroid hormone levels 
are actually not fully restored in this condition, even though 
they are in the normal laboratory range, and that thyroid 
hormone treatment is indicated from the outset. 

 An important and intriguing observation is that subclini-
cal hypothyroidism itself has been independently associated 
with CVD. The well-established atherosclerotic risk caused 
by overt hypothyroidism (i.e. due to thyroid hormone defi-
ciency) is a separate issue arising from different underlying 
mechanisms, and will not be discussed here [18]. In this re-
view, our focus on the effect of TSH per se on pro-athero-
genic adipocyte responses, independent of the additional 
variable of abnormally low thyroid hormone levels. 

SUBCLINICAL HYPOTHYROIDISM AND CARDIO-

VASCULAR RISK 

 The Whickham Survey first showed a weak association 
between electrocardiographic changes and subclinical hypo-
thyroidism [19], but the follow-up component did not show 
an increase in CVD [20], perhaps because participants re-
ceived thyroid hormone therapy over time [18]. The Rotter-
dam study re-ignited the issue in 2000 [21]. Subclinical hy-
pothyroidism occurred in ~11% of this population, and was 
significantly associated with aortic atherosclerosis and myo-
cardial infarction (odds ratio 1.7 and 2.3 respectively), inde-
pendent of age, body mass index, blood pressure, lipopro-
teins, smoking status, and immune reactivity. The attribut-
able risk was similar to that of hypercholesterolemia, hyper-
tension, smoking, or diabetes mellitus.  

 Several population studies subsequently examined the 
link between subclinical hypothyroidism and CVD. A New 
Mexico analysis of an elderly population (>65 years) re-
ported a 2-fold higher prevalence of CVD with subclinical 
hypothyroidism [22]. A report from Nagasaki found sub-
clinical hypothyroidism was associated with CVD in a cross-
sectional analysis (4 fold more), and with higher 10 year 
mortality (2-fold) in a prospective study [23]. Danish inves-
tigators noted a 3-fold higher association of CVD with sub-
clinical hypothyroidism [24]. A prospective English cohort 
study of patients with subclinical hypothyroidism found a 2-
fold higher CVD mortality rate [25]. An Australian group 
found subclinical hypothyroidism was associated with CVD 
in a cross-sectional study (1.8 fold more) and 1.7 fold more 
in a longitudinal analysis [26]. 

 A meta-analysis of studies from 1966-2005 concluded 
that subclinical hypothyroidism is associated with an ele-
vated risk of CVD in observational studies (odds ratio 1.65, 
95% confidence interval 1.28-2.12), with a similar trend 
noted in prospective studies (odds ratio 1.42, 95% confi-
dence interval 0.91-2.21) [27]. The weight of the evidence 
clearly favours a linkage between subclinical hypothyroid-
ism and CVD, yet a complete consensus is not in hand. Two 
American studies did not find an association of subclinical 
hypothyroidism with CVD, although a link with congestive 
heart failure was observed [28, 29]. The Leiden study of very 
old individuals (>85 years) found that subclinical, and sur-
prisingly, also overt, hypothyroidism was linked to lower 
mortality in this special population [30, 31]. 

MECHANISTIC LINKS BETWEEN SUBCLINICAL 

HYPOTHYROIDISM AND CVD RISK 

 Clearly, the topic of subclinical hypothyroidism as an 
important CVD risk factor attracts significant attention in the 
cardiovascular and endocrine literature. Identifying mecha-
nisms or mediators that could potentially elevate CVD risk in 
this condition may help to develop an improved clinical un-

Fig. (1). Proposed mechanism through which subclinical hypothyroidism may elevate the risk of CVD. 
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derstanding. However, these entities remain elusive and do 
not appear to involve traditional CVD risk factors, as noted 
in the population studies above.  

 Recently, investigators have begun to address non-
traditional risk factors through which subclinical hypothy-
roidism might lead to cardiovascular damage. Defective en-
dothelium-dependent vasodilation, increased arterial stiff-
ness, and insulin resistance have been observed with higher 
TSH levels [32-34]. Elevations in C-reactive protein (CRP), 
homocysteine, and free fatty acid (FFA) levels have been 
detected, suggesting a state of inflammation [35-37].  

 The mechanism underlying this inflammatory state has 
yet to be identified. The hypothesis that we introduce in this 
review is derived from the recognition that elevated circulat-
ing levels of TSH are capable of acting on adipocytes in cul-
ture (documented as TSHR-expressing cells), promoting a 
pro-inflammatory response. We have reported that TSH 
stimulates the release of the pro-atherogenic adipokine IL-6 
from mouse and human differentiated abdominal adipocytes 
in culture [38-40]. TSH-mediated adipocyte inflammation 
may predispose to CVD (Fig. 1). Others have reported that 
TSH also modulates leptin secretion from cultured adipo-
cytes [41, 42]. 

INFLAMMATION AND CVD 

 Inflammatory processes are important in plaque initia-
tion, progression, and destabilization [43-45]. Leukocyte 
adhesion depends on vascular endothelial cells upregulating 
expression and surface display of adhesion molecules, a 
process stimulated by modified lipoproteins, as well as cyto-
kines such as IL-1  and tumour necrosis factor  (TNF ).
Adherent monocytes/macrophages become foam cells, and 
secrete a variety of cytokines and chemokines that attract 
vascular smooth muscle cells and stimulate the formation of 
extracellular matrix within the plaque. Instability of the athe-
rosclerotic plaque i.e. plaque disruption, an important predic-
tor of vascular compromise and ischemia, is fueled by in-
flammation. Cytokines inhibit collagen production, weaken-
ing the matrix, and augment matrix metalloproteinases which 
degrade the protective fibrous cap of the plaque, which can 
then no longer sequester internal pro-thrombogenic lipids 
[43]. Circulating adipokines released from adipose tissue, 
such as IL-6, may influence plaque progression [46]. Some 
adipokines primarily act locally (paracrine or autocrine), and 
others, such as IL-6, can reach the general circulation [47, 
48]. 

ADIPOSE TISSUE 

 Adipocytes modulate complex physiological processes 
(such as energy balance, carbohydrate and lipid metabolism, 
thrombosis, immunity, and inflammation) that influence 
cardiovascular and metabolic health. Dysfunctional adipose 
tissue, often linked to central obesity, increases the risk of 
CVD and type 2 diabetes. Low-grade inflammation and 
insulin resistance due to adipocyte dysfunction is thought to 
be a key event in promoting atherosclerosis [44, 45]. 

IL-6 AND CVD 

 IL-6 is secreted after N-terminal cleavage as a 184 amino 
acid peptide of ~23-32 kD depending on glycosylation [49]. 

Secreted from immune cells (macrophages, lymphocytes) 
and adipose cells, IL-6 acts on distant targets as well as in an 
autocrine/paracrine fashion [50]. IL-6 is the main regulator 
of hepatic production of CRP, a novel indicator of CVD risk 
[51]. CRP acts as a marker for the pro-atherogenic inflam-
matory state and may itself directly affect atherogenesis [52, 
53]. Serum levels of IL-6 also predict long-term CVD events 
independently of CRP. The Physicians' Health Study showed 
that baseline IL-6 levels predict myocardial infarction in men 
[54]. Elevated IL-6 also identified women who developed 
CVD during the Women's Health Study [55]. A recent sys-
tematic review of studies published from 1999-2005 con-
firmed that IL-6 predicted the development of CVD with an 
adjusted relative risk between 1.1-3.1 [56]. Studies published 
in 2006 continue to demonstrate IL-6 is a significant prog-
nostic indicator of CVD [57-59]. Therefore, IL-6 can in-
crease the risk of CVD via direct actions on the vessel wall, 
or indirectly via induction of CRP. 

IL-6 AND ADIPOSE TISSUE 

 Human studies estimate that whole body adipose tissue 
produces ~30% of circulating IL-6, and even more (up to 
50%) with increased adiposity [47, 48, 60]. IL-6 in the ve-
nous drainage exceeds arterial levels across the adipose tis-
sue bed, consistent with an endocrine "distant" role of IL-6 
[47]. IL-6 is detected in adipose interstitial fluid by microp-
erfusion technology in humans [61], and more IL-6 is se-
creted from abdominal omental than subcutaneous adipose 
tissue [62]. 

 Genetic deletion of IL-6 in mice has yielded conflicting 
metabolic data. One group reported a phenotype of mature-
onset obesity and insulin resistance, and suggested a defect 
in central regulation of energy expenditure as well as higher 
acylation stimulating protein levels [63, 64]. Another group 
showed that these same mice had normal adipose tissue func-
tion and did not develop mature-onset obesity [65]. Finally, 
acute IL-6 depletion with an anti-IL-6-neutralizing antibody 
improved insulin sensitivity in two obese mouse models 
[66]. More studies are needed to learn more about the impact 
of IL-6 deficiency, including adipose tissue-specific deletion 
of IL-6.  

 Various cell types within adipose tissue may secrete IL-6, 
such as adipocytes, preadipocytes, and macrophages. Human 
adipocytes account for ~10% of IL-6 secretion compared 
with adipose tissue in culture [62], but we have shown they, 
not preadipocytes, are the TSH-responsive cells [40]. Macro-
phages, found in human adipose tissue but only in the obese 
state, secrete the same amount of IL-6 as adipocytes [67, 68]. 
We have performed studies with murine J774 macrophage-
like cells, and have not detected TSHR expression [7]. Simi-
larly, TSH does not stimulate IL-6 release from human THP-
1 macrophages (unpublished data). A contribution by endo-
thelial cells within adipose tissue in response to TSH may be 
possible but has not been described [69]. 

 Regulation of adipocyte IL-6 secretion is an emerging 
area of investigation. Modulation of constitutive IL-6 secre-
tion occurs through mRNA expression, with changes in 
mRNA expression found to parallel secretion rates. In the 
sympathetic nervous system studies, -adrenergic receptor-
stimulated IL-6 release from cultured adipocytes was re-
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ported to rise in response to isoproterenol [70]; this was seen 
in one in vivo human study but not another, using different 
methodologies [61, 71]. Glucocorticoids inhibit IL-6 secre-
tion from adipose tissue [62, 70]. Interleukins (eg IL-1 ), 
TNF , and insulin can stimulate IL-6 release from adipo-
cytes [62, 72, 73].  

ADIPOSE TISSUE AND EXTRA-THYROIDAL TSH 
ACTION 

 TSH, secreted from thyrotrophs in the anterior pituitary 
gland, regulates thyroid gland growth, thyroid hormone syn-
thesis, and secretion. Yet, dating back to work in the mid-
60's on G proteins by the Nobel Prize co-winner Rodbell, 
there is evidence of extra-thyroidal effects of TSH on adipo-
cytes [74]. Based on data from several laboratories, includ-
ing our own [6, 7], it is now generally accepted that adipo-
cytes express TSHR [3, 75, 76]. On the other hand, the net-
work of TSHR signaling in adipocytes, and the downstream 
responses, remains to be fully investigated.  

ADIPOCYTE MODELS USED FOR TSH STUDIES 

 Adipocyte research has been helped by the establishment 
of immortalized mouse cell lines that can be propagated and 
frozen as fibroblast-like preadipocytes, and then differenti-
ated into rounded, lipid-filled adipocytes within 1 week [77]. 
The 3T3-L1 adipocyte line is used widely, as responses are 
robust (90-95% differentiation), reliable, and reproducible, 
and generally reflect behaviour of true adipocytes. Neverthe-
less, they are mouse-derived, aneuploid, and embryonic in 
origin, and so they are not a perfect model of primary diploid 
human preadipocytes. 

 Preadipocytes derived from the stromal fraction of hu-
man abdominal tissue can also be cultured and differentiated 
into adipocytes, permitting important anatomic-site compari-
sons (intra-abdominal omental versus sc depot) [78], as we 
have done [79-81], most recently with respect to TSH-
stimulated IL-6 responses [40]. Human preadipocytes can be 
passaged a limited number of times (up to 3), and can differ-
entiate into adipocytes with a modified differentiation proto-
col (including a peroxisome proliferator-activated receptor 
agonist) over 3 weeks; the 60-85% differentiation obtained 
with this protocol is ample for a stable adipocyte phenotype 
[40, 81]. Mature adipocytes can also be directly isolated 
from human adipose tissue; however, they are quite fragile 
(much more so than those from rodents), are short-lived in 
culture, cannot be propagated, and so are more challenging 
to study. 

TSH SIGNALING AND ADIPOCYTE IL-6 RELEASE 

 IL-6 release is augmented by TSH in mouse 3T3-L1 as 
well as human abdominal sc adipocytes, and is regulated at 
the transcriptional level [38, 39]. TSH-dependent IL-6 secre-
tion only occurs in 3T3-L1 differentiated adipocytes, and not 
preadipocytes [39]. Since the capacity for TSH to couple to 
adenylyl cyclase is only acquired upon 3T3-L1 adipocyte 
differentiation [7], IL-6 secretion may be cAMP-dependent. 
The cAMP-PKA pathway was implicated using the selective 
PKA inhibitor H89 (10 M), which blocked TSH-stimulated 
IL-6 release from 3T3-L1 adipocytes [39]. Subsequent work 
with human abdominal sc and omental preadipocytes and 
adipocytes has shown that TSH stimulates IL-6 secretion 

only from differentiated adipocytes derived from the ab-
dominal sc depot [40].  

TSH-INDUCED INFLAMMATORY RESPONSES: IN 

VIVO HUMAN STUDIES  

 In order to study the extra-thyroidal action of TSH in 
humans, and in the context of normal thyroid hormone lev-
els, the clinical paradigm of acute TSH exposure can be a 
useful first step. Thyroid cancer patients, as part of their 
treatment, have had thyroidectomies and radioablation of any 
residual thyroid gland tissue. For thyroid cancer recurrence 
screening, they remain on thyroid hormone replacement 
medication, and undergo a protocol in which they receive 
recombinant human (rh) TSH; any thyroid cancer cells that 
may have returned will "reveal" themselves (eg. by thy-
roglobulin levels in serum) since they respond to rhTSH. 
TSH levels rise during the 5 day test whereas thyroid hor-
mone levels remain normal. A 3-fold increase in serum IL-6 
was observed in 5 male patients following rhTSH admini-
stration and who had no evidence of thyroid cancer recur-
rence [40].  

 Other groups have used this novel human model system 
to study the acute extra-thyroidal effects of TSH. A larger 
study of 21 women and 3 men confirmed that TSH elevates 
IL-6 in this setting, and also reported an increase in TNF
[82]. Although viewed by some as a paracrine effector, 
TNF , if elevated in the circulation, could also act as a pro-
atherogenic factor [43-45]. 

 Interestingly, impaired endothelium-dependent vasodila-
tion has been seen in response to rhTSH administration, as 
well as in patients with subclinical hypothyroidism [32-34, 
82].  

 These in vivo studies reveal that TSH acts in an extra-
thyroidal manner to alter inflammatory cytokines and endo-
thelial responses, but by their design, do not directly prove 
that the adipocyte is responsible.  

SUMMARY

 Recent developments reviewed here suggest a link be-
tween thyroid pathophysiology, inflammatory adipocyte-
derived cytokines, and CVD. Epidemiological associations 
have identified an association between subclinical hypothy-
roidism, characterized by an isolated elevation of TSH lev-
els, and CVD. Cellular and molecular studies have revealed 
that the TSHR is expressed in adipocytes, and when acti-
vated by TSH, results in IL-6 secretion, an inflammatory 
pro-atherogenic cytokine. In vivo human studies of acute 
TSH administration also demonstrate an inflammatory re-
sponse that is generated by this hormone. This research ex-
pands our horizon of understanding interactions between the 
pituitary-thyroid axis, extra-thyroidal TSH actions on adipo-
cytes, and CVD. Learning about this complex interplay holds 
the potential for improving our clinical strategy for a large 
population of individuals with subclinical hypothyroidism. 
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