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The recognition that adipose tissue is an endocrine organ marked a watershed in
understanding the regulatory control of energy metabolism, and raised new prospects for
harnessing adipose-derived hormones for the treatment of metabolic disorders and their
cardiovascular complications (1). The promise of one such adipokine, the 30 kDa protein
adiponectin, has loomed especially large in the wake of multiple studies demonstrating its
insulin-sensitizing, anti-inflammatory, anti-atherogenic, and cardiomyocyte-protective
properties in experimental settings (2; 3). These findings notwithstanding, the study of
adiponectin in the clinical and epidemiological spheres has produced a far more complicated
picture of this adipokine’s role as a biomarker and putative mediator of cardiometabolic
disease in human populations.

Unlike most other adipokines, circulating levels of adiponectin fall with increased adiposity
(4). Consistent with this relationship, prospective studies have consistently documented that
higher circulating adiponectin is associated with lower risk of incident diabetes (5; 6). This
has not been the case, however, for cardiovascular outcomes. Despite an initial report that
related higher plasma adiponectin to lower incidence of coronary heart disease (CHD) in
predominantly healthy middle-aged men (6), subsequent prospective studies often failed to
replicate the association (7). Moreover, when studied in patients with kidney disease (8),
heart failure (HF) (9), cardiovascular disease (CVD) (10) or general elderly cohorts (11),
increasing levels of the adipokine were instead associated with higher mortality. This so-
called adiponectin “paradox” (12) has been at the crux of disentangling adiponectin’s
(patho)physiologic properties in humans.

In this issue of Metabolism, two reports bring the disparate associations of this adipokine
into focus. In the first, Wu and colleagues (ref) investigated the association between total
adiponectin and mortality in a meta-analysis of 16 prospective studies of patients with
prevalent CVD. There was moderate-to-large heterogeneity across study findings, but
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pooling of the maximally adjusted effect estimates from individual studies yielded 45%
(17%-79%) and 69% (35%-110%) risk increases for all-cause and cardiovascular mortality,
respectively, for the upper versus lower tertile of the adipokine’s distribution.

The second report, by Kuwashiro and colleagues (ref), examined the association of total
adiponectin measured at 0, 3, 7, 14, and 90 days in patients with acute ischemic stroke in
comparison to individuals free of CVD who had a one-time measurement. Cases (n=171)
were chosen from the Fukuoka Stroke Registry, whereas controls were age- and sex-
matched participants (1:1) selected from a second prospective cohort, the Hiyasama Study.
The authors found that initial plasma adiponectin did not differ between cases and controls,
but levels were lower for the atherothrombotic, and higher for the cardioembolic, stroke
subtype as compared with controls. After multivariable adjustment, each 1-ug/mL increment
in plasma adiponectin was associated with a 25% (9%-42%) lower odds of
atherothrombotic stroke; there was no significant association for cardioembolic stroke,
although exclusion of cases related to atrial fibrillation (AF) showed a 17% (2%—35%)
increased risk. During the post-stroke course, adiponectin levels declined from their initial
values, reaching their nadir at day 7, after which they returned to their original levels. This
sequence paralleled that of total and LDL cholesterol, but was reciprocal to C-reactive
protein levels. Furthermore, in unadjusted analyses, higher plasma adiponectin was related
to greater stroke severity acutely, and to increased disability at 90 days.

Together, these two studies underscore that adiponectin’s contrary associations are closely
dependent on context. As strengths, the report by Wu and colleagues included a larger
number of studies than heretofore possible, while that by Kuwashiro and colleagues can be
credited with its characterization of ischemic stroke subtypes, and its serial measures of
adiponectin and other biomarkers post-stroke. But the two studies also have substantial
limitations, which highlight the multiple key factors that can influence the relations of
adiponectin with outcomes, and the importance of appropriately accounting for these in
different clinical settings.

The systematic review by Wu and colleagues follows four recent metaanalyses that
evaluated the relationship of circulating adiponectin with CHD, stroke, and/or fatal events.
These earlier meta-analyses did not detect a significant association of higher adiponectin
levels with new-onset CHD (13-15), but did find a significantly increased risk of recurrent
CHD (14). Higher adiponectin levels were linked to greater mortality, but this was
particularly true for studies involving participants with pre-existing CHD (14), a finding
confirmed by the current meta-analysis (ref). Yet in such studies, Wu and colleagues’
included, fully adjusted risk estimates from the individual studies were used to calculate the
pooled risk estimate, and such individual risk estimates often included covariates favorably
associated with the adipokine — glycemic, lipid, and inflammatory markers — and potentially
in the causal pathway to CVD events and mortality. That adjustment for such putative
intermediates can mask protective associations of adiponectin with outcome in the absence
of prevalent CVD, and accentuate untoward associations in its presence, has been
documented (16; 17). Indeed, pooling of risk estimates adjusting for both potential
confounders and mediators revealed a positive association between adionectin and stroke
that proved null when the adjustment was limited only to potential confounders (18).
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Because adjustment for potential mediators may remove effects inherent to an exposure
variable — and can additionally introduce bias (19) — the true measure of an exposure-
outcome relationship is one that accounts only for the aggregate of confounding, that is, only
for factors related to the exposure and the outcome but not in the causal pathway between
them. Since, as the authors acknowledge, separate risk estimates adjusting only for potential
confounders were not reported in many of the component studies, the pooled risk estimates
account away for the beneficial impact of the adipokine’s associations with metabolic and
inflammatory risk factors, leading to likely overestimation.

If the principal limitation of the study by Wu and colleagues is over-adjustment for potential
mediators, the chief limitation of Kuwashiro and colleagues’ study may be under-adjustment
for potential confounders. The lower adiponectin levels associated with atherothrombotic
stroke are consistent with previous observations relating the adipokine to prevalent CHD,
whereas the tendency to higher adiponectin levels in patients with cardioembolic stroke
likely reflects the higher prevalence of HF and AF in this subgroup than in controls, as the
authors state. In this regard, since natriuretic peptides stimulate adipocyte secretion of
adiponectin (20), it is likely that higher natriuretic peptide levels are a major factor
accounting for the differences observed. As such, any attempt to assess the value of
circulating adiponectin for classification of stroke subtypes needs to show its incremental
value over natriuretic peptide levels, a more direct measure of heart disease already in use in
clinical practice (21). Indeed, higher natriuretic peptide levels have been linked to
anticoagulation response in noncardioembolic stroke, attesting to the value of this cardiac
biomarker (22). Thus, lack of adjustment for this important upstream factor leaves the true
value of the adipokine for ischemic stroke classification uncertain. Beyond natriuretic
peptides, adjustment for central measures of adiposity and kidney function would have
strengthened the validity of the differences observed as attributable to adiponectin itself.

Apart from these considerations, the analyses as presented do not address adiponectin’s
contribution to model discrimination between different stroke subtypes, for which the
study’s modest sample size is an impediment, and which is essential to judging the
biomarker’s actual usefulness for ischemic stroke classification. Furthermore, the
relationship between higher initial adiponectin in stroke patients and greater stroke severity
and disability at 90 days was unadjusted. It is uncertain whether this association would have
persisted had key determinants of both adiponectin levels and infarct size and location been
considered.

Despite these limitations, the two studies in question place a spotlight on the adipokine’s
contrasting clinical associations. The basis for the adiponectin paradox remains poorly
defined, but an improved understanding of its features is emerging. As relates to aging,
which is associated with longitudinal increases in adiponectin levels (23), both high and low
concentrations of total adiponectin and its high-molecular-weight isoform were linked to
adverse outcomes in elders free of prevalent CVD, but adjustment for metabolic and
inflammatory factors abolished the association at the low range of concentrations (16).
Similar adjustment uncovered or accentuated a positive monotonic relationship with these
outcomes in elders with prevalent CVD, suggesting that associations with unfavorable
factors drive the positive associations of adiponectin with adverse outcomes.

Metabolism. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kizer

Page 4

Regarding such unfavorable factors, a common thread running through chronic disorders or
advanced age is weight loss/cachexia, which could explain both the higher adipokine levels
and the poorer survival, although the latter has persisted even after adjustment for measures
of body size (11; 24; 25). Recently, however, computed tomography-determined adipose-
tissue density in the visceral and subcutaneous depots, which correlates with smaller
adipocyte size and higher adiponectin concentrations, was shown to be an independent
predictor of mortality in two older cohorts (26). Whether the positive association of
adiponectin with mortality is independent of adipose-tissue density has not been reported,
but would address the role of changes in adipocyte size and function as an underpinning in
aging, and perhaps other disorders such as HF. Interestingly, critical illness is associated
with preservation of fat mass but development of newly differentiated, small adipocytes,
which would account for a rise in adiponectin levels in this high-risk setting (27).

Furthermore, although adiponectin derives primarily from adipocytes, it is also produced by
other cells types, including cardiomyocytes, skeletal myocytes, and endothelial cells (28). A
study of HF-associated cachexia documented upregulated expression of adiponectin in
diseased skeletal muscle, in conjunction with downregulation of its AdipoR1 receptor and
decreased downstream signaling, consistent with adiponectin resistance (29). The degree to
which non-adipose tissue sources contribute to elevated plasma adiponectin in chronic
diseases, however, has not been determined. Nor has the impact of adiponectin resistance on
adiponectin production, or on the efficacy of the proposed counter-regulatory response to
disease for which elevated adiponectin levels may be intended, been delineated.

As relates to health-promoting functions, the high concentrations of adiponectin found in the
circulation may serve to facilitate phagocytic clearance of apoptotic cells through low-
affinity binding of the macrophage calreticulin receptor (30). This role accords with
adiponectin’s broader anti-inflammatory properties (4), and would make
hyperadiponectinemia in response to underlying disease a marker of illness severity and
worse prognosis. Interestingly, although low-grade obesity-related inflammation suppresses
adiponectin production, levels of the adipokine are elevated in high-grade inflammatory
conditions such as collagen vascular diseases, although the basis for these elevations is
unclear (31). Another possibility still is that adiponectin could also have direct
proinflammatory effects through its demonstrated ability to activate complement, but the
relevance of this in vitro finding to the clinical setting is uncertain (32).

Another emerging factor that appears pivotal in the regulation of adiponectin levels is the T-
cadherin receptor, which is predominantly expressed in the heart and vasculature, and
binding to which has been shown to mediate adiponectin’s cardiovascular effects (33).
Mouse experiments have shown that T-cadherin deficiency raises adiponectin levels, leading
to the proposition that T-cadherin binding of adiponectin acts as a reservoir for the
adipokine, which is released into the bloodstream with loss of the receptor (34). Consistent
with these findings, genome-wide association studies have linked the T-cadherin gene
(cdh13) to circulating adiponectin levels in humans (35). It remains to be determined,
however, how increased vascular expression of T-cadherin in the context of atherosclerosis,
which would lower adiponectin levels, may account for the adipokine’s positive association
with mortality in the setting of prevalent CVD.
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Hence, available evidence concerning the adipokine’s associations supports the notion that
opposing factors influencing, or influenced by, adiponectin levels determine its association
with chronic diseases and disease outcomes (Figure). In health, the association of lower
adiponectin with obesity, low-grade inflammation and insulin resistance drives its inverse
association with adverse events, whereas in chronic disease, weight loss, sarcopenia, and
natriuretic peptide elevations, among other factors, may combine with insufficient/
ineffective counter-regulation to account instead for its positive association.

Further complicating matters, however, the once uncontested notion that adiponectin
promotes insulin sensitivity in humans, as has been convincingly demonstrated in mice, has
been called into question. Evidence from hereditary disorders of insulin signaling has been
cited to support the concept that the inverse association between adiponectin and insulin
resistance in humans may reflect hyperinsulinemia-driven suppression of adiponectin
production through selective preservation of yet undefined insulin-signaling pathways (36).
Moreover, the causal basis for the association between adiponectin and insulin resistance has
been lately explored using Mendelian randomization approaches. A cohort study
documented an association between variants in AdipoQ and insulin sensitivity by
euglycemic clamp (37), although attenuation by adiposity raises questions about whether the
relationship can be considered causal (38). In turn, a subsequent meta-analysis found no
evidence that genetically lower adiponectin levels were causally associated with higher
fasting insulin or diabetes, although there was suggestive evidence of a causal association
with lower insulin sensitivity (39). Notably, the same study did find that genetic variants
associated with higher fasting insulin were associated with lower adiponectin levels. These
observations raise the possibility that insulin, rather than adiponectin, could be the primary
causal factor underlying the reciprocal relationship between adiponectin and insulin
resistance or that a bidirectional association may exist, but this will require further study.

In summary, the extensive laboratory, clinical, and epidemiologic investigation of
adiponectin to date has revealed a multi-faceted molecule that bears complex relationships
with cardiovascular, metabolic, and immune/inflammatory pathways across a range of
tissues. The two newly published studies in this issue showcase these complex relationships,
and the opposite associations that result in health and disease. Although the initial promise
of this adipokine as an insulin sensitizer and atheroprotective molecule has not been
realized, unraveling the basis for the context-specific prognostic implications of this
adipokine is a foremost concern, and may yet lead to potentially useful applications of this
mystifying molecule for therapeutic, diagnostic, and prognostic ends.
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Figure 1.

Proposed conceptual model for the adiponectin paradox. Among healthy young and middle-
aged adults, obesity and low-grade inflammation are associated with hypoadiponectinemia,
and each is associated with reduced insulin sensitivity. In such individuals, low circulating
adiponectin portends a greater risk of cardiovascular disease. By contrast, in the setting of
prevalent cardiovascular disease, heart failure, chronic kidney disease and advanced age,
leanness more generally reflects involuntary weight loss / cachexia — which may be
accompanied by smaller, differentiated adipocytes — and this is associated with higher
plasma adiponectin. Increased production from non-adipose tissues or through direct
stimulation by natriuretic peptides, decreased elimination, or other mechanisms associated
with high-grade inflammation, may also contribute to elevation in circulating adiponectin
levels. Such increased adiponectin levels, whether as markers of underlying illness severity,
decreased signaling efficacy (adiponectin resistance) or, possibly, direct pro-inflammatory
or other adverse actions, are related to a heightened risk of cardiovascular complications and
mortality. Last, heart and vascular expression of T-cadherin also appears to regulate
adiponectin levels, apart from mediating its actions. *In healthy elders, the association has
been shown to be bidirectional, that is, both low and high adiponectin levels are associated
with increased risk.
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