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Basal and 24-h C-peptide and insulin secretion rate in normal man 
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Summary. An understanding of the metabolic abnormalities 
rising from inappropriate insulin delivery in diabetic patients 
demands a knowledge of 24-h and basal insulin secretion 
rates in normal man. We have used biosynthetic human C- 
peptide to determine its kinetic parameters in 10 normal sub- 
jects and applied these to measurements of plasma concentra- 
tions in the same subjects to determine pancreatic secretion 
rate. Metabolic clearance rate measured by stepped primed 
infusion of biosynthetic human C-peptide at rates of 10, 19 
and 26 nmol/h was 4.7 _+ 0.7 ( _ SD) ml. kg -a. min -1, and was 
independent of infusion rate. Fractional clearance (T~, 26_+ 
3 rain) and distribution volume (0.178 _+ 0.0391/kg) were Cal- 
culated from the decline in concentration after cessation of 

the highest rate infusion. Basal insulin secretion calculated 
from the C-peptide metabolic clearance rate and plasma con- 
centrations for the period 02.00 to 07.00hours was 1.3_ 
0.4 U/h. Over 24 h total insulin secretion on a standard high 
carbohydrate diet was 63 + 15 U, calculated from the area un- 
der the C-peptide concentration curve. Basal insulin secretion, 
therefore, accounted for 50 + 8% of total insulin secretion. Al- 
though only 5.6+1.1% of C-peptide was detected in 24-h 
urine collections, urinary C-peptide excretion was signifi- 
cantly related to 24-h C-peptide secretion (r= 0.74, p < 0.02). 

Key words: C-peptide, insulin secretion, C-peptide pharmaco- 
kinetics, insulin dose. 

Pancreatic insulin secretion in man cannot be deter- 
mined from peripheral insulin concentrations and 
clearance because the liver removes about 50% of the 
insulin secreted into the portal vein [1, 2]. Furthermore, 
insulin kinetics are measurable only under conditions 
of a glucose clamp, which may itself affect insulin clear- 
ance. Since C-peptide is co-secreted from the islet B cell 
in equimolar amounts with insulin [3] but is not signifi- 
cantly extracted by the liver [4, 5], a number of studies 
have attempted to estimate insulin secretion from pe- 
ripheral or hepatic venous C-peptide concentrations 
[5-7]. Provided that the kinetics of removal of C-peptide 
from the circulation are known, insulin secretion rate 
can be quantitated from peripheral C-peptide concen- 
trations. However, owing to scarcity of human C-pep- 
tide, these calculations have had to rely on the C-pep- 
tide kinetic data of Faber et al. [8], derived from single 
dose studies in 6 normal subjects, and validated by a 
single infusion study. Curve fitting to data obtained af- 
ter bolus intravenous injection is, however, a somewhat 
arbitrary and imprecise procedure. Furthermore, subse- 
quent studies have used different assay standards and 
antisera (a particular problem with C-peptide [9]), and 
have inevitably been unable to use individualised kinet- 
ic data. 

The availability of well characterised human C-pep- 
tide from recombinant DNA techniques has provided 
the opportunity to reassess our understanding of C-pep- 
tide pharmacokinetics and to attempt to quantitate pan- 
creatic insulin secretion in normal man [10]. As a knowl- 
edge of insulin delivery rate in man is necessary to our 
understanding of insulin requirements by different de- 
livery routes in diabetic man, we have made a model- 
free calculation of 24-h and basal secretion rate in nor- 
mal subjects. 

Subjects and methods 

Subjects 
Ten normal volunteers (five male, five female) were recruited, with in- 
formed consent in each case, after approval for the study had been 
given by the local Ethical Committee. The characteristics of the sub- 
jects are given in Table 1. 

Study protocol 
For measurement of serum C-peptide kinetics, subjects were admitted 
to the metabolic unit, Freeman Hospital, at 08.00 hours after an over- 
night fast. Two intravenous cannulae were inserted into forearm veins. 
One cannula was used for infusion of biosynthetic human C-peptide 
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Table 1. Characteristics of the patients studied 

Subject Sex Age Weight BMI 
(no.) (M/F) (years) (kg) (kg/m 2) 

1 F 24 68 27 
2 M 25 82 25 
3 M 2O 70 21 
4 M 20 93 27 
5 M 27 67 21 
6 F 33 51 19 
7 F 31 55 22 
8 F 19 51 21 
9 M 32 68 21 

10 F 27 57 23 

Mean• 26• 66• 23• 

(Novo Research Institute, Bagsvaerd, Denmark), over 99% pure on 
high performance liquid chromatography, diluted in Haemaccel 
(Hoechst, Frankfurt am Main, FRG). The second cannula was used 
for intermittent blood sampling, being flushed after use with 
0.15 tool/1 NaC1 in water. 

After a 30-min rest, 3 basal blood samples were taken at 15 min in- 
tervals. A stepped primed infusion of C-peptide from a syringe pump 
was then begun. The prime was given over 10 rain to fill the assumed 
C-peptide space on the basis of previous reports [8]. Each step was 
continued for 60 min, with consecutive rates of 10, 19 and 26 nmol/h. 
Actual infusion rate in each subject was, however, determined from 
the C-peptide concentration actually measured in the infusate. Blood 
samples for measurement of serum insulin and C-peptide were taken 
at +10, +30, +45, +50, +55 and +60min during each step. After 
stopping the highest rate infusion, samples were taken every 5 rain for 
60 min and then at 10-min intervals until 90 rain for determination of 
fractional clearance rate of C-peptide from serum. 

For assessment of diurnal insulin secretion, subjects were readmit- 
ted to the metabolic unit, Freeman Hospital, 1 week after the infusion 
study. They were admitted at 17.00 hours after a light lunch. An intra- 
venous cannula was inserted into an antecubital vein, and blood sam- 
ples were taken from 18.00hours for 24h while on a standard 
2020-kcal diet distributed between breakfast (450kcal), lunch 
(670 kcal) and dinner (600 kcal) plus a milk allowance. As snacks sub- 
jects were allowed unsweetened tea or coffee only 2 h after the main 
meals. The composition of the diet as a percentage of total energy was 
56% carbohydrate, 29% fat and 15% protein. Blood samples for C- 
peptide and insulin estimation were taken at 15-min intervals for 1 h 
after each of the 3 main meals, at 30-min intervals for the subsequent 
2 h and then hourly. A 24-h urine collection was obtained on this day. 

Sample collection and analytical techniques 

Blood samples for insulin and C-peptide were allowed to clot at room 
temperature (30 min) and serum stored at -40  ~ [11] until assayed. 
Serum insulin was assayed by a double antibody technique [12]. C- 
peptide was measured in serum samples after extraction of proinsulin 
with Sepharose bound anti-insulin antibodies [131. C-peptide was 
measured by ethanol precipitation radioimmunoassay [13] using the 
M1230 antibody and a synthetic standard (Novo Research Institute, 
Bagsvaerd, Denmark). The latter was found to cross-react in the assay 
with the biosynthetic human C-peptide with a parallel and overlap- 
ping curve. Interassay coefficients of variation were 3.5% at 
0.16 nmol/1 and 3.5% at 1.03 nmol/1. All samples from a single indi- 
vidual from both study days were, however, assayed together. 

Mathematical analysis 

C-peptide concentrations during the infusion study were corrected for 
continuing pancreatic C-peptide delivery. The endogenous C-peptide 

concentration was estimated by multiplying the basal C-peptide/insu- 
lin ratio by the serum insulin concentration in each subject. The result 
was then subtracted from the measured serum C-peptide concentra= 
tion. This was considered valid as the subjects remained in basal state 
throughout the infusion study, and any changes in insulin secretion 
were much slower than fractional clearance rates of either insulin or 
C-peptide. 

Metabolic clearance rate (MCR) for C-peptide was calculated 
from the formula MCR = (infusion rate of C-peptide)/(concentration 
of C-peptide in serum), using the mean of the corrected C-peptide 
concentrations between 45 and 60 min for each step. 

For determination of the fractional clearance rate of C-peptide 
from serum (k), a single exponential was fitted to the corrected C-pep- 
tide concentrations from 5 to 50 min after stopping the highest rate in- 
fusion. No attempt was made to estimate kinetic parameters to repre- 
sent mixing during the first 5 rain after stopping the infusion, such 
procedures depending on sampling site and being of questionable 
validity. Serum half time was calculated as Ty_,=0.693/k. Volume of 
distribution was (VD) = MCR/k. 

Secretion rates of C-peptide and hence insulin were calculated by 
multiplying the area under the 24-h C-peptide concentration curve by 
the MCR for that individual. For estimation of basal secretion rates a 
mean C-peptide concentration was calculated for the interval 02.00 to 
07.00 hours of the 24-h profile for each individual. Concentrations 
were constant over this time interval (see Results). Conversion of mo- 
lar secretion rates to units of insulin assumed a molecular weight of 
5808 for human insulin and a potency of 28.9 U/mg for anhydrous 
salt free human insulin [14]. 

It should be noted that the kinetic parameters k and Vo were not 
used in calculation of secretion rates. The results are therefore inde- 
pendent of any assumptions necessary for compartmental analysis. 

Statistical analysis 

Results are stated as mean _+ SD unless otherwise indicated. Correla- 
tion was sought by the least squares method. The areas under the se- 
rum insulin and C-peptide concentration curves were calculated using 
the trapezoidal rule. Significance of differences was assessed using 
Student's paired t-test. Ap value of < 0.05 was considered statistically 
significant. 

R e s u l t s  

Kinetic parameters 

D u r i n g  the i n fu s ion  of  b iosyn the t i c  h u m a n  C-pept ide ,  
s teady state s e rum C-pep t ide  concen t r a t ions  were 
achieved by  30 m i n  of  each step (Fig. 1), a n d  the concen-  
t ra t ions  achieved covered  the phys io logica l  d iu rna l  
range  of  C-pep t ide  concent ra t ions .  Me tabo l i c  c learance  
rate ( M C R )  of  C-pep t ide  ca lcula ted  f rom the s teady 
state se rum C-pep t ide  concen t r a t ions  ach ieved  dur ing  
the i n fu s ion  s tudy showed  no  ev idence  of  sa tu ra t ion  
wi th  increas ing  C-pep t ide  concen t r a t ions  wi th in  the 
range  s tud ied  (4.8_+ 1.0, 4.8 + 0.7 a n d  4.6_+ 0.7 ml .  
kg - t  - m i n  -1 at i n f u s i o n  rates of  10, 19 a n d  26 n m o l / h  
respectively).  F o r  each subject ,  therefore,  M C R  was av- 
eraged for  the three i n f u s i o n  steps. C-pep t ide  M C R  in  
these 10 subjects  was t h e n  4.7 _+ 0.7 ml .  kg - t .  m i n -  1; in- 
d iv idua l  da ta  are p resen ted  in  Table  2. C-pep t ide  M C R  
was negat ive ly  re la ted to b o d y  weight  ( r = - 0 . 6 6 ,  p <  
0.05) a n d  to BMI, ( r =  - 0.80, p <  0.01), bu t  no t  to ideal  
b o d y  weight  (corrected to B M I  males  22.0, females  20.8 
[15]). Dif ferences  in  M C R  be t w e e n  subjects  cou ld  ac- 
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Table 2. Kinetic parameters of C-peptide in man, and areas under physiological 24-h serum insulin and C-peptide concentration curves 

Subject Metabolic Serum Volume of Area under insulin Area under C-peptidc 
(no.) clearance rate half time distribution concentration curve concentration curve 

(ml. kg- I. min- 1) (rain) (ml/kg) (mU. 1-1. h) (nmol. 1-1. h) 

1 3.59 22.0 115 252 19.7 
2 4.29 25.7 159 445 23.1 
3 4.36 27.3 172 383 18.3 
4 3.79 a ~ 623 25.9 
5 5.87 29.2 247 212 10.3 
6 5.35 21.4 165 358 21.0 
7 5.17 22.5 168 336 20.6 
8 5.20 30.0 225 537 25.3 
9 4.52 24.9 163 449 20.4 

10 4.88 26.4 186 436 23.2 

Mean+SD 4.7+0.7 25.5+3.1 178+39 403+124 20.8+4.4 

a Result unavailable due to venous sampling problems 

Table 3. Insulin and C-peptide secretion rates and urinary C-pepfide excretion rate in normal man 

Subject C-peptide secretion Insulin secretion Basal/total Urinary 
ratio C-peptide 

(no.) Basal Total Basal Total (%) excretion 
(nmol/h) (nmol/24 h) (U/h) (U/24 h) (nmol/24 h) 

t 7.0 288 1.2 48.3 59 18.5 
2 11.2 487 1.9 81.7 55 19.3 
3 7.5 335 1.3 56.2 54 22.8 
4 14.0 548 2.3 92.0 61 37.8 
5 5.4 242 0.9 40.6 54 13.3 
6 5.1 345 0.8 57.9 35 17.4 
7 6.7 351 1.1 58.9 46 16.6 
8 6.4 402 1.1 67.5 38 27.1 
9 7.2 376 1.2 63.1 46 22.2 

10 7.8 386 1.3 64.8 49 16.4 

Mean + SD 7.8 + 2.7 376 _+ 89 t.3 + 0.4 63 + 15 50 + 8 21.1 + 7.1 

Conversion of C-peptide secretion rate to units of insulin assumes a molecular weight for human insulin of 5808 and a potency of 28.9 U/mg 
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Fig. 1. Serum C-peptide concentration corrected for endogenous C- 
peptide secretion in 10 normal subjects during stepped primed infu- 
sion of biosynthetic human C-peptide at consecutive rates of 10, 19 
and 26 nmol/h 

c o u n t  for  68% of  the dif ferences  in  basa l  C-pep t ide  con-  
cen t r a t i on  ( r =  0.82, p <  0.005). 

F rac t iona l  c learance  rate of  C-pep t ide  f rom se rum 
was 0.028 _ 0.003 m i n  -~, c o r r e s p o n d i n g  to a s e rum ha l f  
t ime (T,/2) o f  26 ___ 3 min .  The  a p p a r e n t  d i s t r ibu t ion  vol- 
u m e  in  these subjects  was 0.178_+0.0391/kg (11.1 _+ 
2.61). 

C-peptide and insulin secretion rates 

The  24-h profi les  of  s e rum C-pep t ide  a n d  in su l in  in  the 
n o r m a l  subjects  o n  the s t a n d a r d  h igh  ca rbohydra t e  diet  
are show n  in  F igure  2. D u r i n g  the n igh t  be t w een  02.00 
a n d  07.00 hours  s e rum i n s u l i n  a n d  C-pep t ide  concen-  
t ra t ions  r e m a i n e d  cons t an t  in  all ind iv idua l s ,  a l lowing  
ca lcu la t ion  of  basa l  secret ion rates. Basal  a n d  24-h C- 
pep t ide  secret ion rates ca lcula ted  f rom the 24-h C-pep-  
t ide c o n c e n t r a t i o n  curves a n d  the  M C R  for each  indi-  
v idua l  are given in  Tab le3 .  I n  these subjects  24-h 
secre t ion of  C-pep t ide  ( and  therefore  insu l in)  was 
376 __+ 89 nmol .  Basal  secret ion rate du r ing  the n igh t  was 
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Fig.2. 24-h profiles of serum insulin (O~--O)  and C- 
peptide ( �9 ..... �9 in 10 normal subjects on the stan- 
dard high carbohydrate diet 

7.8 _+ 2.7 nmol/h. These figures correspond to a daily in- 
sulin secretion of 63 + 15 U /24h  and a basal secretion 
of 1.3 _+ 0.4 U/h.  Basal C-peptide and hence insulin se- 
cretion expressed over 24h was thus 50+ 8% of total 
daily delivery. The ratio area under the "basal" insulin 
concentration curve to area under the 24-h concentra- 
tion curve was, however, only 36 ___ 11% (p< 0.001 com- 
pared to C-peptide). 

Basal insulin secretion rate was related to body 
weight (r=0.87, p<0.002) and to BMI (r=0.74, p <  
0.02). After correction to ideal body weight (BMI males 
22.0, females 20.8 [15]), this relationship no longer held. 
Total 24-h secretion rates could not be related to weight 
or BMI. 

Urinary C-peptide excretion 

Urinary C-peptide excretion was 21.1 ___7.1 nmol/24h 
(Table 3), 5.6 + 1.! % (range 4.0-6.9%) of calculated pan- 
creatic secretion. Excretion correlated (r=0.75, p<  
0.02) with secretion rate, and therefore the product of 
average C-peptide concentration and MCR. 

Di~ussion 

The study described in the present paper calculates bas- 
al and 24-h insulin secretion from the product of C-pep- 
tide metabolic clearance rate and the integrated area 
under the C-peptide concentration curve. Such an ap- 
proach makes none of the assumptions inherent in com- 
partmental analysis [8], and is not dependent on serum 
insulin:C-peptide ratios at individual time points [16]. 
It has recently been validated in the dog [17], and is not 
applicable to minute to minute calculation of changing 
secretion rates when compartmental analysis must be 
used. 

Nevertheless, a number of assumptions underlie the 
method. Clearly it is important that C-peptide clearance 

does not vary during the day, for example with meals or 
during sleep. Biosynthetic and native C-peptide must be 
handled identically within the circulation, even though 
delivered into different sites (peripheral and portal 
veins). In particular, hepatic extraction of C-peptide 
must be low [4, 5]. Measurement of biosynthetic C-pep- 
tide in the infusate and in serum must be equivalent, 
and the measurement of native C-peptide accurate as 
well as precise for calculation of secretion rates. Precau- 
tions must be taken against degradation in freezers 
nominally operating at - 2 0  ~ [11]. A particular prob- 
lem might be anticipated from assay cross-reaction with 
proinsulin and its derivatives, as many C-peptide anti- 
bodies show high cross-reactivity for these substances 
[18]. Though we extracted proinsulin/derivatives with 
insulin antibody bound to Sepharose, this may be a 
council of perfection with the M1230 antibody, which 
only has 11% crossreactivity for proinsulin preparations 
[18]. In converting integrated C-peptide secretion rates 
to insulin, the unit potency of insulin should be taken as 
the purest preparations, after allowance for salt and wa- 
ter [14]. 

The C-peptide MCR calculated here was similar to 
that obtained by curve fitting after bolus injection of 
small amounts of synthetic C-peptide [8], though some- 
what higher than estimates from similar studies using a 
different source of biosynthetic C-peptide [10]. This dis- 
crepancy is puzzling, as measurement of MCR ought to 
be relatively independent of assay and assay standards, 
and our figure (4.7_+0.7ml.kg-l.min -1) would be 
even higher (5 .0ml .kg- l .min  -1) if correction was 
made for the relationship with BMI. The calculated 
MCR (305 + 47 ml/min) is well in excess of glomerular 
filtration rate. As removal of C-peptide by the kidney is 
high [19], it seems likely that other renal mechanisms 
must be involved. The small amount of C-peptide se= 
creted that appears in the urine (5.6_+ 1.1%) does not 
contradict this, as the luminal borders of the proxima! 
tubules have high peptidase activity [20]. 
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We intentionally avoided fitting curves to the early 
(mixing) phase of the concentration decay curve after 
cessation of the high rate infusion, but our fractional 
clearance rate (0.028 +0.003 min -1, T~ 26+3 min) is 
similar to previous estimates [8, 101. The volume of dis- 
tribution is then consistent with extracellular fluid vol- 
ume. Examination of the decay curves did, however, 
suggest the likelihood of a further exponential (appar- 
ent after 60 min) in some subjects. C-peptide concentra- 
tions at this time approach basal concentrations, how- 
ever, and curve fitting would be very imprecise after 
correction for continuing endogenous secretion. 

Basal insulin delivery rate was calculated from over- 
night C-peptide concentrations, enabling stability of se- 
cretion to be confirmed, and avoiding the stresses inher- 
ent in having subjects be present for study at the 
beginning of the morning. Converted to units of insulin 
this represents 1.3 +0.4 (SD) U/h,  representing very 
little difference from the basal infusion rates we have 
found appropriate for continuous subcutaneous insulin 
infusion in C-peptide negative patients [21]. This result 
would also be compatible with our measured fasting in- 
sulin concentrations, first pass hepatic removal of 65% 
of insulin secreted, and an insulin MCR of 1.25 l/rain 
for insulin delivery into the systemic circulation [22]. 
Faber et al. [8] present data which would give somewhat 
lower results, mainly because morning fasting C-pep- 
tide concentrations were markedly lower than the stable 
overnight levels we find. Comparison with the results of  
Polonsky et al. [10] is complicated by the absence of 
fasting C-peptide concentration data in their paper. 
Basal insulin secretion was related to both weight and 
BMI. Unfortunately, these variables were themselves 
highly correlated, invalidating separation of their ef- 
fects by multiple regression analysis. 

The other major method for estimating insulin pro- 
duction rate is the hepatic venous cannula technique, a 
procedure dependent on representative sampling of he- 
patic venous blood and accurate measurement of hepat- 
ic plasma flow [5, 23]. These authors estimate rather 
lower basal insulin production rates at around 1.0 U/h,  
but this discrepancy disappears entirely if their data is 
recalculated using the true potency of insulin (28.9 rath- 
er than 24U/rag [14]), and our heaviest (and over- 
weight) subject is excluded. 

Total daily insulin secretion was 63 _+ 15 U, or 60 U /  
day if corrected to normal BMI by regression analysis. 
From a separate study of 54 C-peptide negative patients 
we selected the closest match for sex, age and BML 
Their daily insulin dose requirement was 55+ 
20 U/day, again consistent with previous injection data 
[24]. If anything, dose requirements in this type of pat- 
ient fall with intensification of therapy using infusion 
pumps [25]. 

As insulin-dependent patients, even after a period of 
good metabolic control, have decreased peripheral tis- 
sue sensitivity to insulin [25], we suspect that peripheral 
insulin delivery in diabetes is causing a counterbalanc- 
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ing reduction in insulin requirement, as predicted by rat 
islet transplant studies [26, 27]. 

It is notable that the ratio of the areas under the bas- 
al and prandial parts of the C-peptide and insulin con- 
centration curves are different. It is a further assump- 
tion of our methodology that MCR for C-peptide is not 
different in fed and postabsorptive states. This implies 
that the insulin metabolic clearance rate is higher in the 
fasting than fed states, consistent with data suggesting 
that hepatic insulin extraction decreases with increasing 
portal vein insulin concentration [28]. The result is, how- 
ever, contrary to direct studies by hepatic venous sam- 
pling [5, 23], where calculated hepatic extraction of in- 
sulin does not change with increased plasma flow and 
insulin secretion. These calculations depend, however, 
on taking a ratio of two variables (splanchnic insulin 
and C-peptide production) that are themselves derived 
from subtraction of measured concentration. The re- 
sults are therefore not very precise. 
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