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Abstract

Objective

The insulin-pancreatic acinar axis may play a major role in pancreatic function. Amylase

is an exocrine enzyme that is produced by pancreatic acinar cells, and low serum amy-

lase levels may be associated with endocrine diseases, such as metabolic syndrome

and diabetes. We hypothesized that low serum amylase levels may be associated with

impaired islet β cell function in type 2 diabetes. Therefore, we investigated the relation-

ship between the serum amylase levels and islet β cell function in patients with early type

2 diabetes.

Methods

The cross-sectional study recruited 2327 patients with a mean of 1.71±1.62 years since

their diagnosis of type 2 diabetes, and all participants were treated with lifestyle interven-

tion alone. Serum amylase levels, the 75-g oral glucose tolerance test (OGTT) and meta-

bolic risk factors were examined in all participants. The insulin sensitivity index (Matsuda

index, ISIMatsuda) and insulin secretion index (ratio of total area-under-the-insulin-curve to

glucose-curve, AUCins/glu) were derived from the OGTT. Integrated islet β cell function

was assessed by the Insulin Secretion-Sensitivity Index-2 (ISSI-2) (ISIMatsuda multiplied

by AUCins/glu).

Results

Serum amylase levels in the normal range were significantly correlated with ISIMatsuda,

AUCins/glu and ISSI-2 (r = 0.203, 0.246 and 0.413, respectively, p<0.001). The association

of the serum amylase levels with ISSI-2 (adjusted r = 0.363, p<0.001) was closer than the

association with ISIMatsuda (adjusted r = 0.191, p<0.001) and AUCins/glu (adjusted r = 0.174,

p<0.001) after adjusting for the anthropometric indices, time since the diagnosis of diabetes,
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lipid profiles, uric acid levels, estimated glomerular filtration rate, HbA1c levels, smoking

and drinking using the partial correlation test. After adjusting for these metabolic risk factors

in the multivariate regression analysis with the amylase levels as the dependent variable,

ISSI-2 was the major independent contributor to the serum amylase levels (β = 0.416, t =
21.72, p<0.001). Meanwhile, in a comparison of the groups with the highest and lowest

quartiles of serum amylase levels, the mean difference in logISSI-2 was 0.902 (95% CI

0.823 to 0.982), and after adjusting for metabolic risk factors, the mean difference in

logISSI-2 was 0.610 (0.537 to 0.683).

Conclusions

Serum amylase levels in the normal range are positively associated with integrated islet β

cell function in patients with early type 2 diabetes, as assessed by ISSI-2.

Introduction
Amylase is an exocrine enzyme that is produced by pancreatic acinar cells. The elevated serum
amylase levels are widely used as screening test for acute pancreatitis in clinical practice [1,2].
Moreover, serum amylase levels are also elevated in other conditions, including diabetic ketoa-
cidosis [3,4] and renal insufficiency [5,6]. Low serum amylase levels are observed in individuals
with chronic pancreatitis [7].

Recent studies showed that the serum amylase levels may be associated with endocrine and
metabolic diseases [8, 9]. Low serum amylase levels were associated with increased risks of met-
abolic abnormalities, metabolic syndrome and diabetes. A previous study by Muneyuki et al.
[10] of asymptomatic middle-aged adults showed that low serum amylase levels were associ-
ated with decreased basal insulin levels and insulin secretion, as well as increased insulin resis-
tance. However, the relationship between the serum amylase levels and islet β cell function in
type 2 diabetes has not been fully elucidated.

Insulin secretion and insulin sensitivity could be quantified with the hyperglycemic and
euglycemic insulin clamp techniques, respectively [11]. However, these techniques are so time-
consuming and labor intensive that they are difficult to apply in clinical practices. Surrogate
measures of insulin secretion and insulin sensitivity have been derived from the oral glucose
tolerance test (OGTT). The insulin sensitivity index of Matsuda (ISIMatsuda) from the OGTT is
a validated measure of whole body insulin sensitivity [12]. The ratio of total area-under-the-
insulin-curve to glucose-curve (AUCins/glu) is a reasonable estimate of insulin secretion [13].
The product of insulin secretion and sensitivity (ISIMatsuda multiplied by AUCins/glu), also
termed the Insulin Secretion-Sensitivity Index-2 (ISSI-2), is a useful marker of integrated islet β
cell function [13,14]. As a composite measure, ISSI-2 may be a better index to reflect islet β cell
function than either ISIMatsuda or AUCins/glu alone.

The present study we designed was to investigate the relationship between the serum amy-
lase levels and islet β cell function in patients with type 2 diabetes, as assessed by ISSI-2.

Methods

Ethics statement
The study was approved by the Institutional Review Board of the Second Affiliated Hospital of
Nantong University, and written informed consent was obtained from all participants.
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Study design and participants
This cross-sectional study was conducted in patients with type 2 diabetes at the Endocrinology
Department of the Second Affiliated Hospital of Nantong University and the Second People's
Hospital of Nantong from January 2011 to December 2015. The inclusion criteria were: diag-
nosis of type 2 diabetes based on the ADA diagnostic criteria 2011 [15], less than 7 years since
the diagnosis of diabetes, current treatment with lifestyle intervention alone for more than 3
months, and serum amylase levels in the normal range of 10–150 U/L. The exclusion criteria
were: current treatment with hypoglycemic agents, type 1 diabetes, testing positive for glutamic
acid decarboxylase antibody or insulin antibody, diuretic use, chronic hepatic disease, chronic
kidney disease, malignancy, excessive drinking (alcohol consumption of more than 40 g of eth-
anol daily for women and 60 g daily for men), acute complications, such as diabetic ketoacido-
sis, and other disorders affecting glucose metabolism, such as hyperthyroidism. S1 STROBE
Checklist had provided the STROBE checklist for the cross-sectional study.

Body mass index (BMI), systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were measured in all participants. SBP�140 mmHg, DBP�90 mmHg, or patients who were
receiving hypertensive treatment were considered hypertensive.

OGTT procedures
As previously described in detail [16], the 75-g OGTT was performed in the early morning after
an overnight fast. Blood samples were taken at 0, 30, 60, 90, and 120 min to measure the serum
glucose and insulin levels (glucose unit: mmol/L, insulin unit: miu/L). The insulin sensitivity
index was estimated by the ISIMatsuda: ISIMatsuda = 10000/square root of (Ins0 × Glu0) × (mean
glucose × mean insulin during OGTT) [12]. The insulin secretion index was calculated from the
ratio of total area-under-the-insulin-curve to area-under-the-glucose-curve (AUCins/glu) using
the trapezoidal rule [13]. Integrated islet β cell function was assessed by the Insulin Secretion-
Sensitivity Index-2 (ISSI-2; ISIMatsuda multiplied by AUCins/glu) [13,14].

Laboratory examination
Blood samples for the biochemical tests were also obtained in the morning after an overnight
fast. HbA1c was measured by high performance liquid chromatography (D-10 Testing Program,
Bio-Rad). The serum insulin assay used a magnetic bead-based enzymatic spectrofluorometric
immunoassay with an automatic enzyme immunoassay apparatus (AIA360, TOSOH). The
serum glucose, total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol
(HDLC), low-density lipoprotein cholesterol (LDLC), uric acid (UA) and serum creatinine (Scr)
levels were measured with Hitachi Model 7600 Series Automatic Analyzer. The glomerular filtra-
tion rate (eGFR) was estimated using the Modification of Diet in Renal Disease (MDRD) Study
equation (eGFR = 175×(standardized Scr) –1.154 ×age–0.203×0.742 [if female]) [17].

Statistical analyses
Data analyses were performed using the SPSS 16.0 statistical software (SPSS Inc., USA). The
total participants were divided into four subgroups according to the quartiles of the serum
amylase levels. Continuous variables were expressed as the means ± standard deviation (SD) or
medians (interquartile range) in the case of skewed distributions. Categorical variables were
described as frequencies (percentages). Logarithmic transformations were applied in non-nor-
mally distributed variables for further analyses.

The one-way analysis of variance (ANOVA) test was applied to compare differences in the
continuous variables between the quartiles of the serum amylase levels. The Chi-squared test
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was applied to compare categorical variables between the four groups. The correlation between
the serum amylase levels and islet β cell function indices were analyzed with Pearson’s correla-
tions and the partial correlation test.

Multiple stepwise linear regression analyses were conducted to investigate the association of
ISSI-2 and other metabolic factors as the independent variables with the serum amylase levels
as the dependent variable. Meanwhile, the mean differences (B[95% CI]) in ISSI-2 between the
quartiles of the serum amylase levels were also investigated using a multivariate linear regres-
sion analysis. The lowest quartile of the serum amylase levels was used as a reference. p<0.05
was considered statistically significant.

Results

Clinical characteristics of the participants
A total of 2327 patients with a mean of 1.71±1.62 years since the diagnosis of type 2 diabetes
were enrolled in the study, and all participants were treated with lifestyle intervention alone.
The clinical characteristics of the participants, according to the serum amylase quartiles, were
shown in Table 1, and the distribution of the serum amylase levels was shown in Fig 1. The
mean serum amylase level among all the participants was 43.4±15.3 U/L. The quartiles of the

Table 1. Clinical characteristics of the participants according to the amylase quartiles.

Variables Total Q1 Q2 Q3 Q4 p value for the
trend

Amylase, U/L (range) 43.4±15.3 (11–
142)

28.3±3.8 (11–
33)

37.1±2.0 (34–
40)

45.2±3.0 (41–
51)

64.8±13.5 (52–
142)

<0.001

n 2327 643 524 599 561 –

Age (year) 56.1±13.0 54.5±13.2 55.5±12.1 55.8±13.3 58.5±13.1 <0.001

Female, n (%) 1074(46.2) 325(50.5) 262(50.0) 267(44.6) 220(39.2) <0.001

BMI (kg/m2) 25.0±3.6 25.3±3.8 25.1±3.7 24.9±3.4 24.6±3.6 0.031

SBP (mmHg) 134±18 134±17 134±17 134±18 135±18 0.959

DBP (mmHg) 80±10 80±10 80±10 80±10 80±11 0.631

Time since the diagnosis of diabetes
(years)

1.71±1.62 1.71±1.55 1.70±1.67 1.67±1.61 1.75±1.67 0.930

Hypertension, n (%) 594(25.5) 154(24.0) 233(25.4) 153(25.0) 154(27.5) 0.182

Smoking, n (%) 619(26.6) 198(30.8) 128(24.4) 160(26.7) 133(23.7) 0.015

Drinking, n (%) 400(17.2) 122(19.0) 88(16.8) 104(17.4) 86(15.3) 0.129

TG (mmol/L) 1.59 (1.02–2.51) 1.69 (1.05–
2.80)

1.59 (1.03–
2.54)

1.60 (1.02–
2.40)

1.46 (0.98–2.30) 0.025

TC (mmol/L) 4.77±1.25 4.83±1.55 4.74±1.10 4.80±1.18 4.69±1.08 0.220

HDLC (mmol/L) 1.08±0.29 1.06±0.34 1.08±0.26 1.10±0.28 1.10±0.27 0.089

LDLC (mmol/L) 2.51±0.82 2.50±0.85 2.54±0.84 2.55±0.81 2.43±0.77 0.083

Scr (μmol/L) 57.8±21.2 53.5±16.4 54.8±15.5 57.8±19.5 65.3±29.1 <0.001

UA (μmol/L) 281±100 269±96 273±92 285±100 299±110 <0.001

eGFR (ml/min/1.73 m2) 123±36 131±38 126±33 122±35 111±36 <0.001

HbA1c (%) 8.22±1.19 8.67±1.07 8.33±1.16 8.08±1.14 7.76±1.20 <0.001

Normally distributed values in the table are presented as the means ± SD, non-normally distributed values are presented as medians (25% and 75%

interquartiles), and categorical variables are presented as frequencies (percentages).

BMI: body mass index; SBP/DBP: systolic/diastolic blood pressure; TC: total cholesterol; TG: triglyceride; HDLC: High-density lipoprotein cholesterol; LDLC:

Low-density lipoprotein cholesterol; UA: uric acid; Scr: serum creatinine; HbA1c: glycosylated hemoglobin A1c; eGFR: estimated glomerular filtration rate.

p values for the continuous variables and categorical variables were determined by ANOVA and the Chi-squared test, respectively.

doi:10.1371/journal.pone.0162204.t001
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serum amylase levels were 28.3±3.8 U/L, 37.1±2.0 U/L, 45.2±3.0 U/L and 64.8±13.5 U/L from
the lowest to highest quartile, respectively. The age of the participants was 58.5±13.1 years, the
percentage of females was 46.2% (n = 1074), BMI was 25.0±3.6 kg/m2, and the HbA1c levels
were 8.22±1.19%. The prevalences of hypertension, smoking and moderate drinking in the par-
ticipants were 25.5% (n = 594), 26.6% (n = 619) and 17.2% (n = 400), respectively. As the quar-
tiles of the serum amylase levels increased, the female percentage, BMI, TG, eGFR and HbA1c
levels were significantly decreased, whereas the age, Scr and UA levels were increased. The time
since the diagnosis of diabetes, SBP, DBP, percentages of hypertension and moderate drinking,
and TC, HDLC and LDLC levels did not show differences among the quartiles of the amylase
levels, with the exception of the percentage of smoking compared to the amylase quartiles
(Table 1).

Fig 1. The distribution of the serum amylase levels.

doi:10.1371/journal.pone.0162204.g001
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Serum glucose, insulin and islet β cell function indices from the OGTT
The statistical comparisons of the measurements characterizing the plasma glucose and insulin
levels during the OGTT were summarized in Table 2. The serum glucose levels at baseline, 30,
60, 90 and 120 min were significantly decreased from the lowest to highest quartiles of the
serum amylase levels (p value for the trend<0.001). There were no differences in the serum
insulin levels at baseline among the four subgroups (p value for the trend = 0.190), whereas the
insulin levels were significantly increased at 30, 60, 90 and 120 min from the lowest to highest
quartiles of the serum amylase levels (p value for the trend<0.001). S1–S3 Figs showed the
skewed distributions of the insulin sensitivity index (ISIMatsuda), insulin secretion index
(AUCins/glu) and integrated islet β cell function (ISSI-2). When these indices were log-trans-
formed, logISIMatsuda, logAUCins/glu and logISSI-2 presented normal distributions (S4–S6
Figs). ISIMatsuda, AUCins/glu and ISSI-2 were significantly increased as the quartiles of the
serum amylase levels increased (p value for the trend<0.001; Table 2).

Relationships between the serum amylase levels, β cell function indices
and metabolic risk factors
Table 3 showed the correlations between the serum amylase levels, β cell function indices and
metabolic risk factors. Serum amylase levels in the normal range were positively correlated
with age and the UA levels (r = 0.098, and 0.125, respectively, p<0.05) and were negatively cor-
related with BMI, TG levels, HbA1c levels, and eGFR (r = –0.077, –0.073, –0.267 and –0.214,
respectively, p<0.05). The correlations between the serum amylase levels and the β cell

Table 2. Serum glucose, insulin and islet β cell function indices from the OGTT according to the amylase quartiles.

Variables Total Q1 Q2 Q3 Q4 p value for the trend

Amylase, U/L (range) 43.4±15.3 (11–142) 28.3±3.8 (11–33) 37.1±2.0 (34–40) 45.2±3.0 (41–51) 64.8±13.5 (52–142) <0.001

n 2327 643 524 599 561 –

Glu0 (mmol/L) 7.06±0.66 7.32±0.72 7.09±0.65 6.96±0.61 6.86±0.55 <0.001

Glu30 (mmol/L) 10.9±1.2 11.3±1.2 11.0±1.3 10.9±1.2 10.6±1.1 <0.001

Glu60 (mmol/L) 11.8±2.0 12.6±1.7 11.9±1.9 11.5±2.0 11.2±2.1 <0.001

Glu90 (mmol/L) 13.9±1.5 14.3±1.3 14.0±1.5 13.8±1.5 13.4±1.6 <0.001

Glu120 (mmol/L) 15.4±1.9 16.1±1.5 15.5±1.8 15.1±2.0 14.8±2.1 <0.001

Ins0 (miu/L) 7.4 (4.7–11.3) 7.7 (4.7–11.5) 7.3 (4.8–11.3) 7.6 (4.8–11.2) 7.1 (4.6–11.1) 0.190

Ins30 (miu/L) 14.6 (9.1–23.6) 12.2 (7.9–18.7) 14.5 (8.7–22.5) 15.5 (9.2–25.4) 17.9 (11.0–30.5) <0.001

Ins60 (miu/L) 15.0 (9.3–24.4) 14.1 (8.8–22.0) 14.3 (9.3–23.6) 15.7 (9.5–25.4) 16.5 (10.2–28.5) <0.001

Ins90 (miu/L) 20.0 (12.1–34.8) 16.0 (10.4–25.8) 19.8 (12.3–31.0) 21.3 (12.3–39.5) 26.5 (15.3–43.5) <0.001

Ins120 (miu/L) 22.0 (13.2–38.2) 18.3 (10.8–29.2) 20.9 (12.8–35.8) 23.5 (13.8–43.5) 27.5 (16.0–48.3) <0.001

ISIMatsuda 133 (100–181) 117 (85–167) 126 (96–177) 131 (104–182) 153 (117–201) <0.001

logISIMatsuda 4.93±0.49 4.82±0.54 4.89±0.47 4.95±0.48 5.07±0.42 <0.001

AUCins/glu 2.58 (1.45–4.76) 1.99 (1.20–3.22) 2.42 (1.43–4.22) 2.82 (1.56–5.65) 3.55 (1.98–6.83) <0.001

logAUCins/glu 1.00±0.91 0.68±0.79 0.93±0.85 1.11±0.93 1.33±0.96 <0.001

ISSI-2 329 (214–601) 233 (168–333) 313 (210–494) 382 (253–690) 553 (315–1041) <0.001

logISSI-2 5.92±0.78 5.49±0.57 5.81±0.67 6.07±0.75 6.39±0.83 <0.001

Normally distributed values in the table are presented as the means ± SD, non-normally distributed values are presented as medians (25% and 75%

interquartiles).

Glut: plasma glucose levels at time t during the OGTT; Inst: plasma insulin levels at time t during the OGTT; ISIMatsuda: insulin sensitivity index; AUCins/glu:

ratio of total area-under-the-insulin-curve to area-under-the-glucose-curve; ISSI-2: Insulin Secretion-Sensitivity Index-2.

p values for the continuous variables and categorical variables were determined by ANOVA and the Chi-squared test, respectively.

doi:10.1371/journal.pone.0162204.t002
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function indices were presented in Figs 2–4. The serum amylase levels were significantly asso-
ciated with ISIMatsuda, AUCins/glu and ISSI-2 (r = 0.203, 0.246 and 0.413, respectively, p<0.001;
Figs 2–4). After adjusting for the metabolic risks using the partial correlation test, the serum
amylase levels remained associated with ISIMatsuda, AUCins/glu and ISSI-2 (adjusted r = 0.191,
0.174 and 0.363, respectively, p<0.001). The association of the serum amylase levels with ISSI-
2 was closer than the association with ISIMatsuda and AUCins/glu.

Table 3. Correlations between the serum amylase levels, β cell function indices andmetabolic risk factors.

Variables Age Time since the diagnosis of diabetes BMI SBP DBP TG TC HDLC LDLC eGFR UA HbA1c

Amylase r 0.098 –0.006 –0.077 0.008 –0.030 –0.073 –0.046 0.059 –0.024 –0.214 0.125 –0.267

p <0.001 0.787 <0.001 0.712 0.144 <0.001 0.027 0.005 0.258 <0.001 <0.001 <0.001

logISIMatsuda r –0.012 –0.006 –0.246 –0.129 –0.067 –0.201 –0.091 0.134 0.015 0.023 –0.110 –0.126

p 0.571 0.775 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 0.472 0.261 <0.001 <0.001

logAUCinsglu r –0.022 –0.189 0.238 0.067 0.025 0.093 –0.015 –0.075 –0.062 –0.125 0.238 –0.579

p 0.284 <0.001 <0.001 0.001 0.237 <0.001 0.466 <0.001 0.003 <0.001 <0.001 <0.001

logISSI2 r –0.033 –0.224 0.123 –0.002 –0.013 –0.017 –0.074 –0.003 –0.063 –0.131 0.209 –0.642

p 0.109 <0.001 <0.001 0.936 0.538 0.419 <0.001 0.872 0.003 <0.001 <0.001 <0.001

BMI: body mass index; SBP/DBP: systolic/diastolic blood pressure; TC: total cholesterol; TG: triglyceride; HDLC: high density lipoprotein cholesterol; LDLC:

low density lipoprotein cholesterol; UA: uric acid; HbA1c: glycosylated hemoglobin A1c; eGFR: estimated glomerular filtration rate; ISIMatsuda: insulin

sensitivity index; AUCins/glu: ratio of total area-under-the-insulin-curve to area-under-the-glucose-curve; ISSI-2: Insulin Secretion-Sensitivity Index-2

doi:10.1371/journal.pone.0162204.t003

Fig 2. The relationship between the serum amylase levels and ISIMatsuda. ISIMatsuda: insulin sensitivity index of Matsuda.

doi:10.1371/journal.pone.0162204.g002

Serum Amylase and Islet β Cell Function

PLOS ONE | DOI:10.1371/journal.pone.0162204 September 8, 2016 7 / 14



Multivariate linear stepwise regression analysis with the amylase levels
as the dependent variable
The association of the serum amylase levels with ISSI-2 was closer than the association with
ISIMatsuda and AUCins/glu; therefore, a multivariate linear stepwise regression analysis was fur-
ther performed to assess the association of ISSI-2 and other clinical risk factors as the indepen-
dent variables with serum amylase levels as the dependent variable in the participants. These
independent factors included age, sex (female), BMI, SDP, DBP, hypertension (no = 0, yes = 1),
moderate drinking (no = 0, yes = 1), smoking (no = 0, yes = 1), time since the diagnosis of dia-
betes, TG, TC, HDLC, LDLC, UA, eGFR, HbA1c and ISSI-2. ISSI-2 was the major independent
contributor to the serum amylase levels (standardized coefficient β = 0.416, t = 21.72, p<0.001,
partial R2 = 16.5) (Table 4).

Multivariate linear regression analysis to investigate the mean
differences in ISSI-2 between the quartiles of the amylase levels
Meanwhile, a multivariate linear regression analysis was also applied to investigate the differ-
ences in ISSI-2 between the quartiles of the amylase levels. By comparing the groups with the
highest (Q4) and lowest (Q1) quartiles of serum amylase levels, the mean difference in log-
transformed ISSI-2 was 0.902 (95% CI 0.823 to 0.982), and after adjusting for anthropometric
indices and metabolic risk factors, the adjusted mean difference in log-transformed ISSI-2 was
0.610 (0.537 to 0.683) (Table 5).

Fig 3. The relationship between the serum amylase levels and AUCins/glu. AUCins/glu: ratio of total area-under-the-insulin-
curve to area-under-the-glucose-curve.

doi:10.1371/journal.pone.0162204.g003
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Discussion
In the present study, we investigated the association of the serum amylase levels with insulin
secretion, insulin sensitivity and integrated islet β cell function derived from the OGTT in a
large Chinese population with early type 2 diabetes. Insulin secretion, insulin sensitivity and
integrated islet β cell function were measured by the ISIMatsuda, AUCins/glu and ISSI-2, respec-
tively. The strengths of our study showed that the serum amylase levels in a normal range were
positively associated with ISSI-2, ISIMatsuda and AUCins/glu, but the association of the serum
amylase levels with ISSI-2 was closer than the association with ISIMatsuda and AUCins/glu. The
relationship between the serum amylase levels and ISSI-2 remained significant, even after
adjusting for multiple metabolic risks in the multivariate regression analysis.

Fig 4. The relationship between the serum amylase levels and ISSI-2. ISSI-2: Insulin Secretion-Sensitivity Index-2.

doi:10.1371/journal.pone.0162204.g004

Table 4. Multiple linear regression analysis with the serum amylase levels in the participants as the dependent variables.

Variables B SE β t partial R2(%) p

logISSI-2 8.11 0.38 0.416 21.72 16.5 <0.001

eGFR –0.067 0.008 –0.16 –8.40 2.7 <0.001

BMI –0.48 0.074 –0.12 –6.49 1.7 <0.001

Female –3.90 0.58 –0.13 –6.73 1.4 <0.001

Smoking –2.89 0.66 –0.083 –4.31 0.5 <0.001

B, Regression coefficient; SE, Standard error; β, Standardized coefficient

doi:10.1371/journal.pone.0162204.t004
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The association of the serum amylase levels with insulin sensitivity and
insulin secretion
Previous studies in animals had provided data indicating there was an insulin-pancreatic acinar
axis that played a major role in pancreatic function [18–20]. These studies showed that low
serum insulin levels were accompanied by a reduction in the serum amylase levels, and this
reduction was reversed after insulin injections in the diabetic rats. Moreover, a recent clinical
study supported the close relationship between the endocrine and exocrine pancreas. A com-
munity-based study by Nakajima et al. [21] showed that low serum amylase levels may reflect
an increased risk of metabolic abnormalities and abnormal glucose metabolism, which were
associated with insulin resistance and impaired insulin secretion. In a cross-sectional study of
asymptomatic middle-aged adults by Muneyuki et al. [10], low serum amylase levels were asso-
ciated with decreased basal insulin levels and insulin secretion. The results of our study showed
that the serum amylase levels were positively associated with insulin secretion, as measured by
AUCins/glu, and insulin sensitivity, as measured by ISIMatsuda, in type 2 diabetic patients, even
after adjusting for anthropometric indices and metabolic risk factors. Our study of a large pop-
ulation with type 2 diabetes was consistent with previous studies in asymptomatic subjects [10,
21]. Therefore, the serum amylase levels were positively associated with insulin secretion and
insulin sensitivity in both asymptomatic subjects and type 2 diabetic patients.

The association of the serum amylase levels with integrated islet β cell
function
The serum amylase levels may also be a potential biomarker that is closely connected to overall
islet β cell function. The observed association of the serum amylase levels in the normal range
with ISSI-2 was closer than the association with ISIMatsuda and AUCins/glu in our study. As rec-
ommended by Retnakaran et al. [13,14], ISSI-2 was shown to be a potential OGTT-based mea-
sure of β cell function. ISSI-2 was the major independent contributor to the serum amylase
levels after the multivariate linear stepwise regression analysis. Meanwhile, the mean differ-
ences in ISSI-2 were significant when comparing groups with different quartiles of amylase lev-
els, even after adjusting for other metabolic risk factors. The study of Muneyuki et al. [10]
showed that low serum amylase levels were associated with the plasma insulin levels at 0 and
60 min during the OGTT, indicating that low serum amylase levels may be associated with low
insulin action in the basal status and for up to 60 min after glucose loading. The strength of our
study showed that the serum amylase levels were closely associated with ISSI-2, which con-
tained whole-body insulin sensitivity and total insulin secretion at all times (120 min) after glu-
cose loading. Further study is needed to investigate the role of the improvement of ISSI-2 in

Table 5. Mean differences in logISSI-2 between the quartiles of the serum amylase levels [B (95%CI)].

Model Q1–reference Q2 Q3 Q4 p value for the trend

0 0 0.320(0.248, 0.391) 0.573(0.499, 0.647) 0.902(0.823, 0.982) <0.001

1 0 0.316(0.246, 0.387) 0.575(0.503, 0.648) 0.942(0.861, 1.022) <0.001

2 0 0.326(0.255, 0.396) 0.578(0.505, 0.650) 0.946(0.866, 1.026) <0.001

3 0 0.225(0.163, 0.288) 0.389(0.323, 0.454) 0.610(0.537, 0.683) <0.001

Model 0: unadjusted model.

Model 1: adjusted for age, sex, BMI, SBP and DBP.

Model 2: additionally adjusted for hypertension, moderate drinking, and smoking.

Model 3: additionally adjusted for time since the diagnosis of diabetes, HbA1c, UA, eGFR, TG, TC, HDLC and LDLC.

doi:10.1371/journal.pone.0162204.t005
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the changes in the serum amylase levels and determine whether there is a causal relationship
between the serum amylase levels and ISSI-2.

The relationship between the amylase levels and other metabolic risk
factors
Serum amylase levels may relate to other metabolic risk factors that are associated with
impaired insulin secretion and insulin action. The results from previous studies suggested that
low serum amylase levels were significantly associated with BMI, blood pressure, γ-glutamyl-
transferase levels, TG levels, fasting plasma glucose levels, serum adiponectin levels, non-alco-
holic fatty liver disease and metabolic syndrome [22–24]. HbA1c, which determines the overall
glycemic levels by integrating both fasting and postprandial hyperglycemia [25], was not
reported to associate with the serum amylase levels [10]. However, in the present study, HbA1c
was negatively associated with the serum amylase levels (r = –0.267) (Table 3). After the multi-
variate regression analysis, HbA1c was not an independent contributor to the serum amylase
levels, possibly because HbA1c was closely related to ISSI-2 (r = –0.642). Hyperglycemia may
exert a toxic effect on acinar amylase secretion and cause an apparent diminution of the exo-
crine reserves, suggesting an association between low circulating amylase levels and poor glyce-
mic control [26]. Our study also indicated that sex, BMI, eGFR, and smoking were also
independent contributors to the serum amylase levels. Smoking was risk for type 2 diabetes
[27] and may latently correlate with the serum amylase levels. These findings enhanced the
strengths of this study by showing that the serum amylase levels were closely associated with
endocrine and metabolic diseases.

The possible mechanisms by which insulin regulates amylase
production
The basal mechanisms by which insulin regulates amylase production by pancreatic acinar
cells had been addressed in previous studies [28–30]. Insulin acts by binding to its own receptor
on acinar cells, leading to the stimulation and potentiation of amylase secretion through multi-
ple signaling pathways, including regulation of amylase gene transcription and stimulation of
the synthesis of the corresponding protein in acinar cells [31]. Patel et al. [30] showed that
insulin could stimulate amylase release from acinar cells in healthy and diabetic rats, but with a
much-reduced effect in diabetic rats. Moreover, studies in patients with diabetes mellitus
showed pancreatic exocrine tissue fibrosis and a reduced response to hormonal stimulation
[31,32]. Our present study showed that the low serum amylase levels were associated with
impaired insulin secretion and insulin action in type 2 diabetes. The pathophysiological mech-
anisms of type 2 diabetes were a deficiency in both islet β cell secretion and impaired insulin
action [33], which in turn may be responsible for decreasing basal serum amylase secretion.

Limitations
It should be noted that our study has some limitations. First, it is a cross-sectional observa-
tional study that cannot definitively comment on the causality of the associations between the
serum amylase levels and islet β cell function. Prospective longitudinal studies are needed to
evaluate the cause-effect relationship. Second, the cross-sectional study was performed in a
Chinese population, and our findings may lack generalizability to other populations. Third, the
circulating insulin levels during the OGTT may be affected by other factors in addition to β cell
function, such as incretin hormones and hepatic extraction. These two factors may limit the
degree to which the insulin levels during the OGTT can reflect β cell function. Fourth, serum
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amylase can be classified as a pancreatic-type and salivary-type amylase, and our study does
not distinguish between the two types for clinical relevance analysis. However, to our knowl-
edge, few studies distinguish between the two types of amylase for further clinical analysis.

Conclusions
In summary, the serum amylase levels in the normal range are positively associated with inte-
grated islet β cell function in patients with early type 2 diabetes, as assessed by ISSI-2, even
after adjusting for anthropometric indices and other metabolic risk factors. Serum amylase lev-
els may be a potential biomarker that is closely connected to overall islet β cell function.
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