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modern medical investigation. Only two years passed between the initial experiments in dogs to widespread human
application to the awarding of the Nobel Prize in 1923. Insulin-related research has also served as a focus, at least in part,
for the work of three other Nobel Prize recipients: determination of the chemical structure of insulin by Frederick Sanger

in 1958; determination of the three-dimensional structures of insulin and vitamin B12 by Dorothy Hodgkin in 1964; and
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Prize for Yalow in 1977 (five years after the untimely death of Berson). The history of Yalow and Berson’s discovery and
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The isolation of insulin in 1921 by Banting, Best, Collip, and Macleod stands
as one of the most dramatic stories in modern medical investigation. Only two
years passed between the initial experiments in dogs to widespread human
application to the awarding of the Nobel Prize in 1923. Insulin-related research
has also served as a focus, at least in part, for the work of three other Nobel
Prize recipients: determination of the chemical structure of insulin by Freder-
ick Sanger in 1958; determination of the three-dimensional structures of insu-
lin and vitamin B12 by Dorothy Hodgkin in 1964; and finally, the development
of immunoassay by Solomon Berson and Rosalyn Yalow in 1959-1960, which
led to a Nobel Prize for Yalow in 1977 (five years after the untimely death of
Berson). The history of Yalow and Berson’s discovery and its impact on the
field is an illustration of the adage that every story has two sides.

It is not surprising that the 1960 article
“Immunoassay of endogenous plasma
insulin in man” (1) by Yalow and Berson
(Figure 1) holds a record as one of the
most-cited articles ever published in the
Journal of Clinical Investigation (2,341 times
at this writing). Indeed, the techniques of
radioimmunoassay and immunoassay have
over 84,000 and 275,000 entries in PubMed,
respectively. While a skeptic might note
that most of the frequently cited articles
in the literature are focused on methodol-
ogy, in this case, while the paper superfi-
cially appears to be only a description of a
method to assay insulin, it actually marks a
revolution in biology and medicine.
Immunoassays provided a method by
which minute quantities of virtually any
biologically interesting molecules present
in blood or other fluids could be measured
with sensitivity and specificity, even in
the presence of hundreds of thousands of
other substances. Furthermore, while the
distinction between what are now known
as type 1 diabetes and type 2 diabetes had
been previously made by Sir Harold Hims-
worth (2), with this tool, Berson and Yalow
clearly demonstrated that type 1 diabetes
was an insulin-deficient state, whereas
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patients with type 2 diabetes had substan-
tial amounts of insulin in the blood and
could be classified as insulin resistant (1,
3). They later showed that obesity was also
associated with hyperinsulinemia and insu-
lin resistance (4). En route to developing the
immunoassay, they showed that antibodies
to insulin occurred universally in all patients
treated with insulin, and they concluded
that high titers of anti-insulin antibod-
ies accounted for nearly all cases of severe
insulin resistance observed at that time (3,
S). Berson and Yalow also advanced our
understanding of tumor hypoglycemia by
documenting inappropriate insulin secre-
tion from islet cell tumors and absence of
insulin secretion from nonislet cell tumors,
laying the groundwork for later studies that
would implicate insulin-like growth factors
in this disorder (6). Finally, they success-
fully applied the technique of immunoassay
to the analysis of many other hormones
and substances, leading to breakthrough
insights into multiple disease states (3).

In some ways Berson and Yalow seemed
an unlikely team to make this important
discovery. Both were from immigrant fami-
lies and attended public schools. Berson
bragged about the several years and 109
medical school rejections that separated his
completion of college and his enrollment in
New York University Medical School, where
he eventually graduated near the top of his
class. Yalow recalled that despite her excellent
grades, she gained entrance into a graduate
school in physics only under the condition
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that the school would have no obligation in
finding her a position after graduation (7).
In school she became enthralled with radio-
activity, looking beyond the atomic bombing
of Hiroshima to the use of radioactivity and
its great peacetime potential for medicine.
This led her to become the health physicist
at the Veterans Administration Hospital
in the Bronx. Berson, who was starting an
internal medicine practice in the then-new
suburbs of Long Island, took a part-time job
as internist in the Radioisotope Unit at the
hospital. Outside the mainstream, without
the usual years of apprenticeship, Berson
and Yalow embarked on research careers
with applications of radioactivity to medi-
cine as the leitmotif.

For those of us who have been frustrated
by how difficult it may be at times to get an
article published in the JCI, it may be heart-
ening to know that Berson and Yalow some-
times shared that same problem. Indeed,
at many talks, including her Nobel Prize
address (3), Yalow entertained the audience
by showing a reproduction of the rejection
letter from JCI of a 1955 paper that laid the
groundwork for the insulin immunoassay
(Figure 2). Thus, even this illustrious team
experienced the agony and ecstasy of pub-
lishing in the JCI. Parenthetically, the paper
did finally get accepted on resubmission
and was published in JCI in 1956, but the
authors were required to substitute “insulin
binding globulin” for “insulin transporting
antibody” in the title (5).

Assays of insulin in blood

prior to RIA

The ability of insulin to lower blood glucose
levels was the key to its isolation and purifi-
cation. The first insulin assays assessed the
fall in blood glucose following injection of
an extract of tissue or serum into normal or
depancreatized animals or, subsequently,
animals that had undergone adrenalectomy
or hypophysectomy to increase their sensitiv-
ity to insulin (8). However, the method was
not nearly sensitive enough (1,000 wU/ml)
to measure the low levels (10-20 uU/ml) in
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Figure 1

Rosalyn Yalow (left; image courtesy of the National Library of Medicine) and Solomon

Berson (right).

blood (for reference, 25 wU/ml = 1 ng/ml =160
pM). Indeed, one study that attempted to
use this approach involved extraction of
100 ml of plasma to allow assay of insulin
levels in a fasting dog (9).

Subsequently, in vitro bioassays were devel-
oped using rat diaphragm muscle and then
epididymal fat pads (10, 11). These assays
depended on measurements of either glu-
cose uptake (initially measured by glucose
depletion from the medium and later by
use of radioisotopes) or glycogen synthesis.
Like the in vivo assays, the muscle assay was
also not very sensitive, and both assays were
subject to the effects of other insulin-like
molecules in serum as well as a large number
of specific and nonspecific effects. At times
it appeared that almost anything in serum
at a high enough concentration could exert
some insulin-like effect in these assays. In
addition, there was a problem referred to as
the dilution effect, i.e., detection of insulin
added to serum varied depending on the
dilution of serum used in the assays (12). The
immunoassay method conquered all of these
problems. It had high degrees of specificity
and sensitivity, no dilution artifact, and the
ability to assay a large number of samples
using a very small amount of blood (1).

The RIA’s modest origins

The creation of the RIA started with inves-
tigations concerning the metabolism of
131]-Jabeled insulin in nondiabetic and dia-
betic subjects (5). Berson and Yalow observed
that, contrary to their expectation, radioac-
tive insulin disappeared more slowly from
the plasma of patients who had previously
been treated with insulin than from the
plasma of subjects never treated with insu-
lin (5). Immunologists of the mid-1950s did
not believe that insulin was immunogenic
— hence the JCI rejection (Figure 2). Howev-

1052

The Journal of Clinical Investigation

er, Berson and Yalow eventually proved that
the retarded rate of insulin disappearance
was due to the binding of labeled insulin to
anti-insulin antibodies present in the serum
of insulin-treated diabetics (5). Initially they
used labeled and unlabeled insulin to exam-
ine the characteristics of the antibodies.
For the immunoassay, they recognized that
antibodies could also be used to examine
the hormone and further, that competition
between unlabeled insulin in a sample and
the 131I- or 1?’I-labeled insulin for binding
to sites on the anti-insulin antibodies could
provide the basis of a sensitive and specific
assay of the hormone (1, 3).

The essence and greatness

of the discovery

The creation of the RIA and the use of radio-
isotopic methods for detection of soluble
antigen-antibody complexes for small mole-
cules introduced a revolution in biomedical
research (3). It not only clarified our under-
standing of diabetes and the physiology
of glucose homeostasis, but also provided
important new insights into immunology
and eventually had an impact on virtually
every field of biomedical investigation. RIA
technology made it possible to actually
measure insulin (and other hormone) levels
and thus to scientifically define many phys-
iological and pathophysiological states. In
cases of diabetes and insulin resistance, this
included states in which the circulating
insulin levels were increased while glucose
levels were normal or minimally abnormal,
such as obesity, gestational diabetes, acro-
megaly, and Cushing disease (3, 4).

Downsides of the discovery of RIA:
the snowplow effect

As with all revolutionary aspects of sci-
ence, the introduction of new thoughts
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and technologies has many effects, most of
which are positive but some of which may
be inadvertently negative, as when a snow-
plow clears a path after a big storm but,
at the same time, buries parked cars and
blocks driveways and side roads. Similarly,
Berson and Yalow’s achievements moved
the field giant steps forward, but in the
wake of their success, research in several
areas was actually significantly impeded.
Defining the components of insulin-like activity
in blood. The early observation that serum
contains 200-400 wU/ml of total insulin-
like bioactivity conflicted with results of
the RIA, which detected 10-20 wU/ml of
immunoreactive insulin. Further, anti-
insulin antiserum could only block a small
portion of the insulin bioactivity of serum.
These observations led to a major controver-
sy in the field. Harry Antoniades explained
the controversy by postulating that circulat-
ing insulin existed in two forms — one free
to act on glucose metabolism, which could
be inhibited by anti-insulin serum, and
the other a bound form that was not reac-
tive with insulin antibodies (13). Another
group, led by Nagib Samaan, also proposed
two forms of circulating insulin, which they
referred to as typical and atypical, depend-
ing on whether their action on fat pads was
inhibited or not inhibited by insulin anti-
serum (14). The third group, led by Rudi
Froesch in Switzerland, also using a similar
bioassay, referred to the two forms of insu-
lin as suppressible and nonsuppressible
insulin-like activity (NSILA) (15). Froesch’s
group further noted that NSILA itself was
heterogeneous, with a low molecular weight
form (6,000-7,000 Da) and a high molecu-
lar weight form (70,000 to 150,000 Da).
Arguing that the immunoassay was both
sensitive and specific, Berson and Yalow
took a strong stand against the relevance
of the observations and interpretations of
these investigators (12). They pointed out
that there was an exact correlation between
the low blood levels of immunoreactive insu-
lin in type 1 diabetes and the development
of hyperglycemia whereas there was little
correlation between the levels of atypical
insulin, bound insulin, or NSILA and meta-
bolic status. As a result of the importance
of the discovery of the RIA and the strong
reputation of Berson and Yalow, this entire
field of research on other insulin-like mol-
ecules in serum went into a temporary, but
almost total, state of suspension, and the
career momentum of some of the investiga-
tors working on atypical and bound insulin
dissipated. It was not until the mid-1970s
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that this area of research reemerged, when
Froesch and his colleagues were able to suc-
cessfully purify and sequence two insulin-
like molecules, IGF-1 and IGF-2, from serum
(16) and Klara Megyesi and her colleagues
were able to demonstrate separate receptors
for these hormones on cell membranes (6).
Now it is apparent that these insulin-like
growth factors do have both bound and free
forms and that their effects are primarily
on growth rather than glucose metabolism,
which accounts for many of the previously
controversial observations.

Insulin autoimmunity. The demonstration
of anti-insulin antibodies in insulin-treated
patients was so central to Berson and Yalow’s
work that they convinced themselves and
others in the field that antibodies to insulin
only appear in patients who have previously
been treated with insulin. They considered
autoimmunity to insulin at most a theo-
retical possibility and postulated that insu-
lin induces immune tolerance. Using more
sensitive approaches to antibody detection,
those in the field have come to recognize that
patients can also develop autoantibodies to
insulin without any prior treatment in asso-
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ciation with both type 1 diabetes (17) and
an autoimmune form of hypoglycemia (18).
Indeed, a test detecting autoantibodies to
insulin has become standard in the assess-
ment of individuals at risk for type 1 diabetes
or with early signs of the disease.

Inbibitors of insulin action and insulin
resistance. Berson and Yalow recognized
glucocorticoids, growth hormone, and
other hormones, in addition to anti-insu-
lin antibodies, as contributors to insulin
resistance. They disparaged other postu-
lated inhibitors of insulin action or insulin
antagonists invoked by others, especially
the so-called synalbumin antagonist of
insulin described by Vallence-Owen, which
migrated on electrophoresis with albumin
instead of slow-moving globulins like anti-
insulin antibodies. Now researchers rec-
ognize that many molecules can modify
insulin action, including free fatty acids
(which bind to serum albumin), cytokines,
and even insulin itself, which when chroni-
cally elevated may desensitize the target cell
(19-22). Likewise, we now recognize that
extreme insulin resistance may be due to
autoantibodies against the insulin receptor
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or genetic defects in the receptor and may
occur at intracellular steps in the insulin
action cascade (23, 24).

Identification of cell surface receptors for peptide
hormones. Despite their brilliant work regard-
ing immunoassay development, Berson and
Yalow were slow to recognize the potential
of this approach being extended to the area
of membrane receptors, and their critique
of existing studies slowed the development
of this field. As early as 1949, William Sta-
die and coworkers studied how insulin
might act by binding to tissues. In 1952,
these investigators noted that when the
diaphragm was immersed in a solution con-
taining 13- or 3S-labeled insulin, a small
fraction of radioactivity remained fixed to
the tissue even after repeated washing (25).
Katharina Newerly and Berson, however,
noted that labeled insulin binds to a wide
variety of surfaces, including glass and
paper, and therefore concluded that “bind-
ing of insulin by isolated rat diaphragm in
vitro is not demonstrably of biological sig-
nificance but is attributable to nonspecific
adsorption of the proteins” (26).

Again, the dominance of Berson and
Yalow and their skeptical view of hormone
binding to tissues put this field in limbo for
over a decade. Ultimately, however, it was
the scientific children and grandchildren of
Berson and Yalow (including the authors of
this paper) who showed that, when properly
performed, radioactive ligands could be used
to detect membrane receptors, thus extend-
ing the work of Berson, Yalow and Stadie to
help open the new field of the study of cell
surface receptors (20,21, 23, 24).

Summary and perspective

The discovery of the RIA was one of the
major accomplishments of medical research
in the 20th century. Berson and Yalow were
rightly recognized as giants in the field, and
their article from 1960 holds a record as one
of the most cited articles in the 80-year his-
tory of the JCI. The technique of RIA and
its application to a wide variety of biologi-
cal systems has led to important insights
in endocrinology, immunology, cardiol-
ogy, gastroenterology, nephrology, neuro-
science, and many other disciplines. The
work also led its discoverers and the field
astray in a few places, and some scientific
discoveries were in limbo for over a decade.
As Berson and Yalow wrote in the Banting
Award Lecture to the American Diabetes
Association in 1965, “It is in the interest of
attainment to a higher knowledge than we
presently possess that frank and penetrat-
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Superoxide production by phagocytic leukocytes:
the scientific legacy of Bernard Babior

John T. Curnutte
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It was 32 years ago that Bernard Babior, Ruby Kipnes, and I submitted a
paper to the JCI reporting that polymorphonuclear leukocytes produce
superoxide (O;") during phagocytosis and that this highly reactive oxygen
radical might function as a microbicidal agent. The story of how our lab
came to this discovery is one of a special relationship between a student and
his brilliant mentor.

process, to pay tribute to this wonderful,
creative, and spirited investigator and man.
The story behind our article has, as many
discoveries do, an unlikely origin — in this
case, a growing special relationship between
a student and his mentor. I was a freshman

at Harvard College, majoring in biochemis-

We were pleasantly surprised in 1972 to hear
that our paper (1) had been accepted for
publication. We were even more surprised
recently to learn that this report was among

the JCI's most frequently cited articles and
was to be highlighted as part of the Journal’s
80th-anniversary celebration. There was a
sad irony, though. Within a few weeks after
Bernie (Figure 1) enthusiastically agreed to
write a historical commentary on the article,
alingering illness intensified that led to his
passing on June 29, 2004. He was not able to
share with us his perspectives 3 decades after
one of his most important discoveries. I was
honored to be asked by the JCI to step in for
Bernie to write the commentary and, in the

Nonstandard abbreviations used: CGD, chronic
granulomatous disease; HOCI, hypochlorous acid;
Oy, superoxide.
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try and in search of an adviser, and learned
that there was a brilliant young professor of
medicine and gastroenterologist at Harvard
Medical School’s Thorndike Laboratory at
Boston City Hospital — Bernard Babior
— who was also a tutor in the Biochemis-
try Department at the college. He agreed
to take me under his wing and for the next
2 years patiently taught me the complex
biochemistry of vitamin By, in rigorous
one-on-one tutorials and, eventually, at the
bench in his laboratory (Figure 2).
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