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How the immunoassay transformed C-peptide
from a duckling into a swan
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Abstract This edition of ‘Then and now’ re-examines Lise
Heding’s very highly cited paper ‘Radioimmunological determination of human C-peptide in serum’, which was published
in Diabetologia in 1975. We show how this article and other
related articles by Heding contributed to heightened respect
for C-peptide (and transformation of Heding’s research
programme). Initially thought of as an inert discard, Cpeptide in blood is now recognised as an excellent surrogate
measure of insulin secretion under a wide range of conditions.
The assay is especially valuable for acute ascertainment of the
insulin secretory capabilities of patients with type 1 diabetes
or of transplanted beta cells. The assay is also being used to
monitor endogenous beta cell loss or in vivo expansion of beta
cell mass over the long term. We conclude with two promising
future applications: (1) measurements of C-peptide in
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blood (along with insulin, glucose, and HbA1c) at annual
intervals as a potential approach to earlier diagnosis of
diabetes; and (2) among many recent advances in recognising
properties of C-peptide (including status as a candidate
hormone), most promising is C-peptide as a possible
therapy for diabetic neuropathy and nephropathy.
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Introduction
C-peptide was cursed from early infancy by its name. The
naming of a newborn hormone, like characters in the Bible
(e.g. Jacob, Moses), can relate to a dynamic event surrounding
its birth (e.g. growth hormone, follicle-stimulating hormone).
Alternatively, the biological source inspires the naming (e.g.
insulin, thyroxine). That this endocrine peptide’s name is only
a single letter has been a negative, but C was an especially
poor choice in the biomedical community. Members of that
community have typically been very grade conscious from
childhood. An ‘A’ (officially ‘excellent’) is considered good.
‘B’ (officially, ‘good’) is a setback, while ‘C’ (officially,
‘passing’) is considered by this community to be a failure.
Common parlance reflects similar attitudes. Plan A is the best.
When thwarted, turn to Plan B. Introducing Plan C suggests
impending defeat.

Intellectual ancestry of C-peptide
Minkowski discovered the glucose-regulating internal secretion of the pancreas in 1889 [1]. In 1909 de Meyer named it
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insuline [2]. After many failures in Europe and North America,
insulin was isolated and purified by Banting, Best, Collip and
Macleod in Toronto in 1921 [3]. With help from Connaught
and Lilly, they swiftly introduced insulin for the treatment of
diabetes, which led to the Nobel Prize for Banting and Macleod
[3].
In the 1950s Sanger’s group elucidated the structure of
insulin, including the sequence of amino acids in the A-chain
and B-chain, the arrangements of the disulfide bonds and the
species-based variations in amino acid sequence, achievements
that led to the first of Sanger’s two Nobel Prizes. In 1960,
Yalow and Berson introduced the radioimmunoassay for
insulin [4]. For the first time in the century-old history
of endocrinology, the tiny amount of a peptide hormone
present in blood could be measured with specificity and
accuracy, revolutionising all of biology and medicine. Yalow
was awarded the Nobel Prize in 1977 [5], 5 years after
Berson’s death.

Discovery of proinsulin and C-peptide
It was widely believed that, after being synthesised separately, the insulin A-chain and B-chain were joined to form
the two-chain intact hormone. Steiner’s brilliant pulse-chase
experiments showed that the two-chain hormone came from
a single-chain precursor dubbed ‘proinsulin’ [6–8]. (The
name was coined by Carpenter a year before its discovery.)
The peptide that linked the B-chain of insulin to the A-chain
was called the connecting piece (see Fig. 1). Later, Steiner et
al. showed that the complete conversion of proinsulin to
insulin involved proteolytic cleavages at each end of the
connecting piece to yield insulin, C-peptide and free amino
acids [8] (Fig. 1).
It soon became clear that insulin secretion is accompanied
by the release of other insulin-related moieties [8–10], including intact proinsulin, two proinsulin intermediates and Cpeptide (Fig. 1). In normal individuals, insulin constitutes at
least 80% of the total insulin-related material in blood, but
under pathological conditions the incompletely converted
components become a larger fraction of the total, sometimes
constituting well over half. Immunoassays with insulinrecognising antibodies and those with C-peptide-directed antibodies would each be measuring multiple different species.

Lise Heding’s research
For a brief period, immunoassay measurements appeared to
be simple: insulin was insulin, glucagon was glucagon.
Quickly, multiple complexities were recognised; the hormone
immunoassayed in blood was composed of more than one
element. Lise Heding was particularly clever and successful in

Fig. 1 Processing of proinsulin. Preproinsulin, the initial gene product, is
converted into proinsulin in the Golgi apparatus at early stages of protein
biosynthesis (not shown). In the beta cell most, but not all, proinsulin is
converted into insulin in a multi-step process that requires prohormone
proconvertase 1/3, prohormone proconvertase 2 and carboxypeptidase E.
(As described in [7], in humans the pathway on the right is more efficient,
as indicated by the heavier arrows.) The products of these enzymes
include the two variants of intermediately processed protein, C-peptide,
insulin and the four cleaved amino acids that linked C-peptide to insulin:
three free arginine residues and one lysine residue. In blood, all five
insulin-related species are present; C-peptide is the most abundant. Adapted from J Biol Chem [7] with permission, © 2011 The American Society
for Biochemistry and Molecular Biology

creating modifications to immunoassays that would allow
measurements of one entity in the presence of another, closely
related moiety.
Patients treated with insulin develop anti-insulin antibodies. Insulin in blood partitions, in part, to the circulating antibodies. Lise Heding introduced a modified
procedure that permitted measurement of both free and
antibody-bound insulin in the same sample [11]. At about
this time, many new hormones were being discovered. It often
emerged that an individual hormone was part of a larger
family of hormones that had partially overlapping structures and immunoactivities. Lise Heding showed how
classic pancreatic glucagon and newly discovered gut
glucagon could be distinguished in her assay [12]. (The gene
for glucagon yields different peptides when expressed in
pancreatic alpha cells compared with intestinal L cells.) The
third very highly cited paper by Lise Heding, a major topic of
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our article, provides a method for measuring free C-peptide in
serum in the presence of precursor molecules that contain the
whole C-peptide sequence within their structures [13].

Immunoassay of C-peptide
Immunoassays for C-peptide by Lise Heding and by others
yielded many surprising new insights. The major finding
was that C-peptide was a better marker of insulin secretion
than insulin itself, especially in blood samples from patients
or lab animals. Both moieties are secreted at the same time
in equimolar amounts. Insulin metabolism, especially on
first pass through the liver, yields a widely varying rate of
destruction of insulin but not of C-peptide. Likewise, insulin’s
disappearance from plasma and its degradation are significantly
affected by insulin receptor concentrations [14, 15], which
undergo substantial swift regulation throughout the body;
C-peptide escapes these uncertainties. Overall, C-peptide
is degraded more slowly and at a more regular rate,
yielding a more predictable measure of insulin secretion
than insulin itself.

Practical applications
The advent of immunoassays for C-peptide and the finding
that C-peptide is a superior marker for insulin secretion
launched a torrent of new publications that went hand in
hand with a widening use of the immunoassay [16]. One
exciting finding from Heding’s group with their new assay
was the demonstration that at diagnosis about one-third of
patients with type 1 diabetes have normal levels of C-peptide,
providing evidence of residual islet function [17]. Heding’s
assay was then used to assess disease progression in patients
with type 1 diabetes. They showed that, 3–5 years after onset,
there was a distinct decline in the fraction of diabetic
individuals who sustained normal C-peptide secretion, underscoring the assay’s utility as an ongoing barometer of residual
beta cell endocrine function.
Monitoring therapeutic efficacy The measurement of Cpeptide in blood is of ever-growing importance as a tool to
assess the efficacy of the multiple therapies that are being
introduced to (1) impede or halt the immune destruction of
residual beta cells; and/or (2) stimulate growth of the
mass of insulin-secreting beta cells. C-peptide levels in
the basal state and following the administration of secretagogues are very useful guides. Xenografts of beta cellcontaining tissues are always under threat of immune
destruction. Precise measurements of C-peptide (as a surrogate for insulin secretion) allow optimal titration of antirejection therapy.
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Measuring insulin in the presence of antibodies Antibodies
to insulin are present in insulin-treated patients (though this
is less of a problem with currently used insulins) as well as
in patients with auto-immunity. In antibody-bearing
patients, plasma insulin levels are even more inaccurate as
guides to insulin secretion than in antibody-free patients. Cpeptide measurements bypass this problem.
Fasting hypoglycaemia Patients with unexplained hypoglycaemia that is reproduced by fasting present a challenge to
determine the aetiology and proper therapy. Measurements of
C-peptide, along with insulin, can be very informative. High
levels of insulin and C-peptide are found with insulinomas (or
surreptitious use of sulfonylureas) as well as in individuals
with hyperinsulinaemic hypoglycaemia syndromes. High
insulin with low C-peptide is typical of surreptitious insulin
administration. Low insulin and low C-peptide are found in
patients with tumours producing IGF-2 [18].
Heding and her colleagues also used the C-peptide assay
to measure insulin secretion in adults with acute pancreatitis,
with cirrhosis, after glucagon in type 2 diabetes, during
ethanol-induced hypoglycaemia, during exercise, in normal
children during development, in hyperinsulinaemic children
with an insulin receptor defect and in newborn infants of
diabetic mothers.

Prospects for the future
John F Kennedy warned that ‘Those who look only to the
past or present are certain to miss the future.’ We present here
two themes for the future: (1) annual measurements of blood
levels of fasting C-peptide (along with insulin, glucose and
HbA1c) are a new approach to detect the metabolic changes
that antedate and warn of the clinical onset of type 2 diabetes;
and (2) among the many newly discovered properties of Cpeptide, applications for diabetic neuropathy and nephropathy
are the most promising.
C-peptide levels as a herald of diabetes With increasing
recognition of the breadth and durability of the adverse
effects of hyperglycaemia, even when mild, efforts are being
directed towards the earlier diagnosis of diabetes. Introducing a personalised approach, we believe that serial
measurements of glucose, HbA1c insulin and C-peptide
will serve as a herald of diabetes. Typically, diabetes (as
well as impaired fasting glucose and impaired glucose
tolerance) are diagnosed when an individual’s blood
glucose levels (fasting or post-glucose) exceed some
upper limit of the normal range—where the normal range is
based on the whole population. In a normal individual over
time, the fasting blood glucose adheres to a much narrower
range than that of the whole population. An individual’s
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glucose will rise and break out of its own range several years
before it reaches a level at which we diagnose diabetes (using
population-based norms). We have labelled this condition
‘dysglycaemia’. We propose that an individual’s blood glucose
(and HbA1c) should be measured at regular intervals and that a
confirmed breakout from that individual’s range should trigger
an anti-diabetes therapeutic regimen, specifically, weight control and exercise [19].
There is evidence to suggest that insulin resistance, a
centrepiece of the metabolic syndrome, has an even earlier
onset [20]. Insulin resistance is marked by a rise in the basal
insulin concentration (and in the basal level of C-peptide).
With a similar logic, we propose measurements of insulin
and C-peptide at regular (annual) intervals to promptly
detect the breakout of these variables from the individual’s
own normal range, a condition we label as ‘dysinsulinaemia’, which is also worthy of therapeutic intervention [19,
20]. (As a corollary, insulin and C-peptide measurements,
basal and stimulated, performed at regular intervals may be
widely useful in the early recognition of the deterioration
that leads to type 1 as well as type 2 diabetes.)
Our zeal to institute such early diagnostic strategies is based
on increasing evidence that diabetes produces widespread
abnormalities at an early stage, many of which are not
fully reversible. The efficacy and safety of first-line therapy, i.e.
improvements in physical exercise and diet (composition and
total calories), offer further encouragement.
C-peptide therapies It was initially believed that the biological
role of C-peptide ended when intact insulin was formed,
analogous to residua of other peptide precursors known
at that time, such as those of proteolytic enzymes and
neurophysin. This belief was strengthened by the finding
that C-peptides of widely different lengths and amino acid
sequences, occurring naturally or synthesised in the lab, were
all efficient in producing intact insulin. Appreciation of the
growing evidence that C-peptide had biological effects in vitro
and in vivo, in animals and humans, has been dampened by
the failure of investigators to define a specific receptor that
mediates these actions.
Despite this missing piece, the evidence for the bioactivity
of C-peptide is compelling, including mounting evidence that
C-peptide may be a hormone [21]. In patients with type 1
diabetes (and in animal models), diabetic neuropathy is
improved by C-peptide administration. C-peptide also
provides a benefit for patients (and animal models) with
diabetic nephropathy [22–24]. Particularly impressive is
the finding that the peptide dampens the early glomerular
hyperfiltration and enlargement that are typical preludes
to diabetic nephropathy [24]. These promising therapeutic
findings are bolstered by a series of other C-peptide studies,
including interactions with insulin oligomers, binding specifically to the membranes of many cell types and activation of
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multiple pathways including activation of Na+/K+-ATPase, of
eNOS, and several transcription factors, as well as insulin
signals downstream of the insulin receptor [25].

Conclusion
The shift of Lise Heding’s research agenda into immunoassays was transformative, for C-peptide and for her as a
researcher. Her many papers in this area—including the
three highly cited papers mentioned above—moved her to
centre stage of research in diabetes, metabolism and gastrointestinal endocrinology, leading to her selection as Claude
Bernard Lecturer of the European Association for the Study
of Diabetes, the highest honour of the Association [26].
The ugly duckling, ‘an unpromising child who develops
into a person of unusual beauty, intelligence or the like—from
a fable by Hans [Christian] Andersen of a swan hatched by a
duck’ is used here as a metaphor referring to the emergence of
C-peptide [27]. The metaphor also applies to the remarkable
transformation of Lise Heding’s scientific programme.
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