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Abstract

For the last decade, low serum amylase (hypoamy​lasemia) has been reported in certain common cardiometabolic conditions such as obesity, diabetes (regardless of type), and metabolic syndrome, all of which appear to have a common etiology of insufficient insulin action due to insulin resistance and/or diminished insulin secretion. Some clinical studies have shown that salivary amylase may be preferentially decreased in obese individuals, whereas others have revealed that pancreatic amylase may be preferentially decreased in diabetic subjects with insulin dependence. Despite this accumulated evidence, the clinical relevance of serum, salivary, and pancreatic amylase and the underlying mechanisms have not been fully elucidated. In recent years, copy number variations (CNVs) in the salivary amylase gene (AMY1), which range more broadly than the pancreatic amylase gene (AMY2A and AMY2B), have been shown to be well correlated with salivary and serum amylase levels. In addition, low CNV of AMY1, indicating low salivary amylase, was associated with insulin resistance, obesity, low taste perception/satiety, and postprandial hyperglycemia through impaired insulin secretion at early cephalic phase. In most populations, insulin-dependent diabetes is less prevalent (minor contribution) compared with insulin-independent diabetes, and obesity is highly prevalent compared with low body weight. Therefore, obesity as a condition that elicits cardiometabolic diseases relating to insulin resistance (major contribution) may be a common determinant for low serum amylase in a general population. In this review, the novel interpretation of low serum, salivary, and pancreas amylase is discussed in terms of major contributions of obesity, diabetes, and metabolic syndrome. 
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Core tip: Low serum amylase was believed to occur in uncommon conditions such as type 1 diabetes, advanced chronic pancreatitis, and cystic fibrosis. However, in the last decade, low serum amylase has been observed in more common conditions related with insulin resistance than was previously believed. In this review, a novel interpretation for low serum, salivary, and pancreatic amylase is discussed, particularly in terms of the cardiometabolic conditions of obesity, diabetes, and metabolic syndrome.
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INTRODUCTION

Traditionally, the level of serum amylase has been commonly measured to determine the presence of acute pancreatitis and biliary tract disease in primary clinical settings[1-3]. In contrast, most physicians seldom measure it to determine the degree of advanced chronic pancreatitis, which eventually results in secondary diabetes concomitant with weight loss, lipid diarrhea, and malnutrition[4-6]. The former condition predisposes to higher serum amylase (but not necessarily), whereas the latter condition lowers serum amylase. While some cancers, such as lung, ovarian, and colon cancer and myeloma, often produce amylase and increase serum amylase[7-9], such increased serum amylase may be exceptional in a general population. By contrast, low serum amylase has been empirically known in diabetic patients particularly with insulin-dependent diabetes (primarily type 1 diabetes), although the clinical relevance and precise underlying mechanism are not fully understood[10-15]. 

In earlier clinical studies, conflicting results were reported regarding the level of serum amylase in diabetic patients, possibly because a precise measure​ment for serum amylase had not then been established. In recent decades, however, the measurement of serum and its isoforms has been stably performed in clinical laboratories with several methods including electrophoresis, inhibitor method and antibody method[16]. Because serum amylase generally consists of salivary and pancreatic amylase at almost equal proportion, i.e., 1:1[17], abnormal levels of both or one of the two isoforms affect the level of total serum amylase. 

Low serum amylase was believed to occur in uncommon conditions such as type 1 diabetes, advanced chronic pancreatitis, and cystic fibrosis[1-3,10-15,18,19] (minor contribution) (Table 1). However, in the past decade, low serum amylase has been observed in more common conditions (major contribution) than was previously believed. In this review, a novel interpretation for low serum, salivary, and pancreatic amylase is discussed, particularly in terms of the cardiometabolic conditions of obesity, diabetes, and metabolic syndrome (MetS). 

TRADITIONAL INTERPRETATION

Specific etiologies related to low serum amylase (minor determinant for low serum amylase)

In the general population, the cause of acute pancreatitis is mainly high alcohol intake and/or high serum triglycerides, both of which injure the pancreas[1-6]. Consequently, transient and acute increases (from several to ten times beyond the upper normal level) in serum amylase concentration may occur as a result of destruction of acinar cells in the pancreas. However, repeated acute pancreatitis eventually results in exhausted acinar cells and restricted flow of enzymes from pancreas parenchyma into the circulation[4-6], in turn leading to low serum amylase due to low pancreatic amylase. Secondary diabetes also develops because of the destruction of -cells in the course of chronic pancreatitis. In addition, low serum amylase has been observed in patients with cystic fibrosis concomitant with pancreatic insufficiency[18,19].

Around 20% of patients with diabetic ketoacidosis develop hyperamylasemia[20-22]. In this author’s opinion, however, because diabetic ketoacidosis is accompanied by severely insufficient insulin action, theoretically serum amylase should be decreased in such conditions, at least before insulin therapy is initiated. 

Consistently with this, Yokoyama et al[13] and Somogyi et al[23] found that serum amylase activity was reduced at onset of the disease before treatment with insulin. The author of the current review and collaborators, have frequently observed low serum amylase in diabetic ketoacidosis before treatment with insulin in clinical settings (unpublished data). The unexpectedly high serum amylase in previous studies[20-22] may be explained by the fact that diabetic ketoacidosis involves numerous etiologies that can contribute to high serum amylase: Acute pancreatitis (mild to moderate grades)[22] including hypertriglyceridemic pancreatitis[24], renal dysfunction, and dehydration, all of which increase serum amylase. 

Meanwhile, low serum amylase has been empirically observed in clinical settings in patients with type 1 diabetes, type 2 diabetes with insulin dependence, or advanced overt pancreatitis[10-15]. The action of insulin is critical for the production of pancreatic amylase[25,26]. A common etiology in these conditions may be depleted secretion of insulin from the pancreas. However, patients with these specific conditions are minor populations compared with diabetic patients with insulin independence.

The clinical relevance of salivary amylase has been focused on diseases of the salivary glands, sympathetic nerve system, and oral health. Under physiological conditions, secretion and activation of salivary amylase, i.e., hyperamylasemia, is reportedly stimulated by psychosocial stress[27,28]. Many -amylase inhibitors, which are often extracted from plants, have also been intensively investigated in terms of carbohydrate digestion and diabetic treatment[29,30]. Unfortunately, however, few clinical studies have reported low salivary amylase. 

Dentists and investigators who work with, or are interested in, oral care have addressed the etiology of low salivary amylase[31,32]. Although insulin may also exert its action on the production of salivary amylase in the salivary glands[33,34], physicians have paid little attention to the issue. Therefore, the clinical relevance of low salivary amylase has not been elucidated, particularly in cardiometabolic conditions. 
NOVEL INTERPRETATION

Relationship with cardiometabolic conditions of obesity and obesity-related disease (major determinants for low serum amylase)

An early animal study by Schneeman et al[35] showed that pancreatic amylase activity was reduced in obese rats but remained elevated in lean rats. An early clinical study of healthy young men aged 19 to 22 years by Kondo et al[36] showed that serum pancreatic amylase and trypsin, but not lipase, were reduced in obese subjects (n = 85) compared with lean subjects (n = 75). The reduction in serum pancreatic amylase was significantly improved by a weight loss program over 6 mo, and remained improved for a further 10 mo. No such trend was observed in pancreatic trypsin. To the best of this author’s knowledge, these are the first studies to show an inverse relationship between obesity and serum pancreatic amylase. However, in the clinical study[36], the sample size was relatively small and relevant confounding factors including smoking, alcohol intake, exercise, and kidney function were not adjusted for in the analysis. Another small clinical study in children (n = 58) showed that obese boys (n = 29) presented a significantly lower salivary amylase concentration than control boys[37]. Except for these early studies[35-37], no clinical studies have investigated the relationship between serum amylase and obesity and obesity-related conditions. 

In our previous cross-sectional (n = 2425) and longitudinal (n = 571) studies during the last decade[38], low serum (total) amylase (≤ 57 IU/L) was signifi​cantly associated with MetS, diabetes (mostly type 2 diabetes), and remained significant even after adjustment for relevant confounding factors including age, sex, smoking, alcohol drinking, and regular exercise, pharmacotherapies, and kidney function assessed by estimated glomerular filtration rate (eGFR). In this study, body mass index (BMI) was the factor most associated with serum amylase[38]. Furthermore, low serum amylase was associated with non-alcoholic fatty liver disease (NAFLD), a hepatic manifestation of MetS and insulin resistance[39], in asymptomatic adults independently of relevant confounding factors[40]. The results of these epidemiological studies[38,40] were subsequently confirmed in other large Asian populations[41-43]. Furthermore, in our previous study of asymptomatic subjects not being treated for diabetes[44], a homeostasis model assessment of insulin resistance, plasma insulin levels at fasting and at 60 min in the 75 g oral glucose tolerance test were significantly associated with low serum amylase (< 60 IU/L) after adjustment for relevant confounding factors including BMI, although the sample size was small (n = 54).
These results suggest that low serum amylase is observed in not only rare conditions of insulin depletion (minor contribution) but also in common cardio​metabolic conditions such as MetS, type 2 diabetes, or NAFLD (major contribution). Obesity, as a condition associated with various cardiometabolic diseases concomitant with insulin resistance, may be a major determinant for low serum amylase in the general population (a novel interpretation). A clinical study in hospitalized patients by Curd et al[45] showed that hypoamylasemia was associated with cystic fibrosis, hypertriglyceridemia and use of the antibiotic gentamicin, besides diabetes mellitus. Although cystic fibrosis and use of gentamicin may be uncommon, hypertriglyceridemia is rather common. 

Williams et al[46] mentioned in an early review article that insulin is necessary for normal acinar function and that endogenous insulin potentiates zymogen release. However, exogenous insulin supplementation can improve low serum amylase in type 1 diabetes[13]. Schneeman et al[35] proposed in an animal study that insulin resistance may prevent the potentiating effect of insulin on amylase synthesis, leading to lower amylase levels. Early clinical studies have also shown that serum pancreatic amylase was closely related to C-peptide concentration and pancreatic -cell function[13,14]. One would therefore expect serum amylase to be reduced in obese and diabetic subjects. 

Regarding the relationship between diabetes and serum amylase, it is noteworthy that serum amylase levels are not linearly correlated with HbA1c values in the general population including healthy individuals and diabetic patients, although fasting plasma glucose was negatively and linearly correlated with serum amylase[47]. In this study, serum amylase showed an inverse U-shaped relationship with HbA1c categories (Figure 1). Unexpectedly, serum amylase level was highest in subjects with HbA1c of 5.6%-6.5%. We experienced a similar result in an entirely different Japanese population (unpublished data). These findings may be consistent with the results of an early study by Dandona et al[14], which showed no significant correlation between HbA1c and pancreatic amylase activity. The discrepancy between HbA1c and fasting plasma glucose may be owing to the presence of postprandial hyperglycemia, i.e., impaired glucose tolerance, a common finding in obese individuals[48,49], primarily related to HbA1c only. Additionally, hyperin​sulinemia induced by insulin resistance for the main​tenance of euglycemia, a common finding in early type 2 diabetes, may increase pancreatic amylase production.

After progression to overt diabetes with HbA1c over 6.5%, insulin resistance is not managed by hyperinsulinemia and insulin secretion begins to decline, resulting in a corresponding decrease in pancreatic and/or salivary amylase. Therfore, a linear relationship between HbA1c and serum amylase was observed in the data when only overt diabetic patients were studied[13,47].

Taken together, these results suggest that the relationship between serum amylase and diabetes and obesity is an exocrine-endocrine interrelationship, which in turn may contribute to the feedback system in energy homeostasis.

SALIVARY AMYLASE

While vertebrate animals express amylase in the pancreas, its expression in the salivary gland is limited to some primates and other herbivores and omnivores[50]. Carnivores (domesticated dogs and cats) do not have salivary amylase, whereas many herbivores (including goats, cows, horse, koala, rabbit, and elephant) do. Conversely, most omnivores, including humans, have considerable amounts of salivary amylase. Salivary amylase is higher in humans compared with many other animals including ape species, suggesting a dietary shift in the direction of high starch content during evolution[50,51].

Salivary amylase can affect an individual’s oral sensory properties, in turn altering the threshold of satiety and appetite. While amylase expression particularly in salivary glands may be roughly deter​mined by genetic regulation, high amylase levels can be induced by carbohydrate-rich diets passed on over generations. This hypothesis warrants further study. 
Postprandial plasma glucose concentrations after ingestion of a 50 g starch solution were significantly higher in healthy nonobese adults with low salivary amylase than in those with high salivary amylase[52]. High salivary amylase activity is associated with a rapid insulin response accompanied by a swift reduction in blood glucose levels following starch ingestion. A plausible explanation is the response of insulin secretion at the early cephalic phase.

Genetic regulation

Genetic regulation is likely to play a key role in the primary determination of salivary amylase[53,54]. In newborns the predominant amylase isozymes seen in the urine are of salivary origin and later both salivary and pancreas, which increases during development. AMY1 is expressed as early as 18 wk of gestation and salivary amylase gradually increases during development, as the total amylase activity approaches adult values.

In recent years, several studies have reported that serum and salivary amylase was significantly correlated with copy number variations (CNVs) of salivary amylase gene (AMY1). Moreover, CNV of AMY1 was inversely associated with BMI, insulin resistance, and glucose tolerance[52,55-57]. CNVs seem to be higher in humans, particularly in American Europeans and Japanese, who relied on a starch-rich diet in the remote past[58] (Figure 2). According to Falchi et al[55], CNV of AMY1 had a stronger association with BMI than polymorphisms in FTO, although conflicting results exist[59]. These findings suggest a genetic link between carbohydrate metabolism and obesity, possibly also involving gut microbiota[60].

A clinical study in Mexico suggests putative bene​fits of a high number of AMY1 copies (and related production of salivary amylase) on obesity and energy metabolism in children[61]. Furthermore, a clinical study in Finland showed that low CNV of AMY1 was associated with early-onset female obesity[62]. In this context, it is possible that individualized carbohydrate diets according to CNV of AMY1 may help prevent obesity and type 2 diabetes. 

Compared with AMY1, the relation of AMY2 with cardiometabolic conditions is equivocal. In humans, the variation of CNVs of AMY1 was wider than those of AMY2[57,59]. Furthermore, CNV of AMY1 was independent of those of AMY2, which showed no association with BMI[59]. Meanwhile, in domesticated dogs for instance, pancreatic amylase not salivary amylase likely contri​butes to total amylase[50,63]. However, even in such animals, the variation of CNV of AMY2B was estimated to explain only 14.8% of the variance in amylase activity, indicating that additional factors may explain the majority of the variation[63]. 

OTHER CONDITIONS AFFECTING AMYLASE LEVELS

Alcohol intake, smoking, exercise, stress, and other factors

Other common conditions besides obesity-related conditions have been reported (Table 1). Alcohol consum​ption may affect the serum amylase level indepen​dently of BMI[47,64,65]. This may occur via damage of pancreatic tissue, i.e., chronic pancreatitis, and reduced salivary amylase[66]. However, the underlying mechanism may be complicated because the effect of alcohol on glucose homeostasis can differ according to the quantity consumed[67], age, and lifestyle[68]. Low serum amylase was also observed in smokers compared with nonsmokers[69-71]. In contrast, high serum amylase has been observed in individuals who exercise regularly[72] and in high-performance long distance runners[73]. Because both smoking and fitness have a substantial impact on insulin action, these results may be explained from the view of insulin sensitivity[74]. Furthermore, low serum pancreatic enzyme levels predict mortality and are associated with malnutrition-inflammation[75], although the underlying mechanism remains unknown. 

A recent study by Shimizu et al[76] showed that circulating pancreatic amylase was higher in female subjects with O blood type than those with A blood type (lower pancreatic amylase in A blood type). Serum total amylase was also higher (but not statistically significant) in O blood type in both sexes. Coincidentally, we confirmed a similar finding of lower serum amylase in A blood type relative to O blood type in a general Japanese adult population (n = 1185), although no ABO blood types were associated with hyperglycemia (HbA1c ≥ 5.7% and/or pharmacotherapy for diabetes)[77]. Meanwhile, some clinical studies[78,79] have shown that people with the O blood type had a lower risk of developing type 2 diabetes compared with other blood types. Therefore, it is possible that unknown and unquantified factors including CNV of AMY1 and prevalence of Rhesus factor in the study may also contribute to the relationship among ABO blood types, serum amylase, and impaired glucose metabolism. Together with the putative lower prevalence of pan​creatic cancers in individuals with O blood type[80-82], this indicates a possible relationship between ABO blood type, which is under strict genetic regulation, and susceptibility to pancreatic disease.

Eating disorders 

Intriguingly, elevated serum amylase has been spora​dically observed in a series of eating disorders. Anorexia nervosa (AN) and bulimia nervosa (BN) are two major eating disorders with a complex relationship with abnormal physical conditions such as severe weight loss, binge eating, frequent vomiting or endocrine disorders[83,84]. Several studies have shown that serum amylase levels were significantly elevated in patients with BN[85-87]. It is likely that vomiting, rather than binge behavior, increases amylase in BN patients[87]. Frequent vomiting may also be associated with en​larged submandibular and parotid glands. It was also con​​firmed that hyperamylasemia in patients with AN or BN was caused by increased salivary-type amylase activity[85]. Consequently, these results suggest that the direct effect on elevated serum amylase may be primarily enlarged salivary glands. Conversely, it is also possible that concomitant low body weight or depleted energy storage, common findings in AN, cause the increased serum amylase. This needs to be studied further.

CAUTION IN INTERPRETING SERUM AMYLASE

Psychosocial stress contributes to elevated salivary amylase even in a healthy population[27,28], which likely leads to elevated total serum amylase. However, whether psychosocial stress has a long-term effect on serum amylase has not been confirmed in clinical studies. Investigators should pay attention to the mental and physical conditions in their patients when measuring salivary and serum amylase levels. Kidney function is also a crucial modifier that affects the clearance of circulating amylase in the blood[38,88]. Serum amylase is expected to be elevated in patients with renal dysfunction, and is a permanent pheno​menon. Marked serum amylase elevation is observed in patients with only chronic kidney disease (CKD)[89]. While renal dysfunction should be kept in mind when high amylase levels are detected, the conditions of low serum amy​lase can be hidden and thus overlooked in patients with CKD and renal dysfunction, because lower amylase can be converted to normal amylase as a result of diminished clearance. GFR, for instance by the use of inulin, is not measured in usual clinical settings, so eGFR should be at least considered as a relevant confounding factor in the analysis of serum amylase. Nevertheless, it is unknown whether hyperfiltration, which is often observed in early diabetes, lowers serum amylase. 

Some pharmacotherapies, particularly against diabetes, for instance dipeptidyl peptidase-4 inhibitors and glucagon-like peptide 1 receptor agonists, reportedly increase serum amylase. Several investi​gators[90-92] have recommended caution when starting incretin therapy to avoid pancreatitis. However, theore​tically, a mild increase in serum amylase levels within the normal range or from low to normal levels can represent a potential beneficial effect of incretin therapy on glucose homeostasis especially in individuals with appreciable weight loss. Physicians may withdraw incretin therapy in patients with a slight increase in serum amylase of 10-20 IU/mL, for example, interpreting this as a sign of pancreatitis. Increase in serum amylase, particularly from low to normal levels, may reflect improved glucose homeostasis rather than acute pancreatitis. However, it remains pivotal to accumulate further data to investigate the clinical relevance of increases in pancreatic enzymes during incretin therapy. 
For several decades, some clinical studies have revealed that -amylase inhibitors, most of which are extracted from plants (clinically unavailable), can improve postprandial hyperglycemia[93] and obesity[94,95]. It is unclear whether -amylase inhibitors would be truly effective for preventing diabetes and obesity if clinically available. Furthermore, while acarbose, an -glucosidase inhibitor that also inhibits -amylase, is available, such agents may be ineffective in obese subjects who have already low serum amylase. 

CONCLUSION

Collectively, low serum amylase may reflect a mani​festation of insufficient insulin action regardless of cause including insufficient pancreatic insulin secretion and/or systemic insulin resistance. Unfortunately, the cut-off point for low serum amylase has not been defined, primarily because of the lack of a concept for low serum amylase and the differences in assay methods. Unlike minor contributions, major contributions for low serum amylase include common cardiometabolic conditions such as obesity, MetS, and type 2 diabetes, which are all increasing in incidence worldwide. Although genetic regulation may have a substantial impact on primary salivary amylase, whether epigenetic background and individual diet can alter salivary amylase and thus affect serum amylase is unclear, and requires further investigation. 
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Figure 1  Relationship between serum amylase and fasting plasma glucose (A) and glycosylated hemoglobin (national glycohemoglobin standardization program) (B). Fasting plasma glucose of 90 mg/dL corresponds to HbA1c of 5.0% NGSP, as determined by linear regression analysis between FPG and HbA1c[47]. FPG: Fasting plasma glucose; NGSP: National glycohemoglobin standardization program; HbA1c: Glycosylated hemoglobin.
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Figure 2  Copy number variations of the salivary amylase gene (AMY1) in relation to dietary starch[58]. 
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Table 1  Traditional and novel interpretations for low serum amylase


�
Ref.


�
�
  Traditional (minor contributions)


�
�
�
     Type 1 diabetes (juvenile diabetes) 


�
[1,2,10-15]


�
�
     Advanced chronic pancreatitis


�
[3-6]


�
�
     Type 2 diabetes with insulin dependence


�
[14]


�
�
     Cystic fibrosis


�
[18,19]


�
�
  Novel (major contributions)


�
�
�
     Obesity


�
[35-38]


�
�
     Insulin resistance (high HOMA-R)


�
[44]


�
�
     Metabolic Syndrome


�
[38,41,42]


�
�
     Type 2 diabetes with insufficient insulin action


�
[38,42]


�
�
     Diabetic ketoacidosis


�
[13,23]


�
�
     Non-alcoholic fatty liver disease


�
[40,43]


�
�
     Smoking


�
[38,68-70]


�
�
     Heavy alcohol drinking


�
[46,63]


�
�
     Low CNVs of AMY1


�
[54,60,61]


�
�
HOMA-R: Homeostasis model of insulin resistance; CNV: Copy number variations; AMY1: Salivary amylase gene.
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