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Objective

C-peptide is conventionally used in assessing pancreatic function in patients with diabetes mellitus. The clinical significance of this molecule during the course of type 1 diabetes mellitus (T1DM) has been recently revisited. This study aimed to investigate the natural course of C-peptide in T1DM patients over the period of 15 years and analyze the association between the residual C-peptide and diabetes complications.



Methods

This retrospective study included a total of 234 children and adolescents with T1DM. Patient data including sex, age at diagnosis, anthropometric measures, daily insulin dose, serum HbA1c, post-prandial serum C-peptide levels, lipid profiles, and diabetic complications at the time of diagnosis and 1, 3, 5, 10, and 15 years after diagnosis were retrospectively collected.



Results

Among the 234 patients, 101 were men and 133 were women, and the mean patient age at initial diagnosis was 8.3 years. Serum C-peptide decreased constantly since the initial diagnosis, and showed a significant decline at 3 years after diagnosis. At 15 years after diagnosis, only 26.2% of patients had detectable serum C-peptide levels. The subgroup with older patients and patients with higher BMI standard deviation score showed higher mean serum C-peptide, but the group-by-time results were not significant, respectively. Patients with higher serum C-peptide required lower doses of insulin and had fewer events of diabetic ketoacidosis.



Conclusion

Serum C-peptide decreased consistently since diagnosis of T1DM, showing a significant decline after 3 years. Patients with residual C-peptide required a lower dose of insulin and had a lower risk for diabetic ketoacidosis.
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Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune disease, which is characterized by decreased insulin secretion from the pancreas. As insulin has a short half-life and variable first-pass hepatic extraction, it is inaccurate to utilize insulin for assessing pancreatic beta cell function (1). C-peptide, a polypeptide that connects insulin’s A-chain to B-chain, is co-secreted with insulin during the enzymatic cleavage of proinsulin to insulin (2). C-peptide is more stable, and have longer half-life than insulin, which is why it is widely used for the evaluation of insulin secretion capacity in patients with T1DM.

Previously, C-peptide was considered as a byproduct generated during insulin synthesis and only used in estimating the pancreatic function of diabetes mellitus (DM) patients. However, many recent studies have re-evaluated the clinical importance of C-peptide as a representative marker of insulin secretary function. Some studies have reported that residual beta cell function displays a protective effect against the development of diabetes complications and hypoglycemia (3, 4). Moreover, some studies explored the potential of C-peptide in therapeutics such as C-peptide replacement therapy (5–7). Not only that, but research on the genetic basis of residual beta cell function and its association with specific gene variants has attracted the significant attention recently (8, 9). Furthermore, several studies have confirmed the trend of declining C-peptide levels over the course of T1DM (1, 10). However, longitudinal studies are scarce, and the results are not consistent. This highlights the need for more clinical data on the changes of serum C-peptide levels in patients with T1DM and their correlation with residual beta cell function and patients’ prognosis.

In this study, we longitudinally investigated the natural course of serum C-peptide in T1DM patients over a 15-year duration, and evaluated the factors which might be associated with serum C-peptide decline. In addition, clinical characteristics and development of diabetes complications are compared between the group with preserved C-peptide production and those with depleted beta cells.



Materials and Methods


Patients

We retrospectively reviewed T1DM patients who visited Severance Children’s Hospital between March 2017 and December 2020. Diagnosis of T1DM was made following the diagnostic criteria for DM at the initial visit (11), by fulfilling one or more of the following criteria: positive autoantibodies (islet cell antibody, anti-glutamic acid decarboxylase antibody, and insulin autoantibody), initial diabetic ketoacidosis (DKA) events, and fasting serum C-peptide level lower than 0.6 ng/mL. Patients with a disease duration of over 15 years with the presence of serial C-peptide with 3 or more measurements during the follow-up period were included, and patients with insufficient data, less than 15 years of follow-up period, and misdiagnosed patients were excluded.

This study was approved by the institutional review board of Severance Hospital, Yonsei University College of Medicine in Seoul, Korea (No. 3-2017-0119). The requirement to obtain informed consent was waived due to the retrospective nature of the study.



Study Design

Patient data including sex, age at diagnosis, duration of disease, family history of DM, anthropometric measures, daily insulin dose, and diabetes complications were retrospectively collected at the time of diagnosis and 1, 3, 5, 10, and 15 years after diagnosis. Also, laboratory findings including post-prandial serum C-peptide, Glycated hemoglobin A (HbA1c), and lipid profiles were collected at the same time points.



Assessment of Clinical Parameters and Diabetes Complications

Family history included all types of DM in any relative up to the third-degree. Height standard deviation score (SDS), weight SDS, and body mass index (BMI) SDS were calculated using the standard growth charts for Korean children and adolescents (12). Serum C-peptide levels were measured using the radioimmunoassay technique (Daiichi, Tokyo, Japan), and serum HbA1c was assessed by high-performance liquid chromatography (Variant II, Variant Turbo, Bio-rad, Hercules, CA, USA). Lipid profiles were evaluated by a non-fasting lipid screening test, including total cholesterol, triglyceride, low-density lipoprotein, and high-density lipoprotein. Total cholesterol and triglyceride were determined by an enzymatic method (Sekisui Medical Co., Tokyo, Japan), and low-density lipoprotein and high-density lipoprotein were measured by homogenous direct assay (Sekisui Medical Co., Tokyo, Japan).

Positive DKA history was recorded when a patient had one or more DKA events according to diagnostic criteria (13), with DKA events at initial diagnosis being excluded. Annual screening for diabetic complications has been performed starting from age 11 years with 5 years of diabetes durations. Peripheral neuropathy was confirmed by a neurologist with nerve conduction studies using electromyography. Motor and sensory nerve conduction velocities were measured in the median, ulnar, tibial, sural, and common peroneal nerves following standard methods. Nephropathy was confirmed when albumin excretion in a 24-hour urine collection was more than 30 mg in repeated tests. Diabetic retinopathy was diagnosed by an ophthalmologist with dilated fundus examination.



Statistical Analysis

Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). Linear mixed model was applied to compare clinical and biochemical characteristics over 15 years and analyze the factors associated with serum C-peptide levels. The decline of serum C-peptide levels was described using the mean profile graph and linear mixed model. Independent two-sample t-test was used to compare parameters between the two groups with low and high serum C-peptide levels. Chi-square test and Fisher’s exact test were used to assess the association between serum C-peptide level and diabetes complications. p < 0.05 was considered statistically significant.




Results


Characteristics of T1DM Patients

Among 366 T1DM patients, 17 patients who were initially misdiagnosed with T1DM were excluded. Also, a total of 132 patients were excluded for not fulfilling the eligibility criteria, and data on the remaining 234 patients were included in the final analysis (Figure 1). All patients were under intensive insulin therapy by multiple daily injections or through an insulin pump since 2010.




Figure 1 | Flow chart for patient selection.



Of the total 234 T1DM patients, 101 were male and 133 were female. The mean patient age at initial diagnosis was 8.3 years. Mean serum C-peptide level at diagnosis was 0.85 ng/mL, and mean HbA1c was 11.95%. Height SDS significantly decreased during the 15-year follow-up period, while weight SDS and BMI SDS had increased (overall p value <0.001). Clinical and biochemical characteristics of T1DM patients are presented in Table 1. Also, presence of diabetes complications at each time point are presented in Supplementary Table 1.


Table 1 | Clinical and biochemical characteristics of type 1 diabetes mellitus patients over 15 years.





Decline of Serum C-Peptide Levels

Figure 2 describes the mean serum C-peptide level during the 15-year follow-up period. Serum C-peptide levels decreased constantly following initial diagnosis (overall p<0.001) and showed a significant decline at 3 years after diagnosis. Also, the proportion of patients with detectable serum C-peptide levels decreased over the disease period. Over ninety percent of T1DM patients had serum C-peptide over 0.015 ng/mL until 3 years after diagnosis, which decreased to 76.6% at year 5, and 47.4% at year 10. Only 26.2% of patients had detectable serum C-peptide levels (≥0.015 ng/mL) at year 15 (Figure 3).




Figure 2 | Mean serum C-peptide levels over 15 years of follow-up. Data are presented as mean ± SD. Overall p value <0.001. *p<0.05, compared to baseline serum C-peptide level.






Figure 3 | The proportion of patients with residual serum C-peptide secretion.





Factors Associated With Serum C-Peptide

Stratified analysis was performed to assess factors that correlate with serum C-peptide levels (Table 2). Mean serum C-peptide levels were higher in patients with older age at diagnosis (p<0.001). However, the group-by-time results were not statistically significant when serial measurement for 15 years was taken into consideration (overall p=0.061). Also, the group of patients with higher BMI scores at diagnosis showed higher mean serum C-peptide levels (p<0.001), but the group-by-time results were not significant (overall p=0.726). There were no remarkable differences between groups stratified by sex, family history of DM, and history of diabetes complications.


Table 2 | Factors associated with serum C-peptide.





Comparison Between Two Groups Divided by Serum C-Peptide Level

We divided patients into two groups according to serum C-peptide level at baseline and after 15 years, and we compared laboratory findings and prevalence of diabetes complications at year 15 between the two groups (Table 3). Results showed that patients with higher levels of serum C-peptide at diagnosis and 15 years after diagnosis had been treated with lower doses of insulin. There were no significant differences in serum HbA1c and lipid profiles between the two groups. In subgroup analysis divided by serum C-peptide level at 15 years after diagnosis, DKA events occurred more frequently in the group with lower serum C-peptide levels than group with preserved C-peptide levels (23.7% vs. 6.8%, p=0.014).


Table 3 | Comparison between two groups divided by serum C-peptide level at diagnosis and 15 years after diagnosis.






Discussion

In this retrospective study, we longitudinally tracked 234 T1DM patients for a period of 15 years and demonstrated a natural decline of serum C-peptide levels. Serum C-peptide significantly decreased at 3 years after diagnosis, while 26.2% of patients still had maintained detectable levels of serum C-peptide at 15 years after diagnosis. Also, as patients with residual pancreatic beta cell function required lower doses of insulin and showed a lower incidence of DKA events, regular follow-up of serum C-peptide could be considered in longitudinal management of type 1 diabetes patients.

Serum C-peptide had been used in assessing pancreatic function in DM patients for a long time. Recently, several studies started investigating the clinical effect of residual beta cell function in T1DM patients and tried to elucidate the natural course of C-peptide levels in these patients. A number of previous studies reported that the insulin secreting capacity becomes depleted in T1DM patients soon after diagnosis (14, 15), but results from the Joslin Medalist Study showed persistent insulin production in 67.4% of participants at 50 years after diagnosis (16). Also, several recent studies presented a slow decline of serum C-peptide levels and preservation of the insulin secreting capacity (17–19). Previously, a preliminary study conducted with a small number of T1DM patients and showed a slight increase in serum C-peptide levels after diagnosis followed by significant decrease 5 years later (20). However, the results of this study demonstrate a continuous decline in serum C-peptide levels following diagnosis and an especially significant decline from baseline after 3 years. Also, 26.2% of patients had residual C-peptide secretion at 15 years after diagnosis, which is similar to the results of recent studies that reported long-term preservation of pancreatic beta cell function.

Several hypotheses are presented to explain the clinical implications of residual C-peptide secretion in T1DM. Some previous studies suggested that C-peptide acts as an endogenous antioxidant, which protects pancreatic beta cells by increasing catalase expression and reducing peroxisomal oxidative stress (21–23). Additionally, Thivolet et al. reported an association between residual C-peptide levels and reduction in response to glucagon-like peptide-1 (GLP-1) (24). Although the mechanism is not clearly elucidated yet, the clinical benefit from preserved C-peptide secretion in DM patients is widely known. Microvascular complications such as diabetic retinopathy and nephropathy were found to be less likely to develop in patients with residual C-peptide production (4, 17, 19, 25, 26), but the results were not always consistent among studies (27, 28). Also, preserved beta cell function is reported to be related to a decreased risk of hypoglycemia and decreased insulin requirement (25–27, 29). Moreover, with the wide use of continuous glucose monitoring (CGM) systems, recent studies reported on the importance of glycemic variability and its association with C-peptide levels. Patients with residual C-peptide production had a lower mean blood glucose level and higher time in range (30), and fasting C-peptide levels were negatively correlated with glucose coefficient of variation by CGM (31). The present study confirmed the lower insulin requirement and lower incidence of DKA events in patients with residual C-peptide secretion, but no significant association with HbA1c levels and microvascular complications. Additional analyses including hypoglycemia and glucose variability using the ambulatory glucose profile report from CGM, can be considered in future studies.

Preserved beta cell function in T1DM has recently received increased attention from the research community for its various metabolic benefits and significant effect on clinical outcomes. This is why several studies were performed to assess the factors that are associated with residual C-peptide levels. Older age at diagnosis is one of the most commonly discussed factors that are associated with residual beta cell function (17, 32–34). C-peptide level at initial diagnosis is lower in prepubertal children than in adolescent and young adults and declines more rapidly in younger children (35). The results of the present study showed higher mean serum C-peptide level in the older age group than younger group, but the results were not statistically significant in the group-by-time model. Also, higher BMI was proven to be another factor related to residual C-peptide production (36, 37), but some studies reported variation in this relationship among age groups (38). Our data showed no significant correlation between BMI SDS and serum C-peptide levels when taking the duration since diagnosis into consideration, but the mean C-peptide level was higher in the group with a BMI SDS over zero. Furthermore, intensive insulin therapy is known to sustain endogenous insulin secretion, lower the risk for hypoglycemia, and reduce diabetes complications in T1DM patients (34, 39). All patients in our study were treated with intensive insulin therapy by multiple daily injections or through an insulin pump since 2010.

There are some limitations to this study. We excluded a number of patients who were initially misdiagnosed as T1DM, which turned out to be type 2 DM or monogenic diabetes. However, other misdiagnosed patients with equivocal clinical and laboratory findings might have remained. Further workups, including genetic screening for monogenic diabetes, would be helpful in differentiating T1DM patients from patients with other types of DM. Also, as it is difficult to routinely check both fasting and post-prandial serum C-peptide levels during follow-up visits in the outpatient setting, so we only examined meal stimulated post-prandial C-peptide levels. More detailed study outcomes would have been possible if we also checked fasting serum C-peptide levels. In addition, as the patients were diagnosed with T1DM at a mean age of 8.3 years, the majority of the patients were in their young adulthood at the time of study analysis. The prevalence of microvascular complications would be relatively low in this age group. Lastly, this study was performed in a single tertiary center with a retrospective design. Further studies with larger sample sizes and longer follow-up periods would provide more accurate results. Nevertheless, our study has a significant strength owing to the relatively large number of pediatric T1DM patients with 15 years of follow-up.



Conclusions

Serum C-peptide decreased consistently following diagnosis of T1DM, reaching a significant change at 3 years after diagnosis. Patients with residual beta cell function required lower doses of insulin and had a lower risk for developing DKA.
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Data are presented as mean = SD.
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Data are presented as mean + SD.
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