Received: 13 March 2022

Revised: 21 May 2022

Accepted: 1 June 2022

DOI: 10.1111/dom.14785

REVIEW ARTICLE

WILEY

C-peptide determination in the diagnosis of type of diabetes
and its management: A clinical perspective

Ernesto Maddaloni MD?
Randie R. Little PhD* |
Raffaela Buzzetti MD?

1Experimental Medicine Department, Sapienza
University of Rome, Rome, Italy

2Department of Medicine and Surgery,
Section of Endocrinology and Metabolism,
University of Perugia, Perugia, Italy

3The Queen's Medical Research Institute,
University of Edinburgh, Edinburgh,
Scotland, UK

“Department of Pathology and Anatomical
Sciences, University of Missouri, Columbia,
Missouri, USA

5Centre for Immunobiology, Blizard Institute,
Barts and the London School of Medicine and
Dentistry, Queen Mary University of London,
London, UK

6Department of Medicine, Unit of
Endocrinology and Diabetes, Campus Bio-
Medico University of Rome, Rome, Italy

Correspondence

Paolo Pozzilli, MD, Department of Medicine,
Unit of Endocrinology and Diabetes, Campus
Bio-Medico University of Rome, Via Alvaro del
Portillo 21, 00128, Rome, Italy.

Email: p.pozzilli@unicampus.it

1 | INTRODUCTION

The discovery by Steiner of proinsulin, which is composed of insulin
and a connecting peptide (C-peptide), led to the measurement of C-
peptide, as distinct from insulin, by Heding and Rubenstein.*® For
several years, the measurement of C-peptide in blood and urine has
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Abstract

Impaired beta-cell function is a recognized cornerstone of diabetes pathophysiology. Esti-
mates of insulin secretory capacity are useful to inform clinical practice, helping to classify
types of diabetes, complication risk stratification and to guide treatment decisions.
Because C-peptide secretion mirrors beta-cell function, it has emerged as a valuable clini-
cal biomarker, mainly in autoimmune diabetes and especially in adult-onset diabetes.
Nonetheless, the lack of robust evidence about the clinical utility of C-peptide measure-
ment in type 2 diabetes, where insulin resistance is a major confounder, limits its use in
such cases. Furthermore, problems remain in the standardization of the assay for C-pep-
tide, raising concerns about comparability of measurements between different laborato-
ries. To approach the heterogeneity and complexity of diabetes, reliable, simple and
inexpensive clinical markers are required that can inform clinicians about probable patho-
physiology and disease progression, and so enable personalization of management and
therapy. This review summarizes the current evidence base about the potential value of
C-peptide in the management of the two most prevalent forms of diabetes (type 2 diabe-
tes and autoimmune diabetes) to address how its measurement may assist daily clinical
practice and to highlight current limitations and areas of uncertainties to be covered by

future research.
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been used as a biomarker of pancreatic beta-cell function because it is
secreted in equimolar amounts with insulin (Figure 1)* and, unlike
insulin, is not extracted by the liver.> The assay shows no interference
from concomitant insulin therapy. Measurement of C-peptide can be
used to assess endogenous insulin secretory capacity, thereby paral-
leling the extent of residual beta-cell secretion in any form of
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FIGURE 1 Schematic representation of C-peptide production and secretion in equimolar amounts with insulin. C-peptide is a 31 amino acid
peptide (molecular weight ~ 3000 g/mol) derived from the cleavage of proinsulin in insulin. Briefly, preproinsulin is synthesized in the granular
endoplasmic reticulum, where it is cleaved by microsomal enzymes in proinsulin, which consists of a single chain of 86 amino acids including the A
and B insulin chains, the C-peptide and two dipeptide linkages of basic amino acids. Proinsulin is transported by small transfer vesicles to the
Golgi apparatus, where it is packed into clathrin-coated secretory granules together with prohormone convertases 1 and 2. These enzymes are
responsible for cutting proinsulin at the dipeptide linkages, whereas a carboxypeptidase E removes the pairs of basic amino acids, finally resulting
in the 51 amino acid insulin molecule and in the 31 amino acid connecting peptide (C-peptide) residue. C-peptide is stored in the secretory
granules of pancreatic beta cells and then secreted in the bloodstream in equimolar amounts with insulin.® In contrast to insulin, C-peptide has a
negligible extraction by the liver and has a constant renal peripheral clearance, which approximates the glomerular filtration rate.’*° However, the

//
//

urinary excretion of C-peptide is comparatively low, suggesting that most of the C-peptide extracted by the kidney is metabolized by renal

tissues, with only a small fraction excreted in the urine3%-151

diabetes. Nevertheless, until recently, C-peptide has seldom been
used in the clinical setting. In the current article the clinical relevance
of C-peptide is reviewed, with an emphasis on the renewal of interest
in its measurement and how it can assist the clinician in the manage-
ment of patients with type 2 diabetes or autoimmune diabetes, the
most prevalent forms of diabetes, while at the same time also

highlighting its limitations and the current areas of uncertainties.

2 | SEARCHSTRATEGY AND SELECTION
CRITERIA

References for this review were identified through searches of
PubMed for articles published up to November 2021, by use of the
following keywords alone or in combination: ‘C-peptide’, ‘proinsulin’,
‘insulin’, ‘beta-cell’, ‘type 1 diabetes’, ‘autoimmune diabetes’, ‘type

2 diabetes’, ‘complications’, ‘retinopathy’, ‘nephropathy’ and ‘cardio-
vascular’. Only articles published in English were included. Articles
were also identified through searches in the authors' personal files.
Articles resulting from these searches and relevant references cited in
those articles were reviewed. All authors contributed with interactive
discussion to the selection of references among all identified articles
by highlighting strengths and limitations.

3 | C-PEPTIDE MEASUREMENT

3.1 | Standardization of C-peptide measurement

Assessment of endogenous insulin secretion by measuring plasma C-
peptide is widely accepted. However, considerable variation currently
exists between different assay methods of C-peptide, giving variable
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results, despite their common traceability to the original World Health
Organization standard (International Reference Reagent (IRR) 84/
510). Standardization of C-peptide results would facilitate comparison
of data from different research studies and among results from clinical
laboratories at different sites, which are using different assay
methods. Harmonization can be achieved by calibration of all mea-
surement procedures so that they are traceable to the same reference
system. In principle, as C-peptide is a well-defined chemical entity, its
concentration can be measured in Sl units, with a traceability chain
linking patient results from routine laboratory procedures, via com-
mutable secondary reference materials (in serum) and reference mea-
surement procedures to a primary reference material (pure substance)
value that is assigned from the mass fraction of C-peptide in the
material. This traceability would allow clinical results to be compared
across measurement systems, location and time, and is essential for
patient care and research translation. However, at the current time,
C-peptide results from routine methods are not adequately standard-
ized. Even although the standardization process has been approved
and standardization materials are available, manufacturers have still
not adjusted their calibration.

Efforts to harmonize C-peptide results have been pursued by sev-
eral scientific societies. Although initial lack of communication among
these organizations slowed the standardization process, subsequent
efforts have led to a better coordinated plan.®

Reference methods have been established in the United States
and Japan’-® and certified reference materials’ can insure the compa-
rability of results between these reference methods allowing for
assignment of values to secondary reference materials. It has been
shown that recalibration by manufacturers using these matrix-
appropriate secondary reference materials (frozen serum samples with
values assigned by the reference method) greatly improves the com-
parability of results among methods.®1%1* Mean between-method
coefficient of variation was 19.1% for manufacturers' usual calibration
and 7.5% after recalibration with secondary reference materials.
These materials are currently available for use by manufacturers. A
traceability scheme has been accepted along with the next steps for
implementation and the American Diabetes Association (ADA) has
advised manufacturers to initiate this process. Interest from manufac-
turers in moving forward with standardization could come from spe-
cific clinical recommendations from well-recognized clinical
organizations with high promotion potentials (e.g. ADA, European
Association for the Study of Diabetes [EASD], among others) that

would increase awareness of the clinical utility of C-peptide testing.

3.2 | Fasting, random or stimulated C-peptide?

Samples for the measurement of C-peptide in the blood may be col-
lected in the fasting or non-fasting (so-called ‘random C-peptide’)
state, or after a stimulation test. Differences in cut-off values, inter-
pretation and clinical or research convenience between the tests'?
primarily derive from the physiological differences between fasting,

random or stimulated C-peptide.

TABLE 1 Factors influencing C-peptide concentration
independently from beta-cell reservoir

Factor Effect on C-peptide

Blood glucose e Low blood glucose may result in low C-
concentrations peptide concentrations
e When blood glucose >7.8 mmol/L (140 mg/
dl), C-peptide concentrations should be
interpreted as stimulated values

Incretins e Impairments in incretin physiology may
result in impaired beta-cell response to
meals

e Time from last meal and meal composition
may influence C-peptide values because of
an incretin effect on beta cells

Insulin resistance e Higher C-peptide values

Renal function e C-peptide clearance is lower in people with
reduced glomerular filtration rate

Lack of e C-peptide values from different laboratories
standardization may not similarly reflect beta-cell reservoir

3.21 | Fasting and random C-peptide

Fasting C-peptide is the expression of steady state, that is, static
response of beta cell to ambient (arterial) plasma glucose concentra-
tion, whereas random (non-fasting) C-peptide is primarily affected by
the incretin effect and elevation in plasma glucose following ingestion
of the previous meal. A study conducted in children with type 1 diabe-
tes showed that the C-peptide concentrations, whether measured
fasting or 90 minutes after (90-CP) a mixed meal tolerance test
(MMTT), were strongly related to the gold standard, namely, the C-
peptide area under the curve (AUC) post-MMTT.X® However, the
90-CP showed higher sensitivity and specificity than fasting C-peptide
in identifying people with a peak C-peptide of 0.2 nmol/L or higher,
which is a marker of clinically meaningful beta-cell reserve because it
is associated with fewer complications and less severe hypoglycae-
mia.2* Compared with stimulation tests, which are the current gold
standard in the research setting, fasting and random measurements
are easier to use in clinical practice because they are less time-
consuming to collect, less invasive and better tolerated by patients.
While neither of the two tests has definitely been proven to be supe-
rior to the other, interpretation of random C-peptide values is depen-
dent on the time from the last meal, as well as the composition of that
meal. Conversely, results obtained in the fasting state are less affected
by confounders and are easier to standardize. However, because
hypoglycaemia may reduce beta-cell secretion, low blood glucose
values should be excluded before drawing the blood sample for the
measurement of fasting C-peptide. These observations gave rise to
the compelling suggestion that absolute C-peptide values should be
interpreted alongside concomitant blood glucose concentrations,
while considering the time and composition of the previous meal, and
checking renal function to ensure that renal C-peptide clearance is

normal (Table 1).



MADDALONI ET AL.

WILEY_| %%

3.2.2 | Stimulation tests
The use of formal stimulation tests is currently proposed to be the
gold standard for the primary outcome in the clinical investigation of
insulin secretion.® In addition to the quantitative assessment of resid-
ual C-peptide, stimulation tests also allow an evaluation of the dynam-
ics of beta-cell response to provocative stimuli. However, because of
their complexity and cost, studies generally have not included large
numbers of participants, and stimulation tests are not routinely used
in clinical practice. The glucagon stimulation test (GST), the MMTT
and the oral glucose tolerance test (OGTT) have extensive evidence
supporting their validity for the estimation of the residual insulin
secretory capacity in people with autoimmune diabetes,'® should be
conducted after 12 hours of fasting, and results should be interpreted
while considering all the factors listed in Table 1. However, stimulated
C-peptide largely depends on the nature of the stimulus used (injected
glucagon or consumption of a meal or of glucose). Indeed, crucial dif-
ferences exist in their execution, physiological mechanisms of
response and interpretation. C-peptide is either measured up to
6 minutes after the intravenous administration of glucagon 1 mg
(GST), or at regular intervals up to 120 minutes after the oral ingestion
of either a mixed meal (MMTT) or 75 g of glucose (OGTT). Glucagon
stimulates insulin secretion acutely and pharmacologically, indepen-
dently of glucose and incretin hormones, so produces a short-lived
response. Conversely, the glucose load and the mixed meal stimulate
insulin secretion physiologically, both in a glucose-dependent and a
glucose-independent manner, producing a sustained response of insu-
lin over time. A recent study in healthy volunteers has shown that
intravenous glucagon elicits a faster rise in C-peptide concentration
than the MMTT.Y” The same study also showed that the GST is inde-
pendent of the incretin axis, unlike the MMTT.Y Indeed, incretins are
gut hormones responsible for the amplification of insulin secretion
after an oral glucose challenge compared with an intravenous adminis-
tration of glucose, a phenomenon called the ‘incretin effect’.*® Incre-
tins are secreted by endocrine cells of the intestinal epithelium in a
dose-response relationship with the intestinal glucose load.'? Beta
cells are sensitive to incretins by increasing insulin secretion when
levels of incretins rise.?’ Overall, this coupled mechanism enables
healthy individuals to increase insulin secretion progressively as
amounts of ingested glucose increase. Therefore, although more time-
consuming, the MMTT may better mimic the actual pancreatic
response to ingestion of a meal during everyday life and has been
shown to be more reproducible and better tolerated than the GST.%*
The ability to estimate C-peptide on very small volumes of blood
has allowed its estimation on dried blood spots; importantly, multiple
sampling at home throughout the day provides estimates for C-
peptide that correlate strongly with levels following a MMTT.?? For
the purpose of standardization between studies, the MMTT is cur-
rently the recommended test to use in therapeutic trials in type 1 dia-
betes.>® Nonetheless, relevant differences in beta-cell secretory
capacity might be observed between individuals in response to an
everyday meal or to a stimulation test. Although no comparative data

with MMTT exist, measurement of serum C-peptide 2-3 hours after

the usual meal consumed every day, should in theory reflect insulin
secretory capacity in everyday life better than the MMTT. This is
because the everyday meal is solid, whereas the MMTT is liquid, and
therefore exerts different effects on gastric emptying (affecting the
rate of entry of oral glucose into circulation) and also influences the
incretin effect.?* Furthermore, the composition of meals also signifi-
cantly influences the C-peptide response. Meals high in protein, and
plant-based meals, have been shown to induce higher C-peptide AUC
compared with meals high in monounsaturated fat and compared with
energy- and macronutrient-matched meat-based meals, respectively,

despite similar blood glucose responses.?>2%

Ideally, according to
these authors, standardization of a solid mixed meal should be the
favoured physiological approach for research and clinical purposes in
the future. However, it is difficult to standardize a solid meal because
even the same food might result in different beta-cell stimulation on
different occasions. For example, the bread, even in the same amount
and nominal composition, differs considerably across geographical
areas and may result in variable stimulation of beta-cell secretion on
different occasions. On balance, perhaps the less physiological liquid
meal offers better chances for standardized use in different centres

and over different times.

4 | C-PEPTIDEIN THE DIAGNOSIS AND
MANAGEMENT OF DIABETES TYPES

Several studies have been conducted in the last 5 years to elucidate
the clinical role of C-peptide in the management of diabetes types
(Table 2). In this section their major findings are summarized in the

context of previous knowledge and issues not yet resolved.

4.1 | C-peptide and autoimmune diabetes
Autoimmune diabetes is characterized by insulin deficiency estab-
lished because of the autoimmune destruction of pancreatic beta
cells. This condition has heterogeneous clinical manifestations,
encompassing cases of rapid and severe loss of endogenous insulin
secretory capacity that requires insulin therapy at the time of diabetes
diagnosis, and cases of mild insulin deficiency characterized by slow
progression towards an insulin-dependent state and is most often
diagnosed in adults.?” According to the most recent international clas-
sifications, we will refer to the former as classical type 1 diabetes, and
to the latter as latent autoimmune diabetes in adults (LADA), which is
included under the rubric of type 1 diabetes, but retains its own
identity.2®

411 | C-peptide in the natural history of classical
type 1 diabetes

In contrast to people with type 2 diabetes, those with type 1 diabetes
typically have a plasma C-peptide that is consistently below the lower
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TABLE 2 Recent advancements in knowledge about C-peptide in clinical diabetes

C-peptide levels (nmol/L) of

Study

Jacobsen et al.>*

Evans-Molina et al.®®

Willemsen et al.?2

Rickels et al.*®

Zenz et al.**

Gibb et al.**

Marren et al.*®

Gubitosi-Klug et al.*’

Thivolet et al.*®

Jeyam et al.>®

Foteinopoulou et al.**®

Buzzetti et al.”*

Wod et al.5?

Sokooti et al.””

Tuccinardi et al.1%*

Landgraf et al.**3

Diabetes type

T1D (stage 1)

T1D (stage 1)

T1D

T1D

T1D

T1D
TiD (>5y)
T1D
T1D

T1D

T1D

LADA

Adult-onset newly
diagnosed diabetes

T2D

T2D (insulin-treated)

T2D

clinical interest

Index 60* <1.0

N/A

N/A
>0.40 (after MMTT)
20.05 (fasting)

>0.01 (random)

(
>0.02 (after MMTT)
>0.03 (after MMTT)
>0.03 (after MMTT)

>0.20 (random)

>0.20 (random)

<0.30
>0.30 and <0.70

>0.70
0.30 (fasting)

N/A

0.36 (fasting)

<0.40 (fasting)

v o

S 2R 27

Interpretation

Reduced risk (77%) of T1D among children
with multiple pancreatic aAb

Compared with aAb negative youths, those
with detectable pancreatic aAb have lower
C-peptide levels already 25 y before T1D
onset

Among progressors, fasting C-peptide
increases and early C-peptide response to
OGTT decreases as the onset of T1D
approaches

C-peptide measurement in dried blood spots
is feasible to monitor beta-cell function
slopes at home

Higher time in range

Higher glucagon and endogenous glucose
production in response to hypoglycaemia

Lower time below range
Lower rate of self-reported hypoglycaemia
Lower risk of severe hypoglycaemia

No association with glucagon response to
MMTT

Lower insulin requirement, HbA1c, DKA and
hypoglycaemia risk. The association with
hypoglycaemia episodes was linear down
to C-peptide levels of 0.003 nmol/L

Consider further evaluations to eventually
reclassify diabetes type

Identify people requiring insulin therapy

Identify people who might benefit from a
flexible therapeutic approach and from
regular C-peptide measurements over time

Identify people who can be treated according
to the T2D guidelines and who should
repeat C-peptide measurement if
glycaemic control deteriorates

Stratify people with adult-onset diabetes for
different risk metabolic profiles
independently from GADA and age at
onset

Fasting C-peptide improves the FOS risk
score for the estimation of T2D risk in the
general population (the higher the C-
peptide, the higher the risk) Sensitivity
analyses showed C-peptide was an
independent predictor only among people
without hypertension

Cut-off with 45% sensitivity and 81%
specificity for identifying people with T2D
on basal-bolus treatment among people
with T2D on insulin treatment

Worse HbA1lc values and higher rate of
hypoglycaemic episodes (including severe)
after starting basal insulin, despite lower
insulin dose (IU/kg), compared with people
with higher C-peptide values
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TABLE 2 (Continued)
L IEE L L clinical interest
Hope et al.*4 T2D (insulin-treated) <0.20 (random)

C-peptide levels (nmol/L) of

Interpretation

- High hypoglycaemic risk, including risk of
severe hypoglycaemias

Note. This table summarizes the main findings of studies published within the last 5 y about the clinical implications of C-peptide measurement for the

management of autoimmune and type 2 diabetes.

Abbreviations: aAb, autoantibodies; DKA, diabetic ketoacidosis; FOS, Framingham offspring; GADA, glutamic acid decarboxylase antibodies; U,
international units; LADA, latent autoimmune diabetes in adults; MMTT, mixed-meal tolerance test; N/A, not appropriate; OGTT, oral glucose tolerance

test; T1D, type 1 diabetes; T2D, type 2 diabetes.

*Index 60 is a composite measure of fasting C-peptide, 60 min glucose and 60 min C-peptide ([0.3695 x (log10[fasting C-peptide])] + [0.0165 x 60 min

glucose] — [0.3644 x 60 min C-peptide]).

limit of the normal range as determined from healthy non-diabetic
controls matched for body weight (i.e. usually below 0.2-0.4 nmol/L).
These low C-peptide values are consistent with the clinical diagnosis,
where advanced or severe insulin deficiency has followed the loss of
most pancreatic beta cells. However, in people who develop diabetes
in adolescence and adulthood, given that the reduction in C-peptide is
a continuum, a very low value does not have high predictive sensitiv-
ity for severe insulin deficiency and insulin dependence within 3 years
of diagnosis.”'30 The loss of beta cells, however, starts well before
the onset of the disease. Stimulated C-peptide levels gradually decline
from 30 months before the diagnosis of diabetes in progressors,>!
and are preserved in non-progressors.>?

The Diabetes Prevention Trial-Type 1 highlighted that the evalua-
tion of C-peptide dynamics in response to oral challenges is crucial in
the study of type 1 diabetes, specifically showing that a reduced early
response can differentiate at-risk children who will progress to
develop type 1 diabetes from those who will not progress.®® Index
60 is a composite estimate, which, when higher than 1.0, describes a
lower C-peptide response to a meal challenge than what can be
expected based on the fasting C-peptide values and on the 60-minute
postchallenge blood glucose values. Index 60 has high predictive value
for progression to type 1 diabetes in those with multiple diabetes-
associated autoantibodies.>* Similarly, the Type 1 Diabetes TrialNet
Study Group showed that autoantibody-positive youths progressing
towards overt type 1 diabetes in 5 years or longer have a lower fast-
ing C-peptide and a lower early C-peptide response to an OGTT than
their autoantibody-negative peers.3> These changes are contempora-
neous with the premature loss of the first phase insulin response that
is observed during the preclinical phase of type 1 diabetes.>¢%” How-
ever, compared with healthy non-diabetic controls, adolescents in
stage 1 of type 1 diabetes (i.e. normoglycaemic but with detectable
pancreatic autoantibodies) also suffer from a reduction in the static
second phase component of the beta-cell response to an oral glucose
load, which may reflect an impairment of the translocation and matu-
ration of insulin granules.®®

After the clinical onset of type 1 diabetes, some individuals rap-
idly lose endogenous insulin secretory capacity within a few months,
while it is partially retained in others, at least in the initial years after
the disease onset. While low C-peptide invariably predicts insulin defi-
which at mealtimes provokes

ciency, marked postprandial

hyperglycaemia, a low, but still measurable C-peptide indicates the
persistence of residual endogenous insulin secretion, which restrains

hepatic glucose production and controls fasting plasma glucose (FPG).

4.1.2 | Clinical outlook in classical type 1 diabetes
Heterogeneity of C-peptide levels exists before, and at the time of
clinical diagnosis of type 1 diabetes. The assessment of C-peptide dur-
ing the prodromic phase of type 1 diabetes (i.e. after seroconversion
but before clinical onset) has been proposed as a marker to predict
progression towards the disease in at-risk children.3? After clinical
onset, measurement of C-peptide may be helpful to confirm insulin
deficiency in patients with signs of diabetes-related autoimmunity,
without having a clear phenotype for type 1 diabetes, or who have a
strong family history of diabetes suggesting monogenic diabetes.'? In
this regard, it is estimated that about 15%-40% of people with type
1 diabetes are no longer lean, having become overweight or frankly
obese, and there is concern that the percentage of people with type
1 diabetes who become overweight is increasing globally.>’ Some
people with obesity and type 1 diabetes develop characteristics of the
metabolic syndrome and require high doses of insulin.**** This phe-
notype has also been named ‘double diabetes’ because the pheno-
type mimics both type 1 diabetes and type 2 diabetes.*?

Total loss of endogenous insulin secretion is a quite different con-
dition when compared with even minimal maintenance of residual
secretion, which translates into important clinical differences in type
1 diabetes regarding glycaemic control, metabolic status and risk of
late vascular complications. Unmeasurable C-peptide or its concentra-
tions of less than 0.05-0.10 nmol/L (note the detection level can vary
according to different assays), indicates nearly total endogenous insu-
lin deficiency, and the need for exogenous insulin replacement. Total
insulin deficiency is associated with a greater risk of diabetic ketoaci-
dosis (DKA), greater difficulty in maintaining HbA1c at less than 7.0%
(<53 mmol/mol) because of high glucose variability, as well as a higher
risk of hypoglycaemia. On the other hand, C-peptide concentrations
above 0.10-0.20 nmol/L translate into less difficult glycaemic control,
lower glycaemic variability and a lower risk of hypoglycaemia. In this
regard, Rickels et al. recently showed that higher C-peptide (defined
as peak MMTT C-peptide >0.40 nmol/L) is associated with more time
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in range and lower mean blood glucose.*® In the same study, people
with higher C-peptide also had a greater glucagon response than peo-
ple with very low C-peptide (i.e. those with peak MMTT C-peptide
<0.007 nmol/L).*® This finding is consistent with another study show-
ing significantly higher glucagon concentrations during hyperinsulinae-
mic stepwise hypoglycaemic clamps among people with type
1 diabetes with detectable (20.05 nmol/L) compared with undetect-
able C-peptide.** As a result, people with type 1 diabetes and pre-
served C-peptide experience fewer hypoglycaemia events than their
counterparts with undetectable C-peptide.}**>**7 Notably, however,
residual insulin micro-secretion (defined as peak C-peptide levels
>0.03 nmol/L after a MMTT) did not influence peak glucagon levels
after a MMTT, suggesting that the few remaining functioning beta
cells may be unable to exert an efficient paracrine action to halt the
inappropriate glucagon secretion in response to meals observed in
people with type 1 diabetes.*®*? A recent, large study of more than
6000 people with type 1 diabetes with unsatisfactory glycaemic con-
trol (HbA1c 8.0%-8.5%, 63-68 mmol/mol) over an average period of
5.2 years, has shown that fasting C-peptide of more than 0.20 nmol/
L, compared with fasting C-peptide of less than 0.005 nmol/L, is asso-
ciated with lower insulin requirement, lower HbAlc and a reduced
risk of DKA and hypoglycaemia.’® Of note, in terms of hypoglycaemia
risk, a continuous relationship with hypoglycaemic episodes down to
the limit of C-peptide detection (0.003 nmol/L) was found.’® These
interesting observations may result from the buffering activity of a
minimally maintained endogenous insulin secretion on glucose
homeostasis,*® emphasizing the importance of therapeutic efforts to
minimize loss of endogenous insulin secretion over time in type 1 dia-
betes. Despite the documented benefits of residual C-peptide in the
type 1 diabetes population, detectable C-peptide was not associated
with significant benefits in pregnant women with type 1 diabetes in

terms of pregnancy outcomes.”?

413 |
1 diabetes

Areas of uncertainties in classical type

In the natural history of type 1 diabetes, less efficient insulin proces-
sing in the early stages of the disease has been suggested by several
studies, especially in children aged younger than 7 years at diagnosis,
in whom an increase of proinsulin/C-peptide ratio precedes the onset
of hyperglycaemia.’?>>* However, an increase in basal proinsulin con-
centrations has also been described in non-diabetic twins of people
with insulin-dependent diabetes.>® In this regard, a potential role for
the proinsulin/C-peptide ratio as a biomarker of progression towards
overt disease has been proposed, but longitudinal studies are needed
to confirm this hypothesis. Also, in contrast to stimulated C-peptide,
fasting C-peptide has been shown to remain stable®! or even to
increase in progressors during the prodromic phase of type 1 diabetes
in a small group of children.>® However, these observations await
confirmation.

The factors involved in the differential loss of endogenous insulin

secretion over time observed among people with type 1 diabetes are

multiple and certainly include differential degrees of glucotoxicity to
the beta cell, delayed diagnosis and age at onset,2*>57 but most fac-
tors remain unknown.

A better risk-benefit ratio associated with the use of sodium-
glucose co-transporter-2 (SGLT2) inhibitors among people with type
1 diabetes has been suggested among people with a body mass index
(BMI) of 27 kg/m2 or higher,Sg'59 although a recent meta-analysis has
also suggested that the risk of DKA increases with excessive insulin
dose reduction, higher BMI and higher insulin resistance.®® DKA might
occur among users of SGLT2 inhibitors when there is an imbalance
between the amount of insulin required to halt lipolysis and the
amount of available (endogenous or exogenous) insulin. Whether the
measurement of C-peptide may improve DKA risk assessment in peo-
ple with type 1 diabetes who are using SGLT2 inhibitors, remains to
be proven.

C-peptide levels were also able to individuate subgroups of peo-
ple with type 1 diabetes responding better to liraglutide treatment in
a post hoc analysis of the ADJUNCT ONE trial.®* This is in line with a
subsequent retrospective analysis conducted in 11 people with type
1 diabetes and detectable C-peptide who benefitted from glucagon-
like peptide-1 receptor agonist (GLP-1 RA) therapy in terms of glycae-
mic control, weight and insulin dose reduction.®? Although this might
suggest an additional clinical role for C-peptide to facilitate the intro-
duction of new therapies as add-on to insulin in type 1 diabetes, fur-
ther studies should be performed to confirm this intriguing
hypothesis.

414 | C-peptidein the natural history
of adult-onset autoimmune diabetes

Different age at onset of autoimmune diabetes is often associated
with different clinical, demographic and immunogenetic features,®>¢”
consistent with a so-called glutamic acid decarboxylase (GAD)-
histocompatibility antigen (HLA) DR3 immune genotype of the dis-
ease.®®%? The prevalence of detectable C-peptide varied from 19% in
people diagnosed before the age of 15 years and diabetes duration
greater than 15 years, to 92% in those with onset after the age of
35 years and diabetes duration of less than 5 years.”® A genetic risk
score for type 1 diabetes based on the HLA DR3 and DQ8-DR4 sero-
types was strongly associated with early age at onset and inversely
associated with C-peptide persistence, the latter having a heritability
of 26%.7° Furthermore, a proportion of cases are affected by LADA,
not requiring insulin at diagnosis.”*”® Consequently, people with
adult-onset autoimmune diabetes usually have a variable amount of
preserved beta-cell function when diagnosed with diabetes.”%”47>
Fasting C-peptide at LADA onset may even be higher than in
matched healthy non-diabetic controls, suggesting that insulin resis-
tance plays a role in the pathogenesis of this form of diabetes.”® On
the other hand, in these individuals, fasting C-peptide can be lower
compared with people with type 2 diabetes, and severe impairment of
acute insulin secretion after glucose-arginine stimulation has been

shown in a proportion of patients with LADA compared with both
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non-diabetic controls and people with type 2 diabetes.”” This evi-
dence strongly shows the central role of a marked insulin secretory
defect in the pathogenesis of LADA. Nonetheless, a wide heterogene-
ity in the natural history of beta-cell function in adult-onset autoim-
mune diabetes is recognized,®*”88! with beta-cell reserve differing
among patients with this form of diabetes, mainly because of differ-
ences in the severity of the autoimmune process, as well as the proba-
ble presence of patients with type 2 diabetes with false positive
GADA (false positive GADA may occur if assays with low specificity
are used and if GADA are measured in populations with low pretest
risk of autoimmune diabetes®?). Indeed, people who present with high
autoantibody levels, multiple diabetes autoantibodies and/or high
type 1 diabetes gene risk scores, exhibit a more severe beta-cell dys-
function at disease onset and a more rapid decline towards insulin
dependency.”?®%8% |n particular, a biphasic pattern of C-peptide loss
has been shown in Chinese people with LADA, with a rapid decline in
fasting C-peptide levels during the first 5 years after diabetes diagno-
sis in those who have high GADA levels, while about 30% of people
experience slower progression to beta-cell failure during the first
8 years of diabetes.” In this regard, adult-onset autoimmune diabetes
patients with low GADA levels may have similar C-peptide levels and
a similar rate of changes in C-peptide as those with type 2 diabetes.®”
On the other hand, detailed studies of one cohort of LADA patients
found that the difference in C-peptide could be ascribed to their
lower BM|.28

415 |
diabetes

Clinical outlook in adult-onset autoimmune

Overall, both C-peptide and diabetes autoantibodies, more than age
at onset, define groups of patients with diabetes with clinically rele-
vant differences in glycaemic control and cardiometabolic risk.5
Therefore, the measurement of C-peptide at regular intervals in adult-
onset autoimmune diabetes is helpful to monitor individual disease
progression and to stratify the risk of metabolic decompensation.
Such an approach is important given the consistently poor diabetes
control in such cases compared with type 2 diabetes, which is strictly
linked to the development of microvascular complications.”® An inter-
national expert panel has highlighted the relevance of measuring
C-peptide in LADA to guide clinical decisions.”® Briefly, the panel
concluded in favour of a personalized treatment approach in LADA,
identifying three broad categories of random C-peptide levels, strictly
linked to therapeutic decisions, yet conscious of the graded effect of
C-peptide levels. While a multiple-insulin regimen is recommended
for people with a random C-peptide of less than 0.30 nmol/L, a more
flexible approach may be used in those with random C-peptide con-
centrations of 0.30-0.70 nmol/L, who might be treated with insulin in
combination with other therapies to prevent vascular complications,
and who may benefit from a regular follow-up of beta-cell reserve by
monitoring C-peptide levels at least every 6 months. Note that the
slightly higher C-peptide at less than 0.30 nmol/L, accepting that it is
a random value and is in adults, is not dissimilar to less than

0.20 nmol/L, which has been defined elsewhere as the threshold for
absolute insulin dependence.? Finally, the expert panel advise treat-
ing people with LADA who have random C-peptide levels of more
than 0.70 nmol/L, according to the ADA/EASD algorithm,93 and to
repeat the C-peptide measurement if glycaemic control deteriorates.
More recently, a perspective article from a panel of experts gathered
by the Juvenile Diabetes Research Foundation, while confirming the
cut-off for this therapeutic decision in adult-onset autoimmune diabe-
tes as described above, also recommended considering the measure-
ment of C-peptide in adults more than 3 years after diabetes onset if
clinical features suggest a possible diagnosis of autoimmune
diabetes.”*

4.1.6 | Areas of uncertainties in adult-onset
autoimmune diabetes

Although the increased awareness about the clinical and pathophysio-
logical heterogeneity of adult-onset autoimmune diabetes has led to
flexible therapeutic algorithms being proposed, based on the evalua-
tion of beta-cell function, the suggested C-peptide cut-offs are in part
arbitrary because of the graded effect of C-peptide, which makes it
difficult to differentiate distinct categories. Therefore, the longitudinal
evaluation of C-peptide changes over time might be more appropriate
to drive clinical decisions than distinct boundaries defined on cross-
sectional measurements, just as identifying those at risk of progres-
sion to early insulin therapy is more important than trying to classify
cases into type 1 diabetes or type 2 diabetes. Longitudinal studies are
needed to support this hypothesis. Furthermore, just as in type 2 dia-
betes, insulin resistance is often present in people with adult-onset
autoimmune diabetes, affecting the value of C-peptide as a marker of

beta-cell competence.

4.2 | C-peptide and type 2 diabetes
421 | C-peptidein the natural history of type
2 diabetes

The origin of hyperglycaemia in type 2 diabetes is a variable combina-
tion of pancreatic beta-cell dysfunction along with hepatic and periph-
eral insulin resistance. However, the progression of hyperglycaemia is
mainly caused by a continuing deterioration of beta-cell function,
albeit at variable rates of progression.”> A prodromic hyperinsulinae-
mic phase in response to the increased insulin resistance precedes the
progressive decline of beta-cell function observed later in the natural
history of type 2 diabetes.”® In this prediabetic stage, higher C-
peptide levels are associated with an increased risk of progression
towards overt type 2 diabetes, with a stronger relationship than insu-
lin levels.””-?8 Nonetheless, a dysfunctional beta cell is already present
before the onset of hyperglycaemia, as confirmed by the high abso-
lute proinsulin levels and by the high proinsulin/C-peptide or proinsu-

lin/insulin ratios observed among people with prediabetes.”” %! Of
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note, the use of C-peptide instead of insulin as denominator for the
calculation of proinsulin ratios may be a better indicator of distressed
beta cells and better predict the progression towards type 2 diabetes
because it is not affected by the impaired hepatic clearance of insu-
[in.10%103 After the onset of type 2 diabetes, plasma C-peptide pro-
gressively declines. Despite this, it may still be detectable for more
than 20 years, even in people who have been converted to insulin
therapy, whether they are using basal insulin alone or a basal-bolus

regimen.1%*

422 | Clinical outlook
To date, the clinical use of C-peptide to address clinical decision-
making in people with type 2 diabetes is hampered by the lack of firm
and convincing evidence that shows a clear benefit of C-peptide
measurement in terms of risk assessment and response to therapy.
C-peptide response after stimulation (meal or glucagon) has been
suggested as a marker to predict response to liraglutide in small,
Japanese studies.'°>1%¢ A larger observational prospective study has
also suggested that measurement of C-peptide can help to predict the
response to therapy with a GLP-1 RA among insulin-treated patients,
who showed a 0.4% lower reduction in HbAlc after 6 months of
GLP-1 RA therapy for each 1 nmol/L lower fasting C-peptide. None-
theless, in the same study, C-peptide levels were not associated with
response to therapy in non-insulin-treated patients.'®” In addition,
post hoc analyses of pooled data from the SUSTAIN 1-3, the AWARD
1, 3 and 5, and the GetGoal-M, -P and -S trials, which excluded people
on insulin therapy, showed no association between baseline beta-cell
function and response to semaglutide, dulaglutide and lixisenatide,
respectively,108-110

A few studies also suggest C-peptide may help in understanding
the heterogeneity of type 2 diabetes, and potentially provide useful
guidance for the safe initiation and titration of basal insulin. In particu-
lar, C-peptide has been used instead of insulin for the calculation of
the homeostasis model assessment (HOMAZ2)-B to distinguish people
who have severe insulin-deficient type 2 diabetes (SIDD).**! This
group of people had the highest type 2 diabetes genetic risk score,
the poorest metabolic control over time, more rapid progression
towards sustained insulin use and a higher risk of diabetic retinopathy
compared with other clusters of adult-onset diabetes.***112

C-peptide has recently been shown to have a putative role in pre-
dicting the response to treatment with basal insulin and risk of hypogly-
caemia.!*® The relationship between fasting C-peptide and clinical
outcomes was examined in 2165 insulin-naive people with type 2 diabe-
tes in whom basal insulin glargine (Gla-100) was to be initiated. The
patients were stratified according to their fasting C-peptide (<0.40;
>0.40-1.20; >1.20-2.00; >2.00 nmol/L). Before commencing Gla-100,
low C-peptide levels were associated with longer diabetes duration,
lower BMI and higher FPG. HbA1c reduction post-Gla-100 was similar
in all four groups after 24 weeks of treatment, but the insulin dose was
lowest in the group with the lowest fasting C-peptide (<0.40 nmol/L)
and highest in the group with the highest fasting C-peptide

(>1.20 nmol/L).1*3 The overall incidence and event rates of nocturnal
and severe hypoglycaemia were higher at week 24 in the groups that
had lower fasting C-peptide levels. A low fasting C-peptide also identi-
fied the most insulin-deficient, insulin-sensitive subgroup/phenotype
with an enhanced risk of severe hypoglycaemia, suggesting the need for
more careful titration of basal insulin, and a need for cautious prandial
insulin replacement to lower HbA1c, while mindful of the risk for hypo-
glycaemia. In another study, continuous glucose monitoring was used to
determine whether measurement of random non-fasting C-peptide
could assess hypoglycaemia risk in insulin-treated type 2 diabetes.}*
Low random C-peptide (<0.2 nmol/L) was associated with greater glu-
cose variability and a higher risk of hypoglycaemia when compared with
matched insulin-treated patients with type 2 diabetes in whom beta-cell
function was preserved (random C-peptide >0.6 nmol/L). The measure-
ment of random C-peptide can therefore either identify patients with
insulin-treated type 2 diabetes who are at increased risk of experiencing
hypoglycaemia or alert the clinician to cases who might have other
forms of diabetes, including type 1 diabetes, ketosis-prone diabetes or
latent autoimmune diabetes.

423 | Areas of uncertainties

As outlined above, the evaluation of beta-cell competence in people
living with type 2 diabetes treated with insulin might help in predict-
ing the extent of response to alternative therapies, including those
that require the presence of endogenous insulin secretion to be
efficacious, such as GLP-1 RAs. Conversely, C-peptide may have a
role in clinical management to better inform when insulin replacement
therapy (basal, prandial or both) would be appropriate. In particular,
C-peptide is inversely related both to glucose variability and to
the magnitude of glucose excursion after meals,'? so that estimates of
C-peptide might be useful in determining whether prandial insulins
should be considered, or when it might possibly be withdrawn in
favour of alternative approaches such as a GLP-1 RA and/or SGLT2
inhibitor.1*>11¢ Large, prospective randomized clinical studies are
needed to evaluate whether a clear cut-off of C-peptide can be estab-
lished in this regard, towards a precision medicine approach.

Overall, most of the potential clinical applications for C-peptide in
type 2 diabetes are only hypothetical and not yet supported by firm
evidence. It is important to note that the sole use of C-peptide for the
estimation of beta-cell function in type 2 diabetes may be hampered
by concomitant insulin resistance. Clinicians should also consider that
some antidiabetes drugs, such as incretin therapies, could theoretically
affect the clinical interpretation of C-peptide concentrations. In this
regard, it has been shown recently that low-dose gliclazide may aug-
ment the classical incretin effect and increase late phase insulin secre-
tion after an oral glucose challenge.'’” New research should be
encouraged to clarify whether, to what extent, and which ongoing
antidiabetes therapy affect C-peptide concentrations, and the best
strategies to mitigate this possible confounder. In addition, whether
longitudinal monitoring of C-peptide in people with non-SIDD type
2 diabetes helps in identifying those progressing over the years to
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more severe dysfunction of beta cells and ultimately insulin defi-
ciency, requiring initiation or intensification of insulin replacement,”®

remains to be shown.

43 | C-peptide to differentiate type 2 diabetes
from autoimmune diabetes?

A joint ADA/EASD consensus report on the management of type
1 diabetes in adults’®> recommended the evaluation of C-peptide
beyond 3 years after diabetes diagnosis in autoantibody-negative
adults receiving insulin treatment, with C-peptide values of less than
0.20 nmol/L suggesting a diagnosis of type 1 diabetes and values of
more than 0.60 nmol/L indicating type 2 diabetes. The consensus also
highlighted that C-peptide concentrations of 0.20-0.60 nmol/L should
be interpreted with caution, as no absolute value in this range is
clearly discriminatory between autoimmune or monogenic diabetes,
but can also be observed in people with insulin-treated type 2 diabe-
tes. However, guidelines for management 3 years postdiagnosis are of
limited clinical value when faced with a recently diagnosed case of
uncertain pathogenesis and natural history. To emphasize these
uncertainties, another review considered C-peptide estimates within
3 years postdiagnosis and used minimally different values, suggesting
that insulin treatment be offered to individuals with random C-
peptide values of less than 0.30 nmol/L.7*

In another recent study, the measurement of random C-peptide
in people with a clinical diagnosis of type 1 diabetes for 3 years or
more, followed by a further evaluation if levels were 0.2-0.9 nmol/L,
allowed reclassification of 6.8% of the tested cohort into different dia-
betes types, mostly type 2 diabetes. Of note, most of the reclassifica-
tions occurred among people with adult-onset diabetes. In the same
study, a cost implication analysis suggested that measurement of C-
peptide was cost-effective in this setting.*'®

It should, however, be noted that the use of fasting or random C-
peptide to define type 1 diabetes is fraught with difficulty because levels
merge from type 1 diabetes into type 2 diabetes, along with the lack of a
biomarker to define type 2 diabetes. Taken in isolation, serum C-peptide
may not distinguish one from the other. For example, a multivariable clini-
cal diagnostic model that integrates clinical features, diabetes-associated
autoantibodies and a type 1 diabetes Gene Risk Score, had 100% specific-
ity, but only 41% sensitivity to identify adult-onset type 1 diabetes when
that was defined by progression to insulin treatment within 3 years and
not by fasting C-peptide levels of less than 0.2 nmol/L.*'” More than half
of the cases with type 1 diabetes would be missed if C-peptide levels
alone were considered in adult-onset autoimmune diabetes. Such a grada-
tion extends to the distinction between adult-onset and childhood-onset
type 1 diabetes.”® If type 1 diabetes is assumed to be represented by a
C-peptide level of less than 0.20 nmol/L, then many cases diagnosed in
adult age would not be eligible for treatment with an insulin pump, given
that 25% of people with classical type 1 diabetes have higher C-peptide
levels when tested 6-9 years postdiagnosis.>® When random C-peptide is
high at 3 years postdiagnosis, this usually is consistent with a diagnosis of

type 2 diabetes, but it should be noted that the mean fasting C-peptide in

classical type 1 diabetes in adults at 5 years postdiagnosis was
0.17 nmol/L (standard deviation 0.33).2° By using only C-peptide to dif-
ferentiate between autoimmune diabetes and type 2 diabetes, without
measuring diabetes-associated autoantibodies, sensitivity is lost at the

expense of a gain in specificity.

5 | C-PEPTIDE AND VASCULAR
COMPLICATIONS OF DIABETES

5.1 | C-peptide and microvascular complications

C-peptide may also act as a biomarker to assist with risk stratification of
diabetes complications. The Diabetes Control and Complications Trial
(DCCT) showed that patients with type 1 diabetes experience better
outcomes in the presence of preserved C-peptide early in the course of
the disease.*?° More specifically, it is suggested that among people with
duration of type 1 diabetes of 1-5 years, a 50% higher value of stimu-
lated C-peptide (0.10-0.15 nmol/L) is associated with a 25% reduction
in the risk of sustained retinopathy.*?* Similarly, data from the Scottish
Diabetes Research Network Type 1 Bioresource showed that people
with type 1 diabetes and a random (non-fasting) C-peptide of
0.20 nmol/L or higher are 50% less probable to develop retinopathy
than people with a random C-peptide of less than 0.005 nmol/L, after
adjustment for age and diabetes duration.’® The form of the relation-
ship between C-peptide and risk of incident retinopathy was approxi-
mately linear near to the lower limit of detection of the assay
(0.003 nmol/L), with no evidence of a threshold effect. This observation
has subsequently been shown in people with type 2 diabetes, who
exhibited a lower incidence of retinopathy in association with a higher
fasting C-peptide, after adjustment for multiple confounders.1?2124 Fyr-
thermore, Ahlqvist and colleagues showed that those two clusters of
adult-onset diabetes characterized by insulin deficiency, representing
about one-quarter of all adult-onset cases, had a higher risk of diabetic
retinopathy.* In the DCCT, C-peptide levels among people with dura-
tion of type 1 diabetes of 1-5 years were also related to a reduced risk
of nephropathy, albeit the number of renal events was low.*?* Bo and
colleagues confirmed a 73% lower risk of nephropathy and a 61% lower
risk of neuropathy in patients with type 2 diabetes in the highest tertile
of C-peptide levels.*?2 Similarly, in a cross-sectional study conducted in
people with type 2 diabetes, Kim et al. reported that patients with lower
C-peptide concentrations were about 1.5 times more probable to be
affected by nephropathy or by neuropathy.'?®> However, more recent
data from the DCCT/Epidemiology of Diabetes Interventions and
Complications cohort failed to show a significant association between
microvascular complications and C-peptide response to MMTT, evalu-

ated after an average diabetes duration of 35 years.*’

5.2 | C-peptide and macrovascular complications

In contrast to microvascular disease, the association between C-

peptide and macrovascular complications of diabetes is controversial,
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TABLE 3 Clinical usefulness of the assessment of plasma C-peptide levels in people with diabetes

Setting Potential clinical role Areas of uncertainties
Uncertain diagnosis in e To recognize type 1 diabetes some years after onset, e C-peptide values 0.20-0.60 nmol/L are not discriminatory
long-standing when autoantibody measurement may result in false e Correct timings of first C-peptide measurement and of
insulin-treated negative subsequent retesting are still arbitrary
diabetes
Type 1 diabetes e During preclinical phase, to assess the risk and rapidity e Lack of standardization of C-peptide measurement
of progression towards diabetes onset
e During the honeymoon period, to assess the rate of
beta-cell function decline, for a prompt intervention
when absolute insulin deficiency occurs
e To confirm insulin deficiency in patients without a
definite type 1 diabetes phenotype
Type 2 diabetes e To identify subgroups of people with type 2 diabetes e C-peptide as a marker of beta-cell competence is affected
within the severe insulin-deficient cluster by the presence of insulin resistance
e To predict the response to treatment with basal insulin e Often overestimates beta-cell competence because of
and the related hypoglycaemia risk concomitant hyperglycaemia
e To individualize people on insulin therapy less probable e C-peptide levels could theoretically be affected by
to respond to a GLP-1 RA ongoing antidiabetes therapies
o Whether C-peptide may help in identifying patients
requiring insulin therapy and those who may safely
withdraw from ongoing insulin therapy is yet to be proven
e Arole for C-peptide in assessing the risk of euglycaemic
ketoacidosis in candidates for SGLT2 inhibitor therapy has
to be proven
Adult-onset e To predict disease progression e Suggested C-peptide cut-offs are in part arbitrary because
autoimmune e To guide the decision about the right timing to start of the graded effect of C-peptide
diabetes not on insulin therapy and use of different glucose-lowering e Insulin resistance if often present in adult-onset
insulin therapy agents autoimmune diabetes, affecting the value of C-peptide as

Diabetes e To aid hypoglycaemia and complications risk

complications stratification

a marker of beta-cell competence

o Lack of definitive data showing direct tissue effects

Abbreviations: GLP-1 RA, glucagon-like peptide-1 receptor agonist; SGLT2, sodium-glucose co-transporter-2.

apparently differing between type 1 diabetes and type 2 diabetes.
Studies conducted in type 1 diabetes suggest that preserved C-
peptide is associated with better metabolic control and, in turn, with
fewer cardiovascular events. On the other hand, factors associated
with beta-cell dysfunction (such as the presence of diabetes-
associated autoantibodies, the number of detectable autoantibodies
and their blood levels) do not help to stratify the risk of cardiovascular
events in people with adult-onset diabetes.*?> Furthermore, most of
the studies conducted in type 2 diabetes suggest that higher C-
peptide levels are associated with cardiovascular events and increased
mortality.*?4*2” These C-peptide data should be interpreted with cau-
tion but point to a probable distinction between type 1 diabetes and
type 2 diabetes. While, in type 1 diabetes, C-peptide is a marker of
insulin production, in type 2 diabetes the interpretation of C-peptide
levels is difficult in view of the co-existing insulin resistance. Indeed,
the opposite associations described between C-peptide and diabetes
complications in the two different types of diabetes may be an epi-
phenomenon of the better metabolic control observed in people with
type 1 diabetes who have preservation of C-peptide, and vice versa,
of the difficulty in achieving metabolic control in individuals with type
2 diabetes who have markedly elevated levels of C-peptide because

of greater insulin resistance.

Some evidence has raised the possibility that C-peptide may exert
direct effects on the inflammatory and vascular cells involved in the
pathogenesis of complications, although at present these observations

are unconfirmed.t2%:12?

6 | CONCLUSIONS

Overall, given its comparatively low cost, accuracy of measurement and
the range of potential applications, measurement of C-peptide in clinical
practice may be a valuable and cost-effective tool to select and tailor dia-
betes management in different clinical settings. Nevertheless, although
C-peptide measurement has been incorporated into diagnostic and ther-
apeutic algorithms of overt autoimmune diabetes, data on its utility in
the prediction of type 1 diabetes and in the clinical management of type
2 diabetes in its different stages are limited, and do not yet support a
widespread use of C-peptide measurement in these situations.

Several uncertain aspects need to be fully addressed in future
studies before the evaluation of C-peptide can be efficaciously imple-
mented in specific contexts, such as in people with predominant insu-
lin resistance (Table 3). While C-peptide measurement is useful to

disentangle uncertain diagnoses and in the longitudinal follow-up of
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certain populations, some issues related to its clinical application are
still unresolved. These include the standardization of C-peptide deter-
mination, consensus on the interpretation of C-peptide values on the
basis of the concomitant blood glucose concentration, and the uni-
form nature of a solid mixed meal and its use instead of liquid mixed
meals. Finally, it is desirable that randomized clinical trials are per-
formed to clarify how C-peptide may be used as a biomarker to iden-
tify clusters, and stratify the individual response to different diabetes

treatments.
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