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Abstract 
Background. Combined data suggest a bimodal association of alanine aminotransferase 
(ALT) with mortality in the general population. Little is known about the association of 
ALT with mortality in patients with type 2 diabetes. We therefore investigated the as-
sociation of ALT with all-cause, cardiovascular, and non-cardiovascular mortality in pa-
tients with type 2 diabetes. 
Methods. A prospective study was performed in patients with type 2 diabetes, treated 
in  primary care, participating in  the Zwolle Outpatient Diabetes project Integrating 
Available Care (ZODIAC) study. Cox regression analyses were performed to determine 
associations of log2-transformed baseline ALT with all-cause, cardiovascular, and non-
cardiovascular mortality. 
Results. In 1,187 patients with type 2 diabetes (67 ± 12 years, 45% female), ALT levels 
were 11 (8–16) U/l. During median follow-up for 11.1 (6.1–14.0) years, 553 (47%) pa-
tients died, with 238 (20%) attributable to cardiovascular causes. Overall, ALT was in-
versely associated with all-cause mortality (Hazard Ratio [HR] 0.81; 95% Confidence 
Interval [CI] 0.72–0.92), independently of potential confounders. This was less attribut-
able to cardiovascular mortality (HR 0.87; 95% CI 0.72–1.05), than to non-cardiovascular 
mortality (HR 0.77; 95% CI 0.65–0.90). Despite the overall inverse association of ALT 
with mortality, it appeared that a bimodal association with all-cause mortality was pres-
ent with increasing risk for levels of ALT above normal (P = 0.003). 
Conclusions. In patients with type 2 diabetes, low levels of ALT are associated with an in-
creased risk of all-cause mortality, in particular non-cardiovascular mortality, compared 
to normal levels of ALT, while risk again starts to increase when levels are above normal. 
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Introduction
The prevalence of type 2 diabetes is on the rise, with already more than 382 million pa-
tients affected worldwide (1). Type 2 diabetes and the metabolic syndrome are associated 
with hepatic fat accumulation (2,3). Hepatic fat accumulation, in the absence of alcohol 
abuse, is known as non-alcoholic fatty liver disease (NAFLD). NAFLD is a heteroge-
neous disease that ranges from simple steatosis to steatohepatitis. Approximately 50–
75% of the patients with type 2 diabetes will develop some form of NAFLD during their 
life (4,5). Because NAFLD is highly prevalent among subjects with the metabolic syn-
drome, NAFLD is considered the hepatic component of the metabolic syndrome (2,6).

The presence of NAFLD has been associated with an increased risk of micro-
vascular and macrovascular complications in patients with type 2 diabetes (5,7). One of 
those complications may be chronic kidney disease (CKD). It has been shown that the 
prevalence of CKD is higher among patients with NAFLD (8,9). Patients with type 2 dia-
betes and NAFLD had a 2-fold increased risk of mortality compared to type 2 diabetes 
patients without NAFLD (7). In most cases of NAFLD, the enzyme alanine aminotrans-
ferase (ALT) is elevated (10). Elevated levels of ALT are therefore regarded as a marker 
of NAFLD, and have been independently associated with an increased risk of coronary 
heart disease in population-based studies (11,12). However, there are now also indica-
tions that low ALT is a risk factor for mortality, suggesting that there could be a bimodal, 
U-shaped association of ALT with mortality (13–15).

It is unknown whether ALT is associated with long-term outcome in  patients 
with type 2 diabetes. Therefore, the aim of the present study was to investigate the as-
sociation of ALT with progression of renal function, all-cause, cardiovascular, and non-
cardiovascular mortality in a large prospective cohort of patients with type 2 diabetes, 
and to investigate whether these associations are U-shaped rather than linear. 

Patients and methods

Study design and population

The Zwolle Outpatient Diabetes Project Integrating Available Care (ZODIAC) study was 
initiated in 1998 in the Zwolle region of the Netherlands. The design and details of this 
study have been published elsewhere (16,17). In brief, this is a prospective study in pri-
mary care patients with type 2 diabetes. In 1998, 1,143 patients with type 2 diabetes were 
included and in 2001, an additional 546 patients with type 2 diabetes were enrolled, re-
sulting in a combined cohort of 1,689 patients (18). ALT was measured in 1,187 patients 
(70%). The ZODIAC study was approved by the local medical ethics committee, and all 
patients provided informed consent. 
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Data collection and measurements 

Baseline data, collected in 1998 and 2001, consisted of a full medical history, including 
a history of cardiovascular disease (CVD), use of medication, and tobacco consump-
tion. Subjects were considered to have a positive history of CVD if they had a history of 
angina pectoris, myocardial infarction, percutaneous transluminal coronary angioplas-
ty, coronary artery bypass grafting, stroke, or transient ischemic attack. The RAND-36 
questionnaire was taken. According to the Fried frailty criteria (19), physical weakness is 
a component of the frailty phenotype. The physical functioning subscale of the RAND-
36 questionnaire can serve as the physical weakness component of the Fried frailty cri-
teria (20). Baseline laboratory and physical assessment data were collected and included 
gamma-glutamyltransferase (GGT), nonfasting lipid profile, HbA1c, serum creatinine, 
urinary albumin, and blood pressure. Every year, data on serum creatinine and urine 
albumin concentration were collected. 

Samples were stored at -80° C until analyzed for ALT. In a previous study it was 
shown that the level of ALT was stable after three months of storage at -20° C (21). The 
stability of ALT was confirmed by data from the manufacturer of the assay, which indi-
cate that ALT levels are stable when stored at -70° C (unpublished data). ALT was mea-
sured with an UV test with pyridoxal phosphate activation according to IFCC recom-
mendations (Roche Modular, Roche, Mannheim, Germany) (22). In our laboratory, the 
coefficients of variation (CVs) were determined for ALT levels of 51 U/L and 164 U/L. 
At these specific levels, the inter-assay CVs for the entire measurement period are 1.9% 
and 1.4%, respectively. The intra-assay CVs are 2.1% and 1.2%, respectively. In our labo-
ratory, the upper limit of normal of ALT is < 45 U/L for men and < 34 U/L for women 
(22). Blood pressure was measured twice with a Welch Allyn sphygmomanometer in the 
supine position after at  least 5 min of rest. The eGFR was calculated according to the 
Chronic Kidney Disease Epidemiology Collaboration equation (23). 

Clinical end-points 

In this study, associations were examined of baseline ALT with three clinical end points: 
progression of renal function, all-cause, cardiovascular, and non-cardiovascular mortal-
ity. Progression of renal function was defined as a confirmed doubling of serum cre-
atinine or incident micro- or macroalbuminuria. Microalbuminuria was defined as an 
albumin to creatinine ratio (ACR) of >2.5 mg/mmol for men and >3.5 mg/mmol for 
women. In 2012, vital status and cause of death were retrieved from medical records. 
Cause of death was coded according to the ICD-9. Cardiovascular death was defined 
as any death in which the principal cause of death was cardiovascular in nature (ICD-9 
codes 390–459) (16,17). 
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Statistical analysis

Baseline characteristics of the study population were calculated according to sex-strati-
fied tertiles of ALT. Results are expressed as mean ± SD for normally distributed data and 
median (interquartile range [IQR]) for skewed data. Categorical distributed data are pre-
sented as the total number of subjects with percentage (n [%]). P‑values for a linear trend 
across sex-stratified tertiles of ALT were determined with linear regression analyses. Re-
siduals were checked for normality and variables were log-transformed when appropriate. 

Univariable survival analyses were performed using log-rank tests. Adjustment 
for potential confounders was performed in multivariable Cox regression analyses. Cox 
regression analyses were performed with ALT as a continuous variable. ALT was log2-
transformed. Therefore, HRs and 95% CI are shown per each doubling of ALT. We also 
tested for potential interactions of ALT with age and sex for associations with mortality 
by means of product-terms of the respective variables. The final model included age, sex, 
BMI, smoking, systolic blood pressure, cholesterol/HDL ratio, diabetes duration, serum 
creatinine, HbA1c, cardiovascular history, use of ACE inhibitors, and ACR. The pro-
portionality of hazards was tested by checking Schoenfeld’s residuals. Finally, we tested 
for potential non-linearity of the prospective associations of ALT with mortality (24). 
For the analyses in which we investigated the association of ALT with incident micro or 
macroalbuminuria, patients with albuminuria at baseline were excluded. 

To investigate the discriminative and predictive capabilities of ALT, we deter-
mined the Harrell’s C, the Net Reclassification Improvement (NRI) and Integrated Dis-
crimination Improvement (IDI). The Harrell’s C is a measure of how well a model distin-
guishes subjects who will get the outcome from subjects who will not get the outcome. 
The Harrell’s C was calculated for crude and multivariable-adjusted Cox regression 
models and for a Cox regression model without ALT. To estimate to which extent ALT 
improves risk classification, the NRI and IDI were calculated. With the NRI procedure, 
subjects are classified into low, intermediate and high risk categories. Cut off points for 
risk classification, as applied for NRI were 15, 30 and 40 for all-cause mortality and 10, 
20, and 30 for non-cardiovascular mortality. IDI is a continuous version of the NRI (25). 
These analyses were done for all-cause and non-cardiovascular mortality only, because 
ALT was significantly associated with these outcomes. Finally, a goodness-of-fit test, as 
proposed by Grønnesby and Borgan, was performed for Cox regression analyses. 

As sensitivity analyses, Cox regression analyses were performed after excluding 
subjects using statins, and after excluding subjects with ALT levels above the upper limit 
of normal. Data on the physical functioning subscale of the RAND-36 questionnaire 
were available in approximately two-thirds of patients (n = 735, 62%). As additional sen-
sitivity analyses, we repeated the Cox regression analyses with additional adjustment for 
the physical functioning subscale of the RAND-36 questionnaire. We performed these 
analyses only in patients with complete data on this measure.
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Statistical analyses were performed with SPSS version 20.0 for Windows (IBM 
Corp., Armonk, NY), and STATA version 11 (StataCorp LP, College Station, TX, USA). 
A P < 0.05 was considered to indicate statistical significance. 

Results

Patients characteristics

A total of 1,187 patients with type 2 diabetes (mean age 67 ± 12 years, 54% female) were 
included. At baseline, the median (IQR) duration of diabetes was 4 (2–9) years. The me-
dian ALT level was 11 (8–16) U/l. A total of 23 patients had an ALT level above the upper 
limit of normal. Baseline characteristics are shown according to sex-stratified tertiles of 
ALT (Table 1). ALT was positively associated with GGT, HbA1c, BMI, physical func-
tioning, systolic blood pressure, diastolic blood pressure, total cholesterol, triglycerides, 
lipid lowering drugs, eGFR, and albuminuria. There were inverse relationships of ALT 
with age, duration of diabetes, HDL, and serum creatinine. ALT was not associated with 
smoking status, use of ACE inhibition, and ACR. 

ALT and outcomes

During a median follow-up of 11.1 (6.1–14.0) years, 553 (47%) patients died. Of those 
subjects, 238 (43%) subjects died of CVD. All-cause mortality rates were 221 (62%), 
211 (46%), and 121 (32%) in the respective tertiles of ALT (P < 0.001, Figure 1). A total 
of 127 patients (16%) developed a 50% increase in serum creatinine. Of the patients with 
normoalbuminuria at baseline, 126 (32%) of the patients developed albuminuria. 

In a univariable Cox regression analysis, ALT was not associated with 50% in-
crease in serum creatinine (Hazard Ratio [HR], 1.24, 95% CI 0.88–1.73; P = 0.22) or in-
cident albuminuria (HR, 1.03, 95% CI 0.79–1.34; P = 0.81). These associations remained 
nonsignificant after adjustment for potential confounders. ALT was inversely associated 
with all-cause mortality (Table 2), independently of potential confounders. No interac-
tions were found of ALT with age and sex. ALT was not associated with cardiovascular 
mortality, but ALT was associated with non-cardiovascular mortality. In addition, de-
spite the overall inverse association of low to normal levels of ALT with mortality, there 
was a U-shaped association of ALT and all-cause mortality with again increasing risk for 
levels of ALT above normal (P = 0.003, Figure 2). 
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Table 1. Baseline characteristics of the study population presented for the whole study 
population, and for sex stratified tertiles of alanine aminotransferase (ALT).

  ALTa

 
 Study 

population
I II III P‑valueb

Liver Function          

ALT (U/L) 11 (8–16) 7 (6–8) 11 (10–12) 19 (16–25)  

GGT (U/L) 30 (21–47) 23 (16–34) 28 (21–41) 45 (30–75) <0.001

Demographics          

Age (years) 67 ± 12 71 ± 11 67 ± 11 63 ± 11 <0.001

Male sex, n(%) 540 (46) 162 (46) 205 (45) 173 (46)  

Current smoker, n(%) 225 (19) 72 (20) 89 (20) 64 (17) 0.73

Duration of diabetes (yr) 4 (2–9) 5 (2–10) 4 (2–9) 3 (2–8) 0.002

HbA1c, (%) 7.0 (6.2–8.0) 6.7 (6.1–7.7) 6.9 (6.2–7.9) 7.4 (6.5–8.5) <0.001

HbA1c, (mmol/mol) 53 (44–64) 50 (43–61) 52 (44–63) 57 (48–69) <0.001

History of CVD, n(%) 342 (29) 113 (32) 135 (30) 94 (25) 0.014

Body Composition          

BMI (kg/m2) 29 ± 5 28 ± 5 29 ± 4 30 ± 5 <0.001

Physical functioningc 60 (30–85) 55 (25–80) 60 (35–85) 70 (35–90) 0.012

Blood pressure          

Systolic BP (mmHg) 152 ± 24 150 ± 24 152 ± 23 154 ± 24 0.034

Diastolic BP (mmHg) 83 ± 11 80 ± 11 84 ± 10 86 ± 11 <0.001

Use of ACE inhibition, n(%) 320 (27) 97 (27) 125 (27) 98 (26) 0.73

Lipids          

Total cholesterol (mmol/L) 5.51 ± 1.12 5.4 ± 1.1 5.5 ± 1.1 5.7 ± 1.1 0.002

HDL (mmol/L) 1.1 (1.0–1.4) 1.2 (1.0–1.5) 1.2 (1.0–1.4) 1.1 (0.9–1.3) <0.001

Triglycerides (mmol/L) 2.1 (1.5–3.0) 1.6 (1.1–2.2) 2.0 (1.4–2.7) 2.8 (1.9–4.1) <0.001

Lipid lowering drugs, n(%) 191 (16) 36 (10) 79 (17) 76 (20) 0.007

Renal function          

Serum creatinine (µmol/L) 92 (82–103) 94 (84–107) 91 (81–103) 90 (81–100) <0.001

eGFR (ml/min/1.73m2) 69 ± 17 64 ± 16 69 ± 16 72 ± 17 <0.001

ACR (mg/mmol) 1.9 (0.9–6.5) 2.1 (1.0–6.8) 1.6 (0.8–6.2) 2.0 (0.9–6.7) 0.98

Albuminuria, n(%) 452 (38) 137 (39) 159 (35) 156 (42) 0.048

aRange of ALT (U/L) in men: I ≤9; II 10–14; III ≥ 15. Range of ALT (U/L) in women: I ≤8; II 9–13; III ≥ 14. bP 

for linear trend is shown.cPhysical functioning was estimated using the physical functioning subscale of the RAND‑

36 questionnaire. ALT, GGT, duration of diabetes, HDL, triglycerides, serum creatinine, and ACR were log‑trans‑

formed. ALT, alanine aminotransferase; GGT, gamma‑glutamyltransferase; CVD, cardiovascular disease; BP, blood 

pressure; ACR, albumin to creatinine ratio. 
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Table 2. Cox regression analyses of log2-transformed alanine aminotransferase (ALT) 
with all-cause, cardiovascular and non-cardiovascular mortality.

  All-cause mortality Cardiovascular mortality
Non-cardiovascular 

mortality

  HR (95%CI) P‑value HR (95%CI) P‑value HR (95%CI) P‑value

Number of events 515 219 296

Model 1 0.61 (0.54–0.68) <0.001 0.63 (0.53–0.75) <0.001 0.59 (0.51–0.68) <0.001

Model 2 0.81 (0.72–0.91) <0.001 0.84 (0.70–1.01) 0.062 0.78 (0.67–0.92) 0.002

Model 3 0.79 (0.70–0.88) <0.001 0.82 (0.69–0.98) 0.032 0.76 (0.65–0.89) 0.001

Model 4 0.81 (0.72–0.92) 0.001 0.87 (0.72–1.05) 0.15 0.77 (0.65–0.90) 0.001

HRs per each doubling in ALT.

Model 1; crude model

Model 2; model 1 + age, sex

Model 3; model 2 + BMI, cholesterol/HDL ratio

Model 4; model 3 + smoking, systolic blood pressure, diabetes duration, serum creatinine, glycated hemoglobin, car‑

diovascular history, ACE inhibtion, albumin to creatinine ratio

Figure 1. Kaplan Meier curve for sex-stratified tertiles of alanine aminotransferase (ALT) and 
cumulative survival (%). Range of ALT (U/L) in men: I ≤9; II 10–14; III ≥ 15. Range of ALT 
(U/L) in women: I ≤8; II 9–13; III ≥ 14. Log-rank test P < 0.001. 
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Predictive value of ALT and goodness of fit

The discriminative capabilities of ALT for all-cause and non-cardiovascular mortality, 
as determined by the Harrell’s C, are shown in Table 3. As expected, when more vari-
ables were added to the model in addition to ALT, the discriminative ability increased. 
Discriminative abilities were similar in  final multivariable-adjusted models with and 
without ALT. This indicates that the addition of ALT to Cox regression models does not 
materially improve the discriminative ability of saturated survival models. In addition, 
both the NRI and IDI were relatively low Table 3 indicating small additional predictive 
value of ALT on top of established predictors in Cox regression models. Furthermore, 
the goodness-of-fit tests for cardiovascular and non-cardiovascular mortality were not 
statistically significant. 

Figure 2. Fractional polynomial of the hazard ratio for all-cause mortality, relative to the dis-
tribution of log2-transformed alanine aminotransferase (ALT). In this figure, log2-transformed 
values of ALT are shown. Data of four patients with extreme values of log2-transformed ALT 
(≤1 and > 7) is not shown
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Table 3. Additional predictive value of log2-transformed alanine aminotransferase (ALT) 
on all-cause and non-cardiovascular mortality. 

 
Harrell’s C 
(95%CI)

IDI (95%CI) NRI (95%CI)
Grønnesby & 
Borgan test

All-cause mortality

Model 1 0.61 (0.58–0.63) NA NA 0.21

Model 2 0.77 (0.75–0.78) 0.51 (0.06–0.95) 4.28 (1.28–7.28) 0.22

Model 3 0.77 (0.75–0.79) 0.77 (0.24–1.29) 2.00 (‑1.51–5.52) 0.10

Model 4 0.79 (0.77–0.81) 0.52 (0.07–0.97) 3.03 (‑0.17–6.22) 0.63

Confounders only 0.79 (0.77–0.81) NA NA 0.34

Non-cardiovascular mortality

Model 1 0.61 (0.58–0.64) NA NA 0.70

Model 2 0.77 (0.75–0.80) 0.30 (‑0.08–0.68) 0.73 (‑3.14–4.61) 0.46

Model 3 0.77 (0.75–0.80) 0.35 (‑0.06–0.76) 0.60 (‑3.45–4.66) 0.14

Model 4 0.79 (0.76–0.81) 0.41 (‑0.06–0.88) 2.72 (‑0.90–6.34) 0.73

Confounders only 0.78 (0.76–0.81) NA NA 0.48

Model 1: crude model

Model 2: model 1 + age, sex

Model 3: model 2 + BMI, cholesterol/HDL ratio

Model 4: model 3 + smoking, systolic blood pressure, diabetes duration, serum creatinine, glycated hemoglobin, car‑

diovascular history, ACE inhibition, albumin to creatinine ratio

IDI, integrated discrimination improvement; NRI, net reclassification improvement; BMI, body mass index; HDL, 

high density lipoprotein;ACE, angiotensin converting enzyme.

Sensitivity analyses

In a sensitivity analysis, we investigated whether ALT was associated with all-cause and non-
cardiovascular mortality, irrespective of statin treatment. After the exclusion of subjects us-
ing statins (n = 191), results remained essentially similar. Furthermore, after the exclusion 
of subjects with ALT levels above the ULN (≥ 45 U/l for men and ≥ 34 U/l for women, 
n = 23), we found similar results for the association with all-cause and non-cardiovascular 
mortality. The U-shape of the association of ALT with all-cause mortality disappeared after 
exclusion of these subjects (P for non-linearity = 0.32). Finally, results remained materially 
unchanged after additional adjustment for an indicator of physical functioning. 
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Discussion
In this prospective cohort of patients with type 2 diabetes, we found an inverse associa-
tion of serum levels of ALT with all-cause mortality. Furthermore, ALT was not associ-
ated with cardiovascular mortality, but particularly with non-cardiovascular mortality. 
These associations were independent of potential confounders. ALT was not associated 
with progression of renal function. Furthermore, there was a bimodal, U-shaped, asso-
ciation of ALT with all-cause mortality. 

To our knowledge, the association of ALT with progression of renal function has 
not been investigated to date. In previous studies it has been shown that the prevalence 
of CKD is significantly higher among patients with both diabetes and NAFLD compared 
to those without NAFLD (8,9). In those studies, the majority of patients had ALT levels 
within the normal range (8,9). Thus, ALT may be an imperfect marker for NAFLD. This 
may explain why we did not find an association of ALT with progression of renal function. 

It is established that elevated levels of ALT are associated with NAFLD. Besides 
other components of the metabolic syndrome, NAFLD is associated with increased car-
diovascular mortality (26,27). In contrast with our findings of an inverse association of 
ALT with mortality, three population-based cohort studies have reported positive as-
sociations of ALT with mortality among subjects with levels of ALT above the ULN 
(12,28,29). Like mentioned, our study differs from these studies in that we investigated 
the association of ALT with mortality comparing subjects within the normal range. Sev-
eral population-based studies that mainly compared subjects within the normal range of 
ALT also found an inverse association of ALT with mortality (13–15,30–32). 

Apparently, studies that focused on high versus normal ALT found positive as-
sociations of ALT with mortality, whereas studies that focused on ALT within the normal 
range found inverse associations of ALT with mortality. It is tempting to speculate that 
both high and low levels of ALT are associated with mortality. Such a  trend would be 
reflected in a U-shaped relationship or bimodal association. Indeed, other studies found 
bimodal associations of ALT with all-cause mortality (13,28). In line, the results of the 
present study also showed a significant bimodal association of ALT with all-cause mortal-
ity. It might also be speculated that ALT above the normal range heralds NAFLD (10) and 
might therefore be a risk factor of cardiovascular mortality, whereas low ALT increases 
the risk of non-cardiovascular mortality. Because few subjects in our study had ALT levels 
above the normal range, this might explain why we did not find an association of ALT 
with cardiovascular mortality whereas previous studies that focused on elevated levels of 
ALT indeed found a positive association of ALT with cardiovascular mortality (29). 

There are several potential explanations for the inverse association of ALT with 
all-cause mortality in the present study. Firstly, ALT levels are associated with age (33–
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35). Elinav et al. reported the highest ALT levels at 50 years, with decreasing ALT levels 
with advancing age (35). In the present study, ALT and age were also correlated. Interest-
ingly, in studies that are in disagreement with our findings, mean age was approximately 
13 years lower compared to our study population (12,36). However, we did not find evi-
dence for an interaction of ALT with age and adjustment for age did not alter the associa-
tion of ALT with mortality. It has been suggested that ALT levels decrease with advanc-
ing age because of hepatic aging (14). During aging, hepatic blood flow decreases, which 
subsequentially reduces the number of functional hepatocytes (14). Because hepatocytes 
are the main site for production of ALT, a decrease in functional hepatocytes is reflected 
by a decrease in ALT (37,38). A decrease in functional hepatocytes has detrimental ef-
fects, since hepatocytes are important mediators in detoxification, lipid metabolism, and 
glucose regulation (39,40). 

Frailty may be another potential explanation. In our analyses, we used the physi-
cal functioning subscale of the RAND-36 questionnaire, which has been used to serve 
as the physical weakness component of the Fried frailty criteria (19,20), rather than the 
complete set of Fried frailty criteria. This means that, although we found the association 
of ALT with mortality to be independent of physical functioning, we cannot exclude 
the possibility that frailty actually mediates the association of ALT with mortality, as 
has been found in a previous study on this subject (15). Furthermore, although ALT is 
generally thought of in relation to the liver, ALT is also found in other tissues including 
skeletal muscle, albeit in smaller quantities (41). It may be possible that increased mor-
tality found with low ALT could result from smaller muscle mass. Because we do not 
have data available about muscle mass we, unfortunately, could not take this possibility 
into consideration.

It should also be noted that the level of ALT was lower than expected. Because 
ALT is stable when stored at -20° C (21), and because in the present study samples were 
stored at -80° C, we believe that it is unlikely that frozen storage has affected the results 
concerning the measurement of ALT. In  addition, pyridoxal phosphate (vitamin B6) 
serves as a co-enzyme for the activation of ALT. Therefore, a deficiency of vitamin B6 
may result in lower activity of circulating ALT in vivo (14,42). Because we used an assay 
with activation by pyridoxal phosphate, (vitamin B6), and because pyridoxal phosphate 
activation causes activation of all available ALT, it is unlikely that vitamin B6 deficiency 
is involved in the associations of ALT with outcomes that we observed. It may be hypoth-
esized that the relatively low level of ALT that we observed is a consequence of healthy 
survivor bias.

  This study has some limitations. First, no data of alcohol use were available. 
ALT levels can be elevated in the presence of alcoholic liver disease, which might have 
caused unmeasured confounding. However, if associations of ALT and mortality are 
as we report in patients with type 2 diabetes, this would have caused underestimation 
rather than overestimation of our results. Second, no ultrasonography or biopsies were 



101ALT and mortality in patients with type 2 diabetes 

performed to determine whether subjects had NAFLD. Thirdly, since ALT was only 
measured at  baseline, variation in  ALT over time cannot be taken into account. The 
strengths of this study are the prospective design, the large number of events and the 
length of follow-up period. 

 In conclusion, our results show an inverse association of ALT with all-cause 
mortality and particularly with non-cardiovascular mortality in patients with type 2 dia-
betes. Furthermore, there appears to be a U-shaped, bimodal relationship of ALT with 
all-cause mortality. The association of ALT and mortality seems different when ALT is 
mainly studied within the normal range rather than with inclusion of a large number of 
subjects that have levels of ALT above the normal range. ALT was not associated with 
progression of renal function in this population of patients with type 2 diabetes.
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