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ABSTRACT
Metabolic Syndrome and Associated Diseases: From the Bench to the Clinic, a Society of Toxicology Contemporary Concepts
in Toxicology (CCT) workshop was held on March 11, 2017. The meeting was convened to raise awareness of metabolic
syndrome and its associated diseases and serve as a melting pot with scientists of multiple disciplines (eg, toxicologists,
clinicians, regulators) so as to spur research and understanding of this condition. The criteria for metabolic syndrome
include obesity, dyslipidemia (low high-density lipoprotein and/or elevated triglycerides), elevated blood pressure, and
alterations in glucose metabolism. It can lead to a greater potential of type 2 diabetes, lipid disorders, cardiovascular
disease, hepatic steatosis, and other circulatory disorders. Although there are no approved drugs specifically for this
syndrome, many drugs target diseases associated with this syndrome thus potentially increasing the likelihood of drugdrug interactions. There is currently significant research focusing on understanding the key pathways that control
metabolism, which would be likely targets of risk factors (eg, exposure to xenobiotics, genetics) and lifestyle factors (eg,
microbiome, nutrition, and exercise) that contribute to metabolic syndrome. Understanding these pathways could also lead
Published by Oxford University Press on behalf of the Society of Toxicology 2017.
This work is written by US Government employees and is in the public domain in the US.

36
Downloaded from https://academic.oup.com/toxsci/article-abstract/162/1/36/4585010
by guest
on 12 March 2018

MENDRICK ET AL.

|

37

to the development of pharmaceutical interventions. As individuals with metabolic syndrome have signs similar to that of
toxic responses (eg, oxidative stress and inflammation) and organ dysfunction, these alterations should be taken into
account in drug development. With the increasing frequency of metabolic syndrome in the general population, the idea of a
“normal” individual may need to be redefined. This paper reports on the substance and outcomes of this workshop.
Key words: metabolic syndrome; diabetes; microbiome; cardiovascular disease; inflammation; mitochondria.

THE SCOPE OF THE PROBLEM
Our understanding of the science underling metabolic syndrome is evolving in this fast moving field. Dr Anna Mae Diehl
(Florence McAlister Professor of Medicine, Duke University) provided the keynote lecture. Metabolic syndrome describes a constellation of metabolic abnormalities that are associated with
visceral adiposity. These disorders include insulin resistance,
hypertension, dyslipidemia (low high-density lipoprotein cholesterol, hypertriglyceridemia), and central obesity (Figure 1)
(Tariq et al., 2016). The condition is diagnosed by the cooccurrence of three of the five aforementioned metabolic abnormalities. Pathology in various tissues is common in individuals
with metabolic syndrome. Key targets for damage include the
cardiovascular system, pancreas, and liver (Tariq et al., 2016).
This helps to explain why cardiovascular disease, type 2 diabetes mellitus, and cirrhosis are among the leading causes of
death in individuals with metabolic syndrome. Metabolic syndrome is common and its incidence has been rising for several
decades, even in parts of the world where malnutrition remains
common. Recent data indicate that about 25% of the adults in
the United States have metabolic syndrome, and suggest that it
accounts for much of the population-attributable risk for premature cardiovascular mortality (Grundy, 2008). Because diseases associated with metabolic syndrome are major causes of
morbidity and mortality, identifying the root cause(s) of metabolic syndrome has been the focus of much research.
This syndrome can be driven by fat accumulation around
intra-abdominal sites (possibly driven by genetic and epigenetic
factors leading to predisposition of retaining fat at this site due
to poor intrauterine growth), organ impairment (eg,

nonalcoholic fatty liver disease), and exposure to xenobiotics.
Although the causes for escalation in individual risk factors are
multiple and complex, a clear recognition of the bridges that
unite these risk factors to yield increased disease is lacking.
Indeed, it is likely that there are pathways that are of importance to controlling metabolism that would be targets of both
environmental chemicals and pharmaceutical interventions. It
is known that some drugs and environmental contaminants
can lead to metabolic syndrome or associated diseases as discussed later. A multidisciplinary approach to understand the
underlying biological mechanisms and translate that knowledge into prevention and treatment is required.
The rise in central obesity rates in children is particularly
concerning and Dr Lisa Swartz Topor (Assistant Professor,
Alpert Medical School, Brown University) described the challenges. The trajectory toward weight gain begins early, as more
than half of childhood obesity occurs in children who are already overweight or obese by kindergarten (Cunningham et al.,
2014). Understanding the origins of childhood obesity and its
complications are essential to identify areas for intervention
and treatment, as well as to highlight the knowledge gaps that
require attention. There are multiple factors associated with
childhood obesity and some are described in the following
sections.

Lifestyle
Increased portion sizes, sugar-sweetened beverage consumption, and sedentary lifestyle all contribute to childhood obesity.
Rising rates of electronic device use and time spent watching
television correlate with increased risk of obesity (Cespedes

Figure 1. Metabolic syndrome with its associated risk factors and diseases at the intersection with drug toxicity (TG, triglycerides; HDL-c, high-density lipoprotein cholesterol; PCOS, polycystic ovary syndrome; NASH, nonalcoholic steatohepatitis). Metabolic Syndrome: Toxicology’s Next Patient, Communiqué Winter 2017, Released
C 2017 Society of Toxicology. All rights reserved.
on February 16, 2017, V
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et al., 2014), whereas the presence of community resources
that promote physical activity, such as sidewalks and playgrounds, is inversely associated with adolescent obesity
(Kramer et al., 2016). Rapid weight gain during infancy is also a
risk factor for childhood obesity, as weight gain in first 4
months of infancy is associated with childhood overweight and
obesity and an unfavorable pattern of metabolic biomarkers
(Wang et al., 2016a). Short sleep duration (<10.5 hours) at 3 years
of age is associated with an increased risk of obesity at age 7
years (Reilly et al., 2005) and even one day of reduced sleep has
been shown to correlate with increased caloric intake in preschool children (Mullins et al., 2017). The impact of lifestyle on
metabolic syndrome will be discussed briefly in Sections
Maternal Factors and Development, Microbiome, and Drug
Development and Use.

Genetics
In addition to lifestyle factors, obesity is also influenced by genetics. Twin studies and adoption studies have shown that genetic factors greatly influence body mass index (BMI; Maes et al.,
1997; Stunkard et al., 1990), and parental obesity is a significant
risk factor for obesity in the offspring (Whitaker et al., 1997).
Genome-wide association studies have identified nearly 150 genetic variants that are significantly associated with body size or
obesity risk (Locke et al., 2015). However, the combined contribution of all known variants associated with body size measures is
<5% so much remains unknown about the genetic factors
influencing body size (Bray et al., 2016).

nutrition and growth during this early life can result in the onset of obesity and other metabolic diseases. The underlying
mechanisms are not known but studies suggest that it may be
due to the altered development of the neurons in the hypothalamus, a brain region known to control feeding and energy balance. The hypothalamus undergoes tremendous growth
beginning in the fetal life and continuing through adolescence
(Bouret, 2013). Because of the importance of postnatal hypothalamic development during postnatal life, animal models of
postnatal metabolic programming have been largely studied.
Overfeeding during the postnatal period influences the development of the hypothalamus (such as neuronal connectivity)
(Plagemann, 2006). Leptin, a hormone, is a produced by adipocytes and nutrition-induced changes in this hormone during
development may result in abnormal hypothalamic development and function (Bouret, 2013; Plagemann, 2006). Animals exposed to postnatal overfeedings display leptin resistance that
occurs before the animals become obese suggesting that this
hormonal resistance may initiate the development and maintenance of obesity (Glavas et al., 2010). A better understanding in
the development of the hypothalamus will be required to develop strategies to stop or attenuate the deleterious effects of
abnormal nutrition on the developing fetus and/or neonate.
Dr Michele La Merrill (Assistant Professor, University of
California at Davis) used a prenatal model in mice of exposure
to an environmental toxicant to study metabolic syndrome.
More is discussed in Section Environmental and Drug Effects.

MECHANISMS
Maternal Factors and Development
As noted by Dr Topor, maternal obesity and weight gain before
and during pregnancy are positively associated with offspring
birth weight and risk of later obesity. Prepregnancy obesity is
associated with increased odds of giving birth to a large-forgestational age infant, and a 3-fold higher risk of childhood obesity. Independent of maternal prepregnancy BMI, higher maternal weight gain early in pregnancy is also associated with
higher childhood BMI (Fraser et al., 2010; Gaillard et al., 2015).
Associations between mother and offspring obesity may be
explained by intrauterine mechanisms during pregnancy that
likely involve maternal and fetal dysregulation of glucose, insulin, lipid, and amino acid metabolism. Epigenetic mechanisms
are also potential mediators that link early environmental exposures during pregnancy with programmed changes in gene expression that alter offspring growth and development (Desai
et al., 2015). Finally, shared environmental, lifestyle, and genetic
characteristics also play a role.
Although some of the signs of metabolic syndrome and associated diseases are seen in adulthood, its roots may be
planted during early life development. Dr Bouret at the Keck
School of Medicine, University of Southern California spoke on
the development of the neuroendocrine system as that regulates energy homeostasis. Population groups show that differences in terms of obesity and analysis of individual responses
illustrate that those exposed to the same environment display
unique obesogenic phenotypes. There is some genetic basis for
obesity but the recently dramatic increase in the prevalence of
obesity and related metabolic diseases suggest that there is
much more than genetics at play. It is now recognized that the
environment within the perinatal period can alter development
and lead to adverse results in the offspring. Experimental and
epidemiological studies have demonstrated that altered
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It is important to understand potential common mechanisms
behind metabolic syndrome and its associated diseases in the
hope of developing preventative and/or therapeutic strategies.

Mitochondrial Dysfunction and the Metabolic Syndrome
Mitochondria are the site of most of the energy production in
eukaryotic cells and have their own circular DNA and ribosomes. In addition to generating energy, mitochondria also play
an important role in many cellular tasks, such as apoptosisprogrammed cell death, cellular proliferation, regulation of the
cellular redox state, and heme and steroid synthesis. If mitochondrial function fails, the overall cellular function will decline
and lead to subsequently cell death, organ injury, and, in the
worst case, organ failure. Dr Yvonne Will (Head of Science and
Technology Strategy and In Vitro Discover Toxicology, Pfizer)
discussed the complex and somewhat unclear role that mitochondrial dysfunction may play as a contributor to metabolic
syndrome (eg, a pathophysiological change such as insulin resistance) and associated diseases (eg, nonalcoholic fatty liver
disease). Although several studies could clearly demonstrate
mitochondrial impairment in insulin resistance, other studies
failed to do so. A third scenario described an increase in mitochondrial function as a compensatory mechanism. The three
scenarios suggest that insulin resistance can occur without mitochondrial functional changes. What seems to be clear is that
the context of the dysfunction is important in terms of the
model system studied (eg, species), the subpopulation under
evaluation and the experimental approach (see Montgomery
and Turner [2015] for a review of the three hypotheses). Mt-DNA
mutations and haplotypes have been linked to insulin
resistance; however, discrepancies between ethnical groups
were found and might be explained by different nuclear genetic
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backgrounds and/or by environmental factors (Park et al., 2008;
Pravenec et al., 2007).
Another intriguing hypothesis of how mitochondrial dysfunction in insulin resistance can occur is though environmental exposure. Many pesticides and herbicides that enter the food
chain target mitochondria. In fact, a correlation has been found
in the “corn belt” in the mid-western region of the United States
and the prevalence of insulin resistance and mitochondrial dysfunction (Lim et al., 2009).
Because of the proposed role of mitochondrial dysfunction
in insulin resistance, mitochondrial uncoupling, several
approaches have been taken for medical intervention, such as
uncoupling and the use of compounds such as berberine
(AMPK activation), resveratrol (PGC-1a activation), and MitoQ
(reduction of oxidative stress) (Montgomery and Turner, 2015).
The role of mitochondrial dysfunction in nonalcoholic fatty
liver disease has been demonstrated by numerous reports
(Nassir and Ibdah, 2014) and hepatic mitochondrial function
can be measured directly using Carbon-13 nuclear magnetic
resonance and phosphorus-31 nuclear magnetic spectroscopy
(Sunny et al., 2017).
Mitochondrial dysfunction seems to play a role in metabolic
syndrome and increases as disease progresses from insulin resistance to type 2 diabetes and from nonalcoholic fatty liver disease to nonalcoholic steatohepatitis. Although some drugs have
been shown to be of therapeutic value, more work is needed in
hope that mitochondrial targets will be discovered that can be
targeted with novel therapies.

Inflammation
Multiple presenters described the role of the immune system
in metabolic disease. As reported by Dr Diehl in her keynote
address, it is not clear what causes metabolic syndrome, but it
is known to be a chronic inflammatory state based on evidence
of increased serum levels of various proinflammatory cytokines (eg, tumor necrosis factor alpha [TNF-a] and interleukin
1 beta) and biomarkers of inflammation (eg, C-reactive protein)
(Lumeng, 2013; Tornatore et al., 2012). Therefore, considerable
research is being devoted to identify triggers for chronic inflammation in metabolic syndrome. Three major sites have
been implicated as initiators of inflammation in the metabolic
syndrome: the liver, the intestine, and adipose depots (HenaoMejia et al., 2012; Malagon et al., 2013; Tilg and Kaser, 2011;
Toubal et al., 2013). Common triggers, such as metabolic stress
responses to chronic caloric excess and resultant cell death,
may trigger inflammation in each of these sites (Kraja et al.,
2014; Sell et al., 2012; Strowig et al., 2012). The release of inflammatory mediators from one site promotes inflammation in
other tissues, thereby amplifying the chronic inflammatory
state and generalized tissue dysfunction/damage (Tilg and
Kaser, 2011). Improved understanding of the inflammatory
triggers can help provide novel diagnostic and therapeutic targets to prevent organ damage related to the metabolic syndrome. Factors that play a role include innate immunity,
overproduction of pro-inflammatory cytokines (production of
TNF-a occurs in both the liver and adipose tissue in metabolic
syndrome), increased exposure to intestinally derived
pathogen-associated molecular signals and loss of antiinflammatory defenses (Lumeng, 2013; Malagon et al., 2013;
Tilg and Kaser, 2011). White fat is an inflammatory tissue and
a secondary immune organ as discussed by Dr Rodney Dietert,
Professor
of
Immunotoxicology,
Cornell
University.
Unresolving and misregulated inflammation promoted by M1
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macrophages drive obesity and many of its comorbid disease
and conditions. Viewed from this perspective, the metabolic
syndrome and its sequelae may result from deregulation of
immune system activity.

Microbiome
The microbiome has gained recognition as an important player
that can tip the balance between healthy and disease states. Dr
Diehl noted that the gut microbiome can be altered by foods
and caloric excess and lead to a defective barrier function. This
can result in bacterial products entering the blood stream and
causing liver inflammation. Strategies to normalize the gut
microbiome include prebiotics, probiotics, and fecal transplants.
Dr Robert Ratner (Professor of Medicine, Georgetown University
Medical Center) described the role of the microbiome in metabolic disease. Metagenome wide association studies show an
association between the fecal microbiota and the presence of
obesity and type 2 diabetes (Korem et al., 2015; Qin et al., 2012). It
has been demonstrated that an obese phenotype can be transferred using human fecal microbiota from a fat and lean twin
into germ-free mice. Recipients of the “fat” microbiota gain
weight without a concomitant change in food intake or inflammatory status, whereas the mice receiving the “thin” microbiota
showed no such effects (Ridaura et al., 2013). Microbial metabolites can impact human health, as there are receptors on human
cells that allow for cross-talk between microbe and host (Brown
and Hazen, 2015). Bacteria in the gut can produce trimethylamine (TMA) that is converted into trimethylamine N-oxide
(TMAO) through the hepatic enzyme flavin mono-oxygenase 3
(FMO3). Employing strategies that knock down or augment
FMO3 expression, researchers have validated the prominent
role of FMO3 in regulating the levels of TMA and TMAO (Warrier
et al., 2015). Dr Jonathan Mark Brown (Associate Staff, Cleveland
Clinic) spoke further on the role of gut microbial metabolites. He
described some of his current mechanistic studies that further
show the association of circulating TMAO with obesity, and
type 2 diabetes, wherein TMAO promotes insulin resistance,
promotes atherosclerosis by decreasing reverse cholesterol
transport and increases forward cholesterol transport. TMAO
has been shown to be proatherogenic in mice (Bennett et al.,
2013), and further associations between circulating TMAO and
atherosclerosis have been demonstrated in humans (Bennett
et al., 2013; Koeth et al., 2013) clarifying the cardiovascular disease potential of TMAO. These studies provide strong evidence
that microbe-derived metabolites, and the enzyme FMO3 may
be useful potential drug targets (Brown and Hazen, 2017) for
metabolic diseases such as obesity and cardiovascular diseases.
An ILSI/HESI (International Life Sciences Institute/Health and
Environmental Sciences Institute) Subcommittee has been
formed to investigate the potential of microbial metabolites to
act as biomarkers of toxicity and/or disease (http://hesiglobal.
org/committees/microbiomesubcommittee/;
last
accessed
November 4, 2017). Much of the work on the microbiome is focused on defining a normal microbiome and how its perturbation can impact human health. The work cited above suggests
therapies that target the microbiome may ameliorate some of
the adverse effects of the metabolic syndrome. The use of fecal
microbiota transplants for metabolic syndrome and obesity is
one therapy being considered with several clinical trials are underway (Marotz and Zarrinpar, 2016). As Dr Diehl noted, the precise composition of an “ideal” healthy microbiome is not yet
known, so efforts to ameliorate diseases are still in its infancy.
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Environmental and Drug Effects
Environmental contamination may also be implicit in disease
development as described by Dr Michele La Merrill. The World
Health
Organization
still
recommends
that
Dichlorodiphenyltrichloroethane (DDT) for malaria control and
high body burdens of DDT are found in persons living in areas
with high risk of malaria (Herrera-Portugal et al., 2005) and in
contemporary migrant U.S. children (Eskenazi et al., 2006,
2009). Because of its lipophilicity and persistence, DDT and especially its metabolite dichlorodiphenyldichloroethylene
(DDE) are contaminants of the food supply and found in people well outside of areas using DDT for malaria vector control
at levels that increase with age. Further, most adults born in
the United States before the DDT ban were highly exposed to
DDT during the developmental window that programs lifetime
metabolic function and are now of age for heightened type 2
diabetes risk (Cohn et al., 2007; Narayan et al., 2003). Numerous
meta-analyses of the association between DDT and DDE indicate that there is a positive association between these chemicals and risk of obesity, type 2 diabetes, and hypertension
consistently across American, European, and Asian populations (Cano-Sancho et al., 2017; Evangelou et al., 2016; Park
et al., 2016; Song et al., 2016; Tang-Peronard et al., 2011; Wang
et al., 2016b). Given that these diseases are diagnosed with
three components of the metabolic syndrome, eg, elevated adiposity, blood glucose, and blood pressure, it follows that DDT
and/or DDE may contribute to risk of developing metabolic
syndrome. An alternative, historically evoked hypothesis is
that the pharmacokinetics of these lipophilic persistent organic pollutants underlie correlation with adiposity (Wolff
et al., 2007) and the correlation of adiposity with other metabolic syndrome components drives their association with DDT
and DDE. However, meta-analysis limited to prospective studies of obesity (Cano-Sancho et al., 2017) and type 2 diabetes
(Song et al., 2016) indicates that DDE is associated with the
later development of these diseases. Dr La Merrill’s laboratory
has developed a mouse model of prenatal DDT exposure
within the range observed in human studies to evaluate the
biological plausibility of metabolic syndrome of mouse offspring at several ages up to nine months (La Merrill et al.,
2014). Prenatal DDT exposure increased body fat in female
mouse offspring. This plausibly resulted from impaired energy
expenditure, as demonstrated by a lowered body temperature,
inability to handle cold, and reduced energy use during calorimetry, and a lack of hyperphagia. The 9-month-old female
offspring prenatally exposed to DDT was provided a diet high
in fat for 12 weeks and demonstrated high levels of circulating
insulin, alterations in blood lipid levels, reduced ability to
handle glucose and changes in the metabolism of bile acids.
Prenatal exposure to DDT chronically increased systolic BP in
these mice (La Merrill et al., 2014) which was reversible with
captopril, an angiotensin-converting enzyme inhibitor (La
Merrill et al., 2016). Meta-analysis of experimental evidence indicated that DDT and DDE increased adiposity while impairing
thermogenesis and lipid dynamics in several mammalian species exposed to a range of doses (Cano-Sancho et al., 2017).
These findings suggest that prenatal exposure to DDT reduces
heat production, alters carbohydrate, and lipid metabolism
thus rendering adult female offspring more likely to develop
metabolic syndrome.
Continuing on the theme of exposure and the development
of metabolic syndrome, Dr Will pointed out that medications
may contribute to metabolic syndrome (eg, protease inhibitors)
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(Anuurad et al., 2009) and to nonalcoholic fatty liver disease
(eg, tamoxifen, irinotecan, corticosteroids) (Fromenty, 2013),
whereas others, such as beta blockers and statins, have been
linked to diabetes (https://www.diapedia.org/other-types-of-di
abetes-mellitus/41040851133/drug-induced-diabetes#fnref: 3;
last accessed November 4, 2017).

Drug Development and Use
Because metabolic syndrome is not a recognized disease and
knowledge of shared pathways as potential drug targets is still
in its infancy, the current approach is to treat each individual
disease individually. In Dr Ratner’s presentation, he showed research that suggested metformin reduced the risk of metabolic
syndrome in patients with elevated fasting plasma glucose concentrations, although lifestyle changes were more effective
(Knowler et al., 2002). Metformin has been shown to alter the intestinal microbiota (Forslund et al., 2015), again suggesting the
bacteria and viruses that populate our gut may play a significant role in metabolic syndrome and associated diseases. This
opens the possibility of affecting multiple diseases by one common underlying mechanism.
Death from cardiovascular disease is common in patients
with metabolic syndrome. As described by Dr Norman
Stockbridge (Supervisory Medical Officer, FDA/CDER), the burden of cardiovascular disease continues to grow but there is a
stable pipeline of new drugs. This area remains a challenge for
several reasons including (1) some recently approved drugs
have not gained traction in the marketplace and (2) precision
medicine may not be viable in this field as drug development
has a huge cost and subsetting this large population into individual populations with specific drugs would be prohibitively
expensive.

FUTURE DIRECTIONS
The diseases associated with metabolic syndrome can be
chronic, debilitating, and lethal. There is a need to find common
pathways or mechanisms for new therapeutic targets. By bringing together clinicians and researchers from multiple fields, this
meeting aimed to merge ideas and approaches to better understand and address the metabolic syndrome and its complications. Understanding the origins of obesity and the pathways to
metabolic syndrome are essential to further our ability to prevent and treat affected patients. From early childhood and
throughout life, individuals can develop metabolic syndrome.
As obesity can be transmitted through generations and can lead
to long-term health problems, identifying causes of childhood
obesity and reducing risk factors is essential.
A nonscientific postmeeting survey was conducted. When
asked if the meeting increased their knowledge on this topic,
87% agreed and the majority of attendees reported an interest
in a future meeting on this topic and webinars. This hopefully
suggests that there is an ongoing interest in this multifaceted
field which may lead to new research and collaborations.
It is clear that much research needs to be done on the initiating events that lead to metabolic syndrome and the commonality that leads to associated diseases. At this time, each disease
is treated separately leading to polypharmacy and an increased
risk of adverse drug reactions. With more knowledge in hand, it
may be easier to prevent and treat this fast growing syndrome
that is leading to mortality at a rapid pace.
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