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 A 
thimbleful of your blood. To Robert Gersz-
ten, that’s like a window on your well-being. In 
some cases, it may even let him see into the future 
of your health. Gerszten and his colleague Greg 
Lewis work at the leading edge of an emerging new 
field—metabolomics—that promises powerful in-
sights into the mechanisms of human health and 

disease. They study blood metabolites: circulating small mole-
cules, such as amino acids, lipids (fats), nucleotides, and carbo-
hydrates, that are involved in metabolism. Metabolites not only 
reveal much about your current health—how well you burn fats 
or how deep you can dig when exerting yourself physically—but 
can provide hints of what’s to come. Research on the major meta-
bolic killers—diabetes, kidney disease, and heart disease—re-
veals critical signs of systemic dysfunction at the molecular level 
years before clinical symptoms appear.

In their efforts to understand the human body and cure dis-
ease, scientists thought knowing all the 20,ooo to 25,000 genes in 
the genome would lead to answers. But the genome encodes—as 
a rough approximation—more than a million proteins, each with 
a special function. Even more frustrating, changes to those pro-
teins (from bonding with lipids, carbohydrates, and so on) lead 
to more than 10 million functionally distinct modified proteins. 
Compared to unraveling the effects and associations with illness 
of these numerous entities, metabolomics has a decisive edge: 
there are only, at current best guess, about 3,000 to 6,000 metab-
olites of interest.

Metabolomics, so named because it describes the 
metabolic products of the human genome, has ex-
isted—at least as a modern scientific concept—
since Linus Pauling proposed in the 1950s that 
one could study breath condensates in order to 
capture human physiology. But the field has 
taken off only recently, explains Lewis, a car-
diologist at Massachusetts General Hospi-
tal (MGH) and an assistant professor of 
medicine at Harvard Medical School 
(HMS). “If you look back to 2002,” 
he says, “there were very few cited 
papers in the world literature, and 
many of those [looked] only at the 
metabolites contained in a single 
cell. Even as recently as 2005, 

there were very few human studies.” But 
a steep increase in the number of pub-
lished papers demonstrates how the field 
has grown exponentially since. Im-
provements in technology and les-
sons from genomics, proteomics, 
and transcriptomics—other 
broad, data-intensive 
disciplines of bio-
logical  sc ie nce 
a n d  e n g i n e e r -
ing—have fueled 
the pace of dis-
covery.

Unlike genom-
ic and proteomic 
strategies for prob-
ing human disease, 
metabolomics may make 
an almost immediate clinical 
impact by allowing doctors to 
deliver personalized medicine, 
based on metabolic profiling 
of patients. In an astonishing 
breakthrough published in 
Nature Medicine in March, 
for example (see “The 

fathoming  
metabolism 

The study of metabolites does an end run around genomics to  
provide telling clues to your future health
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Fingerprints of Diabetes…,” page 29), Gerszten and colleagues 
describe markers that identify people likely to develop diabetes 
more than a decade before any sign of the disease itself appears.

Gerszten, the director of clinical and translational medicine 
in MGH’s cardiology division and an associate professor of 
medicine, explains: “A gene makes transcripts, transcripts make 
proteins, and proteins (or enzymes) make metabolites.” Many 
steps separate a gene from its ultimate expression, perhaps as 
a disease, meaning that someone with a gene variant linked to 
heart disease may never become sick. But because metabolites are 
“downstream of genetic variation, transcriptional changes, and 
post-translational modifications of proteins,” 
Gerszten says, they capture what is actually 
happening in the body: “They are the most 
proximal reporters of any disease status or 
phenotype.”

They also capture the environment. “If 
you eat some noxious metabolite in your Big 
Mac,” your blood will reflect that, he says. 
Genes won’t. 

For these reasons, 
Gerszten believes the 
metabolome is “equally, 
if not more, important 
than the human ge-
nome” for capturing 
“the fingerprint of hu-

man disease.” “Say you go to the 
doctor and have a blood test,” 
he continues. “What do we cap-
ture in terms of metabolism? 
Not a ton”: cholesterol, triglyc-
erides, and glucose. He points 
to a densely lined, heavily an-
notated chart on his computer 
that looks as if someone has been 
twisting strands of spaghetti 
into patterns with a fork (see il-
lustration). “That’s every known 
metabolic pathway,” he explains. 
“Ideally, that is what we would be 
tapping if we had the tools.”

  The Exercise  
 Effect
Last year, Gerszten and Lewis 
ran an experiment to examine 
the effects of just 10 minutes of 
exercise on about 200 common 
metabolites. The pair had asked 
a group of patients that included 
healthy people—the “worried 
well”—to run for approximately 
10 minutes on a treadmill. Blood 
samples were taken before exer-
cise, at peak exercise as the test 
ended, and again an hour later.

Both men knew that exer-
cise confers many health benefits, and Lewis, a former Olympic 
rower, has a background in exercise physiology—the study of 
the physical changes that take place in the body in response to 
exercise. Fit individuals, for example, have greater blood volume, 
more efficient hearts, and a better ability to extract oxygen from 
the blood for the use of working muscles; even their mitochon-
dria (the energy-producing organelles within cells) are more 
abundant. Finally, after adjusting for age, peak exercise capacity 
is the most powerful known predictor of the risk of death among 
healthy people and those with cardiovascular disease. Even 
among those with cardiovascular disease, Gerszten notes, those 

As the most proximal reporters,  
metabolites capture what is  
actually happening in the body.

A map of the 
known metabolic 
pathways in the  
human body shows 
in dizzying com­
plexity the chem­
ical reactions that 
occur within cells to 
form metabolites.

Robert Gerszten
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The Fingerprints of Diabetes...and Other Diseases
If exercise is such a bellwether of health, and one’s metabol-
ic profile reflects fitness and well-being, might the opposite 
also be true? Could there be metabolic signatures associated 
with human disease? To find out, Robert Gerszten of Harvard 
Medical School (HMS) teamed with fellow associate professor 
of medicine Thomas J. Wang, a cardiologist at Massachusetts 
General Hospital affiliated with the Framingham Heart Study, 
to see whether metabolic signatures might presage the onset of 
disease. They began with diabetes, the most metabolic of dis-
eases, in which the body loses its ability to control blood sugar. 

“The Framingham study, the seminal study that identified 
risk factors associated with heart disease, was begun in 1948,” 
Gerszten explains. “Researchers followed these people epide-
miologically: participants would come religiously every couple 
of years, give blood, and be subjected to a number of different 
tests.” Such longitudinal studies are considered the gold stan-
dard in research because they follow a large population over a 
long period of time and eliminate “selection bias”: in this case, 
the participants were chosen solely on the basis of geography 
(they all lived in Framingham, Massachusetts), not because of 
preexisting health conditions, race, gender, or some other fac-
tor. In 1948, none of the participants knew whether they would 
develop a disease.

In 1972, more than 3,000 of the original participants’ offspring 
were also enrolled in the study. “Over time, the phenotyping or 
characterization of these people got more and more sophisticat-
ed,” Gerszten says. Researchers had begun to do “CT scans, ex-
ercise tests, and so on. What Tommy [Wang] pointed out to me 
was that in 1994 everyone underwent a stress test for diabetes.”

The OGTT (oral glucose tolerance test) delivers a high dose 
of sugar in the form of glucose and then measures the body’s 
ability to respond. Although glucose is “one of the last things 
to go wrong” during the onset of the disease, the test is still the 
best way to diagnose prediabetes and diabetes. Using blood 
samples taken in 1994 from 200 people who later developed 
diabetes, and a matched group who shared all the same risk 
factors but did not develop the disease, Gerzsten and Wang 
tried to detect differences in the metabolic responses of the 
two groups to the oral glucose challenge years before any of the 
diabetic group became ill. They hoped that one or more of the 
amino acids in the blood samples would reveal a difference that 
might identify those individuals who were going to get diabe-
tes a decade or more later.

“We matched [the prediabetic subjects] to controls cho-
sen on the basis of age, body mass index, fasting glucose, and 
whether or not they had hypertension,” says Gerszten. “This 
was by design. We didn’t want to compare fat people to thin 
people, because that would not add information. We raised the 

bar as high as you could raise it” by excluding thin, fit people 
outright from the study population. “People who develop dia-
betes are also likely to have a higher fasting glucose level but 
we wanted to make glucose equal” to see if anything else was 
affecting the response.

“We were struck by what we saw,” he reports. “There were 
some unbelievably significant differences at baseline in the 
blood.” Six amino acids were higher in the people who became 
diabetics than in the controls. Isoleucine, leucine, and valine, as 
well as phenylalanine, tyrosine, and tryptophan, were elevated. 
“It turns out that these are the most greasy, hydrophobic amino 
acids,” Gerszten says. Individuals in the top quartile—those in 
whom these amino acids were highest—were more than 400 
percent more likely to develop diabetes. In contrast, the com-
mon genetic variants associated with diabetes risk represent 
just a 20 percent increase in the chance of getting the disease, he 
explains. “This is an order of magnitude more.”

“These changes [later replicated in a population from 
Malmö, Sweden] are occurring a dozen years before people 
develop diabetes, says Gerszten, who justifiably refers to the 
findings as the highlight of their biomarker research so far. 
“Many people have realized the importance of metabolism. But 
to use it on an equal footing with genetics? Not so many people 
think so yet.” He and his colleagues are now trying to dupli-
cate the diabetes research using lipids (circulating fats) rather 
than amino acids. And they are working to find markers that 
will identify individuals at risk of developing heart and kidney 
disease in the future.

This is important, Gerszten notes, because if the results 
prove generalizable, physicians will know where to intervene. 
For example, a study by professor of medicine David M. Na-
than demonstrated that either intensive lifestyle interventions 
(including diet and exercise) or use of the drug metformin can 
prevent diabetes. “Now,” says Gerszten, “you could identify 
and focus on those populations most at risk, and get more bang 
for your buck.”

Gerszten and his colleagues believe that they can now iden-
tify at least one representative metabolite from every known 
metabolic pathway in humans. But the library of metabolites 
and metabolic signatures of disease that he and his colleagues 
are assembling is not what intrigues him most. Each metabo-
lite is a stepping stone in a pathway that leads to health or dis-
ease, and Gerszten is less interested in the biomarkers them-
selves than in finding pathways leading to new insights that 
might cure diseases. “We still don’t really have a clue, for exam-
ple, why diabetes leads to heart disease,” he points out. “These 
amino acids are altering some fundamental metabolic response 
in cells and we just don’t know what it is—yet.”

individuals who nevertheless can exercise intensely on a tread-
mill have the same risk of sudden death as “the guy who has never 
had a diagnosis of heart disease.” The challenge is to understand 
why exercise counteracts disease.

Despite the brevity of their treadmill challenge, Gerszten and 
Lewis discovered that profound changes took place in the bio-
chemical profiles of their patients’ blood. Glycerol, a marker of 

the body’s ability to burn fat, was up. Glucose-6-phosphate, an 
indicator of the use of energy stored as glycogen in the liver and 
muscles, increased. So did pantothenate, a modulator of fatty 
acid oxidation, and allantoin, a marker of oxidative stress. The 
human body turns on the systems of energy utilization and the 
mechanisms for dealing with the potentially harmful by-prod-
ucts of oxidative processes (free radicals) very quickly. 

P h o t o g r a p h s  b y  F r e d  F i e l d ,  u n l e s s  o t h e r w i s e  n o t e d
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The study not only validat-
ed the usefulness of circulat-
ing metabolites as a snapshot 
of metabolism, it demonstrat-
ed that metabolic changes 
can be persistent. “Take-away 

message number one,” says Gerszten, “is that the blood is a beau-
tiful place to sample.” That had not been entirely obvious, he 
says, because the by-products of many metabolic processes were 
thought to be retained within cells. But with “exquisitely sensi-
tive new techniques” being pioneered at the Broad Institute of 
MIT and Harvard, where Gerszten helped launch the metabolo-
mics program, “we can now pick them up outside cells.”

Take-away number two is that “an hour after exercise, more 
things had changed than at peak exercise”—as though exercise 
had initiated a cascade of signals 
throughout the body. After 10 min-
utes of exercise, heart rate and 
blood pressure return to normal 
in five or 10 minutes, but the meta-
bolic changes persist. The study 
supports epidemiological claims 
that three spells of exercise a day, 
each of as little as eight to 10 min-
utes’ duration, are enough to con-
fer health benefits. “These are the 
quintessential metabolic data,” 
Gerszten says, “suggesting that 
even short bouts have unanticipat-
ed prolonged effects.”

But the study also raised more 

questions than it answered. Fit participants, de-
fined as being in the upper half of the sample, 
burned fat twice as well as the less fit. “There was 
more than a 100 percent increase in glycerol in 
more fit individuals,” reports Lewis, “compared 
to less than a 50 percent increase in the less fit.” 
When they extended the study to include runners 
in the Boston Marathon, they discovered that par-
ticipants’ post-race lipolysis—the rate their bod-
ies burned fat—was 11 times the rate of the least fit 
group. The marathoners had run for three and a half 
hours, but Gerszten believes that even if they had 
run only for 10 minutes, they would still have been 
in the highest quartile. 

The researchers also noticed that levels of niacina-
mide, a compound that can help prevent or alleviate 
the symptoms of diabetes, rose most in the leanest 
individuals. “Now all of sudden we have these mark-
ers that distinguish what is happening in the more fit 
versus the less fit,” says Gerszten. “The million-dollar 
question is: Is that because of training, genetics, or 

diet? Those answers are what we are working toward.”
What they do know is that the metabolites that increase with 

exercise are not just markers of health—they actually promote it. 
They found that sprinkling muscle-cell specimens in a petri dish 
with a cocktail of the six metabolites that had multiplied the 
most activated a gene program involved in energy balance. They 
are now testing the dietary effect of this combination by feeding 
metabolites to laboratory mice. 

They have also devised a human experiment to discover where 
the metabolites are created and how they are distributed during 
exercise. All organs and tissues in the body generate metabolites, 
but “our working hypothesis is that exercising limbs are sending 
global signals to the body to do certain things,” Gerszten says. 
“We now have to prove that.” As a first test of this theory, the re-
searchers catheterized 10 individuals pedaling a stationary bike, 
in order to sample blood simultaneously from two different ar-
teries: one tied to the general circulation and one more closely 
tied to the working muscles in the legs. This allowed them to 
compare the concentration of metabolites from the two locations 
and to discover that they are enriched in blood from the legs, 
probably generated during muscle contractions.
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From Genome
to Metabolome 
The amount and complexity of 
data increase from the genome 
to the transcriptome to the 
proteome. The metabolome is 
not only simpler and more  
reflective of health status, it 
also incorporates environmen­
tal influences, for example, 
from exercise and diet.

A technician scans a cardiac 
patient’s heart before and after 
exercise to detect physical 
changes. Similarly, measur­
ing metabolites in the blood 
reveals metabolic changes that 
offer a snapshot of both cur­
rent and future health status.
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Their findings in the exercise test are “just an 
initial description,” Gerszten emphasizes. They 
have no idea why these metabolites cause ben-
eficial changes, or why they work only in com-
bination, or even how long the effects of these 
metabolic changes last.

Further research will answer these questions, 
but Lewis already sees the potential for using 
metabolic signatures to help his heart patients 
track their health progress as they follow a pre-
scribed regimen of weekly physical activity. He 
has embarked on studies of the effects of exercise 
training among a broad spectrum of individuals, 
including employees of the hospital, seeking to 
define normal metabolic signatures by age, sex, 
ethnicity, and fitness level. “It may be that people 
have different responses to training,” he explains, 
and that might affect their metabolic profiles dif-
ferently. Some people quickly lose weight when 
they exercise, for example, while others cannot. 

But even though metabolic signatures may vary, Lewis sus-
pects that the chronically overweight can still become fit, and 
that detectable metabolic changes occur to some extent in every-
one. One metric commonly used to measure whether individu-
als are benefiting from exercise, he points out, is whether they 
lose weight—and “some people get discouraged if their weight 
doesn’t change after six to eight weeks of a training program, and 
they quit. If you could show people tangible evidence—‘These 
six metabolites that predict the future onset of cardiovascular 
disease changed 35 percent by virtue of doing this exercise’—that 
is potentially powerful” as a motivational tool.

Manipulating levels of metabolites to improve health—to use 
them as drugs— may also be possible, Lewis says. “These are 
naturally occurring small molecules already in your body, not 
potentially caustic drugs that may have side effects we will find 
out about only 20 years after people are exposed to them.” In fact, 
he has a bottle of one particular metabolite, glutamine, on a win-
dowsill in his office. A white powder that can be purchased at any 
health-food store, it is metabolically active if ingested, and has 
the potential to regulate glucose tolerance.“Some people,” he says, 
“have this angry response to the idea of creating a pill that could 
substitute for exercise: ‘How could you?!’ they ask. Nobody is in-
terested in dissuading people from exercise. But if we can have a 
better understanding of what is happening in response to exercise, 
then we can truly embark on a pathway of individualized pro-
grams that will optimize the health status of each patient. I think 
it is really hard to argue with the merits of doing that, particularly 
for people with diseases that preclude them from exercising.”

 The Future of a Field
Gerszten and Lewis’s exercise research is a “perturbational 
study,” in which participants serve as their own controls. They 

have conducted such studies before and after weight loss, be-
fore and after the administration of drugs (to track drug levels 
and observe the metabolic changes they cause), and even be-
fore and after planned heart attacks (used to reduce the size 
of enlarged hearts), in which they identified metabolic mark-
ers associated with the death of cardiac muscle. Ultimately, 
they hope to develop metabolic profiles for patients that will 
allow them to identify physiological factors that limit perfor-
mance. Is it the skeletal muscles? The heart? The lungs? Know-
ing the metabolites involved might lead to interventions that 
range from something as simple as putting supplements in a 

drink (Gerszten and Lewis are exploring 
the potential of so-called nutraceuticals, 
and have been in touch with a sports drink 
manufacturer) to new ways of investigating 
pathways involved in disease, to gain better 
understanding and, eventually, cures. And 

because some dietary metabolites appear to be harmful, Gersz-
ten is feeding them to mice to learn whether they lead to ath-
erosclerosis and diabetes.

Researchers today recognize that the relative contributions of 
genetics, behavior, and environment to maintaining health, on 
the one hand, and triggering metabolic dis-
eases (even including some cancers), on the 
other—remain unclear. “Part of me wants to 
believe that there is some precise molecular 
pathway and an enzyme that we are going to 
identify and make a drug for,” Gerszten ad-
mits. “But then the other side of me slaps my head and says, ‘Wait 
a minute. Let’s hope it is not a molecular pathway, but something 
where we can intervene in a much easier way.” A silver bullet 
would be nice, he agrees, but most likely, the metabolic disorders 
will turn out to be complex. “Watching what you eat can help a 
hell of a lot,” he says, “but for some people, there will be a genetic 
component as well.” Metabolomics, he predicts, will help to pro-
vide those answers.

Jonathan Shaw ’89 is managing editor of this magazine.

a pill that could substitute  
for exercise? “How could you?!”  
some people ask.

Gregory Lewis

Visit harvardmag.com/
extras for video clips 
with Robert Gerszten and 
Gregory Lewis.




