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Purpose: Low serum amylase activity and copy number (CN) variation (CNV) of the 
salivary amylase gene (AMY1) are reportedly associated with obesity and abnormal glucose 
metabolism; however, this association remains controversial. We aimed to clarify the rela-
tionship between serum amylase activity and the CNV of AMY1/2A/2B with the occurrence 
of metabolic syndrome (MetS) in Chinese adults.
Patients and Methods: Anthropometry, metabolic risk factors, and serum amylase activity 
were assessed in 560 subjects (260 MetS patients; 300 healthy controls). AMY1/2A/2B CNs 
were evaluated using the highly sensitive droplet digital PCR.
Results: The serum total, pancreatic, and salivary amylase activity, but not the AMY1/2A/2B 
CNs, was significantly lower in MetS patients than that in the control subjects. Patients <45 
y had a lower AMY1 CN, compared to that in healthy controls. Low serum amylase activity 
was significantly associated with high MetS prevalence (p < 0.001). In the receiver operating 
characteristic curve analysis, serum amylase activity was a significant diagnostic indicator 
for MetS. The diagnostic value of total amylase was second only to that of γ-glutamyl 
transpeptidase; it was higher than that of alanine aminotransferase and uric acid.
Conclusion: Low serum amylase activity was significantly associated with increased risk of 
MetS in Chinese adults. Therefore, amylase could be a potential biomarker for predicting 
MetS.
Keywords: amylase, copy number variation, metabolic disorders, biomarker, Chinese 
population

Introduction
Metabolic syndrome (MetS) refers to the disorders in the metabolism of proteins, 
fats, carbohydrates, and other substances. It is a group of complex disorders, 
including obesity, hyperglycemia, hypertension, dyslipidemia, high blood viscosity, 
high uric acid, high incidence of fatty liver, and hyperinsulinemia.1 It is the 
pathological basis of cardiovascular diseases, cerebrovascular diseases, and dia-
betes. MetS is one of the critical global health and economic challenges.2–10

Human amylases are encoded by multiple genes; they are broadly divided into 
salivary (AMY1A, AMY1B, and AMY1C) and pancreatic (AMY2A and AMY2B) 
amylase genes.11,12 The copy number (CN) variation (CNV) is widespread in 
human amylase genes;11,13 the CNs of AMY1, AMY2A, and AMY2B range from 1 
−27,14 0−8, and 2−6,15,16 respectively. Most haplotypes contain odd numbers of 
AMY1 repeat units; the even number repeats of AMY1 are associated with 
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rearrangements, resulting in CNVs in AMY2A/2B.17,18 The 
high sequence identity between AMY1 and AMY2 makes 
resolving these CNVs extremely difficult, and the relation-
ship between AMY2 and AMY1 variation has not been 
clearly characterized.17

MetS has a common pathological basis; it is commonly 
attributed to insulin resistance caused by obesity, espe-
cially central obesity. The relationship between the CNV 
of amylase genes and body mass index (BMI), obesity, 
diabetes, and MetS have been investigated. There is 
a positive association between the CNVs of AMY1/ 
AMY2A and their corresponding serum enzyme 
activities.19 However, there is a strong negative correlation 
between the CNV of AMY1 and BMI, obesity,20–24 and 
insulin resistance.25,26 Individuals with higher amylase 
levels have faster and more substantial postprandial 
blood glucose responses following starch ingestion, and 
significantly higher postprandial insulin concentrations 
than those with low amylase levels.26 This may be related 
to cephalic phase insulin release (CPIR), which is an 
anticipatory response to eating26,27 and occurs within the 
first few minutes of food ingestion.28,29 CPIR is essential 
for maintaining normal glucose tolerance29,30 and it helps 
prevent dysglycemia and dyslipidemia.31 Obesity, hyperli-
pidemia, and diabetes are influenced by genetic and envir-
onmental factors; obesity is a major risk factor for diabetes 
and hyperlipidemia.32,33 The aforementioned metabolic 
disorders are mutually causal; they have the same risk 
factors, biochemical abnormalities, and clinical 
complications;33 therefore, it is necessary to consider and 
analyze them comprehensively.

In contrast, the CNV of AMY1 plays a limited role in 
modulating salivary amylase expression.18 Other studies 
using methods such as quantitative PCR and droplet digital 
PCR (ddPCR) showed no association between the CNV of 
amylase genes and BMI.11,14,16,19,34,35 The CNVs of AMY1 
are not associated with glucose metabolism in overweight or 
obese adults.36 There is no association between salivary 
amylase activity or the CNV of AMY1 and postprandial 
glycemic responses following the ingestion of a starch-rich 
meal in Asian participants.37 However, the CNV of AMY1 
correlates with glucose uptake and visceral fat volume, but 
not with insulin resistance.38 Therefore, the relationship 
between amylase activity or the CNVs of amylase genes 
and various metabolic abnormalities remains controversial.

Considering the global health challenges owing to non- 
communicable diseases such as cardiovascular diseases, 
cerebrovascular diseases, and diabetes caused by MetS, it 

is necessary to explore the relationship between MetS and 
amylase. The potential of the CNVs of amylase genes and 
the serum enzyme activity as biomarkers for MetS in the 
Chinese population required further assessment. In cases 
where the pathogenesis is unclear, a more comprehensive 
understanding of the causes and the underlying pathology 
of MetS is necessary, especially in high-risk groups, where 
the prognosis and treatment could be improved. This study 
further clarified the relationship between amylase and 
MetS in Chinese adults.

Materials and Methods
Study Sample Set
The study participants underwent thorough medical check-
ups (from September 2018 to March 2021) at the 900th 
Hospital of the Joint Logistics Support Force in Fuzhou, 
China. The study included 560 participants (260 MetS and 
300 healthy controls), who were 19–87 y old. The MetS 
diagnosis was based on the diagnostic criteria formulated 
by Chinese Diabetes Society (CDS) in 2004;39 it was based 
on the confirmation of three or more of the following four 
components: (a) overweight or obesity: BMI ≥ 25.0 kg/m2; 
(b) hyperglycemia: fasting plasma glucose (FPG) ≥ 6.1 
mmol/L and/or 2h PG ≥ 7.8 mmol/L and/or were diagnosed 
with diabetes and treated; (c) hypertension: systolic blood 
pressure (SBP)/diastolic blood pressure (DBP) ≥ 140/90 
mmHg and/or have been diagnosed with hypertension and 
treated; (d) abnormal blood lipid profile:triglycerides (TG) > 
1.7 mmol/L and/or high density lipoprotein cholesterol 
(HDL-C) < 0.9 mmol/L in males or <1.0 mmol/L in females. 
Participants with COVID-19 infection, kidney dysfunction, 
malignant tumors, salivary gland and pancreatic disease, 
pneumonia, craniocerebral trauma, and dehydration were 
excluded. This study was performed in accordance with the 
Declaration of Helsinki, strictly followed all ethical guide-
lines and protected personal information of the participants; 
informed consent was obtained from all participants. The 
protocol was approved by the Academic Ethics Committee 
of the 900th Hospital of the Joint Logistics Support Force 
(acceptance number: SC-2018-019).

Anthropometric and Laboratory 
Measurements
Anthropometric measurements were performed according 
to the WHO recommendations. BMI was calculated as 
weight/height (kg/m2). Blood tests were conducted follow-
ing an overnight fast, using an auto Roche/Hitachi cobas 
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c702 (Hoffman–La Roche, Basel, Switzerland). Serum 
total and pancreatic amylase (U/L), FPG (mmol/L), total 
cholesterol (TC; mmol/L), HDL-C; (mmol/L), low-density 
lipoprotein cholesterol (LDL-C; mmol/L), TG (mmol/L), 
uric acid (μmol/L), γ-glutamyl transpeptidase (GGT; U/L), 
and alanine aminotransferase (ALT, U/L) levels were mea-
sured. Serum salivary amylase activity was obtained by 
subtracting the pancreatic amylase activity from the total 
amylase activity.19 The mean intra- and inter-assay CVs 
were 1.8% and 2.4%, respectively.

DNA Extraction and Estimation of the 
CNs of AMY1/2A/2B Using ddPCR
DNA was purified from whole blood using the Gentra 
Puregene Blood Kit (QIAGEN Sciences, Germantown, 
MD, USA). The DNA concentration was measured using 
an ultramicro-spectrophotometer SMA4000 (Merinton 
Instrument, Inc., Beijing, China). DNA purity was 
assessed based on the 260:280 nm absorbance ratio. 
Unfortunately, the whole blood samples were not available 
for all the subjects; therefore, DNA was extracted only 
from 311 independent individuals (122 patients and 189 
healthy subjects). CN was detected using ddPCR, employ-
ing the QX200 system (Bio-Rad Laboratories, Hercules, 
CA, USA), according to the manufacturer’s 
instructions.19,22,24 The primers and probes used were 
specific to the target genes AMY1, AMY2A, and AMY2B 
and the reference gene TP53 (Supplementary Table 1). 
Briefly, each duplex reaction of 20 μL comprised 10 μL 
of ddPCR Supermix for probes (no UTP) (Bio-Rad 
Laboratories), 1.8 μL of each primer (10 μM), and a 0.5 
μL probe (10 μM); the reaction mixture with a final con-
centration of 10 ng/μL DNA was added to a droplet gen-
eration cartridge. Droplet generation oil (70 μL) was 
added, and the gasket was covered and placed in the 
QX200 Droplet Generator to generate droplets. PCR 
amplification was performed in T100 (Bio-Rad 
Laboratories) under the amplification conditions of pre- 
denaturation at 95 °C for 10 min, 40 cycles of 94 °C for 
30 s and 60 °C for 60 s, and 98 °C for 10 min.24 The 
amplification reactions were stored at 4 °C until the dro-
plets were analyzed using a QX200 Droplet Reader. The 
samples were analyzed in triplicate. CN estimation was 
performed using the calibrator DNA sample NA10851 
(Coriell Cell Repositories, Camden, NJ, USA), which has 
six copies of AMY1 and two copies of AMY2.11

Randomization of Experimental 
Operation Process
Throughout the study, all samples (cases and controls) 
received the same work processes; they were randomized 
in all laboratory processes to avoid systematic bias, differ-
ence error, and batch effect.11

Statistical Analyses
Statistical analyses were performed using SPSS Statistics 
for Windows, version 22.0 (IBM Corp., Armonk, NY, 
USA). The data were expressed as the mean ± standard 
deviation (SD) or median (range). The clinical variables 
expressed as mean ± SD were compared using a t-test to 
evaluate the differences between the cases and controls. 
Differences in sex were determined using the chi-squared 
test, and that in TG levels were determined using the 
Mann–Whitney U-test. Pearson’s linear correlation analy-
sis was used to examine the correlation between serum 
amylase activity, CN of amylase genes, and clinical vari-
ables. Logistic regression was used to analyze the associa-
tion between low amylase activity, CN of amylase genes, 
and MetS. The logistic regression analyses were adjusted 
for age, sex, and BMI in model 2, which did not include 
the main syndrome components, such as blood pressure, 
lipids, and fasting glucose, to avoid over- or underestimat-
ing the associations, as described previously.40,41 Receiver 
operating characteristic (ROC) curve analyses were used 
to evaluate the diagnostic and cut-off values of amylase for 
MetS. The CN estimate data of the amylase genes were 
rounded to the nearest integer. A two-tailed p-value < 0.05 
was considered significant.

Results
Characteristics of the Study Population
The clinical characteristics of the subjects are presented in 
Table 1. All clinical characteristics of the healthy controls 
were within normal ranges. The diagnosis of MetS in 
patients was based on the CDS criteria. Excluding sex 
and the CN of AMY1/2A/2B, all other clinical variables 
were significantly different between the patient and control 
groups (p < 0.001). The SBP, DBP, BMI, FPG, TG, TC, 
and LDL-C levels in the healthy group were lower than 
that in the patient group. In contrast, the HDL-C, total 
(T-AMY), pancreatic (P-AMY), and salivary amylase 
(S-AMY) activity were higher in the healthy group, com-
pared to that in the patient group.
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The correlation between amylase activity and CNs of 
the AMY1/2A/2B genes and the different parameters are 
shown in Table 2. Excluding age, all other correlations 
between the amylase activity and the other parameters 
were statistically significant. However, only the CN of 
AMY1 correlated significantly with BMI and TG (r = 
−0.131 and −0.120, respectively; p < 0.05). The activity 
of T-AMY, P-AMY, and S-AMY were negatively 

correlated with BMI (r =−0.234, −0.170 and −0.200, 
respectively; p < 0.01), FPG (r = −0.375, −0.306 and 
−0.310, respectively; p < 0.01), TC (r = −0.318, −0.279 
and −0.248, respectively; p < 0.01), and LDL-C (r = 
−0.311, −0.257 and −0.252, respectively; p < 0.01) levels. 
However, the HDL-C level was positively correlated with 
the activity of T-AMY, P-AMY, and S-AMY (r =0.287, 
0.139 and 0.289, respectively; p < 0.01).

Table 1 Clinical Characteristics of the Study Participants

Factors GROUP χ2/t p

Healthy Patient

N=300 N=260

Sex (M/F) 207/93 164/96 2.185 0.139*

Age (y) 37.72±16.01 52.35±12.39 −11.954 <0.001
BMI (kg/m2) 22.81±2.62 25.61±4.15 −6.962 <0.001

SBP (mmHg) 118.65±13.88 136.31±17.52 −10.792 <0.001

DBP (mmHg) 70.78±10.13 82.96±12.40 −10.429 <0.001
FPG (mmol/L) 4.81±0.44 10.21±3.71 −23.307 <0.001

TG (mmol/L) 0.84(0.66~1.13) 2.21(1.56~3.29) −17.682 <0.001#

TC (mmol/L) 3.94±0.53 5.59±1.22 −20.321 <0.001
HDL-C (mmol/L) 1.46±0.25 1.13±0.37 12.089 <0.001

LDL-C (mmol/L) 2.36±0.45 3.67±1.03 −18.949 <0.001

T-AMY (U/L) 71.30±20.78 52.98±18.06 11.166 <0.001
P-AMY (U/L) 30.34±8.25 24.32±9.05 8.236 <0.001

S-AMY (U/L) 40.87±17.60 28.62±14.05 9.155 <0.001

N=189 N=122

AMY1 CN (copies) 7.11±2.19 6.72±2.21 1.503 0.133
AMY2A CN (copies) 2.10±0.70 2.09±0.62 0.133 0.894

AMY2B CN (copies) 1.92±0.49 1.91±0.55 0.181 0.857

Notes: Data are expressed as mean ± SD. TG data expressed as median and range. p-values were determined using t-test, *using Chi-squared test, #using Mann–Whitney U-test. 
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TG, triglyceride; TC, total cholesterol; HDL- 
C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; T-AMY, total amylase; P-AMY, pancreatic amylase; S-AMY, salivary amylase; AMY1, salivary 
amylase gene; AMY2A/ AMY2B, pancreatic amylase gene; CN, copy number.

Table 2 Correlation Coefficients Between the Study Parameters

T-AMY 
(U/L)

P-AMY 
(U/L)

S-AMY 
(U/L)

AMY1 CN 
(Copies)

AMY2A CN 
(Copies)

AMY2B CN 
(Copies)

Age (y) −0.070 −0.052 −0.060 −0.002 −0.016 −0.008

BMI (kg/m2) −0.234** −0.170** −0.200** −0.131* −0.058 −0.014
SBP (mmHg) −0.219** −0.183** −0.170** −0.090 0.006 0.033

DBP (mmHg) −0.220** −0.160** −0.186** −0.121 −0.027 −0.012

FPG (mmol/L) −0.375** −0.306** −0.310** −0.037 −0.042 −0.003
TG (mmol/L) −0.214** −0.178** −0.172** −0.120* −0.046 −0.021

TC (mmol/L) −0.318** −0.279** −0.248** −0.067 −0.101 −0.045

HDL-C (mmol/L) 0.287** 0.139** 0.289** 0.050 −0.015 −0.037
LDL-C (mmol/L) −0.311** −0.257** −0.252** −0.027 −0.100 −0.060

Notes: *p<0.05, **p<0.01. 
Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TG, triglyceride; TC, total cholesterol; HDL- 
C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; T-AMY, total amylase; P-AMY, pancreatic amylase; S-AMY, salivary amylase; AMY1, salivary 
amylase gene; AMY2A/ AMY2B, pancreatic amylase gene; CN, copy number.
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Correlation Between Serum T-, S-, and 
P-AMY Activity and MetS
The serum T-AMY, P-AMY, and S-AMY activity were sig-
nificantly lower in MetS patients, compared to that in the 
control subjects (52.98 ± 18.06 vs 71.30 ± 20.78, 24.32 ± 
9.05 vs 30.34 ± 8.25, and 28.62 ± 14.05 vs 40.87 ± 17.60, 
respectively; p < 0.001). In the ROC curve analysis, the best 
cut-off values of the serum T-AMY, S-AMY, and P-AMY 
activity for identifying the prevalence of MetS were 58 U/L, 
32 U/L, and 23 U/L, respectively, with a sensitivity of 71.33%, 
65.10%, and 81.33%, respectively; the specificities were 
68.85%, 71.92%, and 54.62%, respectively (Table 3). The 
areas under the ROC curves (AUC) for the T-, S-, and 
P-AMY activity were 0.766 (95% CI 0.726–0.805; p < 
0.001), 0.725 (95% CI 0.683–0.767; p < 0.001), and 0.724 
(95% CI 0.681–0.767; p < 0.001), respectively. The ROC 
curves of other biomarkers used for the diagnosis of MetS 
are shown in Figure 1. The AUCs of all the biomarkers, except 
for the general diagnostic value of uric acid (AUC 0.594, 95% 
CI 0.546–0.642; p < 0.001), were more than 0.7, indicating 
good diagnostic value for MetS. The diagnostic value of 
T-AMY for MetS was higher than that of uric acid and ALT 
(AUC 0.736, 95% CI 0.694–0.778; p < 0.001), but lower than 
that of GGT (AUC 0.843, 95% CI 0.810–0.876; p < 0.001). In 
the logistic regression analysis (Table 4), individuals with 
serum T-, P-, and S-AMY activity lower than the cut-off values 
(≤58, 23, and 32 U/L, respectively) were at a significantly 
higher risk for MetS than those with serum amylase activity 
higher than the cut-off value. (T-AMY: OR 5.499; 95% CI 
3.826–7.903, p < 0.001; P-AMY: OR 2.773, 95% CI 1.890– 
4.068, p < 0.001; S-AMY: OR 3.991, 95% CI 2.753–5.783, p < 
0.001; Model 1). Even after adjusting for age, sex, and BMI, 
low serum amylase activity were significantly associated with 
an increased prevalence of MetS (T-AMY: OR 6.642; 95% CI 

4.350–10.143, p < 0.001; P-AMY: OR 3.598, 95% CI 2.303– 
5.622, p < 0.001; S-AMY: OR 4.231, 95% CI 2.756–6.494, p < 
0.001; Model 2).

Association of the CNs of AMY1/AMY2A/ 
AMY2B with Serum Enzyme Activity and 
MetS
We estimated the CNV of AMY1/2A/2B genes for 311 inde-
pendent individuals (122 patients and 189 healthy subjects). 
The AMY1 CN ranged from 1−15, and the CN ranges of 
AMY2A and AMY2B were 1–5 and 1–3, respectively 
(Supplementary Figure 1). The CNs of AMY1/2A/2B were 
positively correlated with their corresponding serum amylase 

Table 3 Receiver Operating Characteristic (ROC) Curve Analyses to Compare the Diagnostic Value of Amylase and Other 
Biomarkers for MetS

Factors CUT OFF AUC p value 95% CI OF AUC Sensitivity (%) Specificity (%)

Lower Upper

T-AMY (U/L) ≤58 0.766 <0.001 0.726 0.805 71.33 68.85
P-AMY (U/L) ≤23 0.724 <0.001 0.681 0.767 81.33 54.62

S-AMY (U/L) ≤32 0.725 <0.001 0.683 0.767 65.10 71.92

ALT (U/L) >20.5 0.736 <0.001 0.694 0.778 77.67 61.24
Uric acid (μmol/L) >410.7 0.594 <0.001 0.546 0.642 94.67 23.35

GGT (U/L) >22.1 0.843 <0.001 0.810 0.876 79.67 75.97

Abbreviations: T-AMY, total amylase; P-AMY, pancreatic amylase; S-AMY, salivary amylase; ALT, alanine aminotransferase; GGT, γ-glutamyl transpeptidase; AUC, area under 
the ROC curve; CI, confident interval.

Figure 1 Receiver operating characteristic (ROC) curve analyses were used to 
evaluate the diagnostic value of amylase for MetS. ROC curve analyses the diag-
nostic value of serum total amylase, serum salivary amylase, and pancreatic amylase 
(T-, S-, P-AMY) and other markers for MetS.
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activity (r = 0.360, 0.232, 0.216, respectively; p < 0.001) 
(Supplementary Figure 2). However, the CNs of AMY1/2A/ 
2B were not different between the patients and the healthy 
controls (Table 1). Although the CN of AMY1 was lower in the 
MetS patient group, the difference was not statistically signifi-
cant (7.11 ± 2.19 vs 6.72 ± 2.21; p > 0.05). Similar non- 
significant results were observed in the logistic regression 
analysis for the association between the CNs of AMY1/2A/2B 
and the risk of MetS (p > 0.05) (Supplementary Table 2).

Relationship Between the CNs of AMY1/ 
AMY2A/AMY2B and MetS in Different Age 
Groups
Subjects were divided into two groups according to their 
age: <45 y and ≥45 y. In the <45-y group, only the CN of 
AMY1 was significantly lower in MetS patients, compared 
to that in the healthy controls (p = 0.029); however, the 

CNs of AMY2A/AMY2B were not (p > 0.05) (Figure 2 and 
Supplementary Table 3). In the ≥45-y group, there was no 
significant difference in the CNs of the amylase genes 
between the patients and healthy controls; this was true 
even for the CN of AMY1 (p > 0.05).

Discussion
MetS is a disorder of energy utilization and storage. It is 
characterized by central obesity, dyslipidemia, elevated 
blood pressure, and high glucose levels. There are several 
additional contributing factors such as decreased physical 
activity, genetic predisposition, chronic inflammation, 
level of free fatty acids, and mitochondrial dysfunction.

In this study, the correlation between the serum T-, S-, 
and P-AMY activity, the CNs of AMY1, AMY2A, and 
AMY2B, and other metabolic risk factors were analyzed 
(Table 2). The amylase activity and AMY1 CN were nega-
tively correlated with BMI, which corroborates the results 
from earlier studies.19,22 A lack of CPIR leads to high 
postprandial glucose levels and impaired glucose toler-
ance, which results in insulin resistance.26,42 Individuals 
with low salivary amylase group do not exhibit CPIR in 
response to starch intake; thus, it had a high glycemic 
response.26 In addition, low serum amylase activity is 
associated with low insulin secretion and serum levels, 
along with high insulin resistance.43 This may explain 
the relationship between low amylase activity and hyper-
glycemia in this study. Therefore, in patients with low 
amylase activity, may improve postprandial insulin release 
through targeted therapy. Furthermore, serum amylase 
activity were positively correlated with HDL-C levels 
and negatively correlated with TG, TC, and LDL-C levels; 
whereas the CN of AMY1 was negatively correlated with 
TG levels. Low HDL-C is associated with insulin 

Table 4 Logistic Regression Analysis of MetS and Low Total, 
Pancreatic, and Salivary Amylase Activity

OR 95% CI for OR p value

Lower Upper

P-AMY 2.773 1.890 4.068 <0.001
MODEL 1 S-AMY 3.991 2.753 5.783 <0.001

T-AMY 5.499 3.826 7.903 <0.001

P-AMY 3.598 2.303 5.622 <0.001

MODEL 2 S-AMY 4.231 2.756 6.494 <0.001
T-AMY 6.642 4.350 10.143 <0.001

Notes: Low serum T-, P-, and S-AMY activities were lower than the cut-off values 
(≤58, 23, and 32 U/L, respectively). Reference: serum T-, P-, and S-AMY activities 
higher than the cut-off values (>58, 23, and 32 U/L, respectively). Model 1: unad-
justed. Model 2: adjusted for sex, age, and BMI. 
Abbreviations: OR, odds ratio; CI, confidence interval; T-AMY, total amylase; 
P-AMY, pancreatic amylase; S-AMY, salivary amylase; BMI, body mass index.

Figure 2 Mean AMY1/2A/2B gene copy number (CN) in different age groups. (A) The mean AMY1 gene CNs were compared between patients and healthy controls in 
different age groups (age <45 y and ≥45 y); (B) CNs of genes AMY2A and (C) AMY2B were compared between patients and healthy controls in different age groups (age <45 
y and ≥45 y). The Asterisk indicates a significant difference (p < 0.05).
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resistance and high risk of MetS.44 Compared to the indi-
viduals with high amylase activity, those with low amylase 
activity had lower levels of long- and medium-chain fatty 
acids and higher levels of dicarboxylic fatty acids and 
2-hydroxybutyrate,45 which is an established biomarker 
of glucose malabsorption and insulin resistance.46 Insulin 
resistance could increase the synthesis and secretion of 
very-low-density lipoprotein (VLDL) and TG in the 
liver, and reduce clearance, resulting in hyperlipidemia. 
Amylase could have beneficial metabolic effects in obe-
sity, diabetes, and hyperlipidemia; it could provide a new 
direction for the prevention and treatment of these meta-
bolic abnormalities (Supplementary Figure 3).

There was a positive association between the CNs of 
AMY1/AMY2A/AMY2B and their corresponding serum 
amylase activity. The serum T-, S-, and P-AMY activities 
were significantly lower in the MetS group than that in the 
healthy control group; this was not observed for the CN of 
amylase genes. As indicated by Carpenter,18 the CN of 
AMY1 does not explain most of the observed variations in 
the expression and activity between individuals. This 
could be because the serum amylase activity is dependent 
not only on the CNV of the genes, but also on the epige-
netic background, the diet of the individual, and environ-
mental factors, including exercise, stress, and circadian 
rhythms.47,48 In addition, there is considerable heteroge-
neity in the CNV of the amylase gene in people from 
different locations and from specific populations, varying 
with the racial and genetic backgrounds.47,49

The odds ratios of MetS were examined using logistic 
regression analyses. Low serum amylase activity was sig-
nificantly associated with the prevalence of MetS in 
Chinese adults. Both the S- and P-AMY activity influenced 
the decrease in the serum T-AMY activity. The low T-, P-, 
and S-AMY activity were correlated with an increased risk 
of MetS; however, the correlation with the serum T-AMY 
activity is more significant and has comprehensive effects 
than that of P- and S-AMY activity. When the serum 
T-AMY activity was lower than the best cut-off value of 
58 U/L, the risk of MetS increased six-fold. This could be 
attributed to the exocrine-endocrine relationship in the 
pancreas.50 Insulin resistance and/or diminished insulin 
secretion resulting in insufficient insulin function is 
a common etiology in obesity, diabetes, and MetS.51 In 
addition, insulin plays an important role in the production 
of pancreatic amylase;52 patients with very low serum 
insulin levels have reduced serum amylase activity, and 
insulin resistance prevents the enhancement of amylase 

synthesis by insulin, resulting in lower amylase 
activity.53 The amylase-insulin axis affects each other’s 
secretion; however, the causal relationships need to be 
elucidated. In addition to the MetS diagnostic criteria, 
there are other biomarkers, such as GGT, ALT, and uric 
acid.41 In the ROC curve analysis, the diagnostic value of 
amylase and other biomarkers for MetS were compared, 
and the serum T-AMY activity was a significant diagnostic 
indicator for MetS. Recent research shows that salivary 
amylase increases significantly after dietary treatment 
(very low-calorie ketogenic diet), which has a positive 
effect on salivary amylase.54 Therefore, according to the 
serum T-AMY activity, personalized carbohydrate diets 
could help prevent MetS.

The CN of AMY1 was significantly lower in the <45 
y group, but not in the ≥45 y group, compared to that in 
the healthy control group. However, there were no differ-
ences in the CNs of AMY2A and AMY2B between both 
groups, which corroborate earlier results;22 perhaps 
because the CNV range of AMY1 was wider than the 
other two genes. The genetic influence on amylase expres-
sion was more pronounced in the younger population than 
that in the older population, because the interaction 
between the genes and the environment varies with 
age.12,22 Genetically determined salivary and pancreatic 
amylase activities could influence the occurrence of 
MetS; however, this effect could be diluted by environ-
mental factors and the epigenetic background during the 
course of life. Furthermore, low AMY1/2A/2B CN and 
amylase activity were also present in young people of 
the healthy control group; however, the possibility of 
MetS development in this group, with increasing age or 
based on the diet, environment, or other factors, is 
unknown. We will continue to monitor these individuals 
for potential MetS development; the risk of various other 
metabolic abnormalities could increase with age in these 
individuals. Therefore, it is suggested that such individuals 
should control their starch intake, manage their body 
weight, and develop a healthy lifestyle for preventing 
MetS.

This study has its limitations. Dietary habits, environ-
mental factors, and socio-economic status may influence 
the CNs of amylase genes; however, these factors were not 
considered. The subjects’ drug use was not considered; 
this could be a potential factor influencing amylase activ-
ity. In addition, the small sample size could have influ-
enced the results. Therefore, caution should be exercised 
when interpreting the results.
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Conclusions
High serum T-, P-, and S- amylase activities, but not the CNs 
of AMY1/AMY2A/AMY2B, had potential positive benefits 
against MetS. In young individuals with low amylase activ-
ity and AMY1 CNs, the risk of various metabolic abnormal-
ities could increase; amylase activity could be a biomarker 
for predicting and monitoring the occurrence of MetS. 
Moreover, amylase may provide a new direction for the 
prevention and treatment of obesity, diabetes, and MetS.

Further studies with larger sample sizes, with more 
clinical information on hyperlipidemia and diabetes, and 
those including patients with other metabolic disorders, are 
required to validate the results from this study.
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