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Circulating Metabolites Associate With and Improve the
Prediction of All-Cause Mortality in Type 2 Diabetes
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Death rate is increased in type 2 diabetes. Unraveling
biomarkers of novel pathogenic pathways capable to
identify high-risk patients is instrumental to tackle this
burden. We investigated the association between serum
metabolites and all-cause mortality in type 2 diabetes
and then whether the associated metabolites mediate
the effect of inflammation on mortality risk and improve
ENFORCE (EstimatioN oF mORtality risk in type2 diabetic
patiEnts) and RECODe (Risk Equation for Complications Of
type 2 Diabetes), two well-established all-cause mortality
prediction models in diabetes. Two cohorts comprising 856
individuals (279 all-cause deaths) were analyzed. Serum
metabolites (n5 188) and pro- and anti-inflammatory cyto-
kines (n 5 7) were measured. In the pooled analysis, hexa-
noylcarnitine, kynurenine, and tryptophanwere significantly
and independently associated with mortality (hazard ratio
[HR] 1.60 [95% CI 1.43–1.80]; 1.53 [1.37–1.71]; and 0.71
[0.62–0.80] per 1 SD). The kynurenine-to-tryptophan ratio
(KTR), a proxy of indoleamine-2,3-dioxygenase, which
degrades tryptophan to kynurenine and contributes to a
proinflammatory status, mediated 42% of the significant
association between the antiatherogenic interleukin (IL) 13
and mortality. Adding the three metabolites improved dis-

crimination and reclassification (all P < 0.01) of bothmortal-
ity prediction models. In type 2 diabetes, hexanoylcarnitine,
tryptophan, and kynurenine are associated to and improve
the prediction of all-cause mortality. Further studies are
needed to investigate whether interventions aimed at
reducing KTR also reduce the risk of death, especially in
patientswith low IL-13.

In patients with type 2 diabetes, the rate of mortality is
almost twice as much as that in individuals without diabe-
tes (1). Unraveling biomarkers capable of pointing to
novel pathogenic pathways and identifying high-risk
patients suitable for more aggressive management is,
therefore, instrumental to tackle this heavy burden.

Few studies have, so far, investigated the role of circu-
lating biomarkers in predicting the risk of mortality in
patients with type 2 diabetes (2–7), and even fewer have
been focused on serum metabolites (8–11). These latter
studies have been limited to only a few metabolites
(8,10,11) and/or have not addressed the role of associated
metabolites in improving preexisting prediction models
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(8–11). In details, metabolites independently associated
with mortality in type 2 diabetes are mostly amino acids
(8), fatty acids (10), and choline (11). In the only paper in
which a larger number of metabolites were analyzed, also
N2,N2-dimethylguanosine, dimethylguanidino valerate,
homocitrulline, 1-methyladenosine, acylcarnitine C10:3,
urobilin, and hippurate were associated with the mor-
tality rate (9). Unfortunately, the largest metabolomic
study on all-cause mortality was performed in the gen-
eral population and is, therefore, not usable for deriv-
ing information in the subset of patients with type 2
diabetes (12).

In this study, we investigated the association between a
large number of circulating metabolites and all-cause mor-
tality in individuals with type 2 diabetes. After unraveling
and validating some metabolites as robustly and indepen-
dently associated, we explored whether they mediate the
effect of inflammatory cytokines on mortality risk and
improve two well-established all-cause mortality prediction
models in diabetes: ENFORCE (EstimatioN oF mORtality
risk in type2 diabetic patiEnts), a validated user-friendly
and freely available risk calculator based on a total of nine
variables (13,14), and RECODe (Risk Equation for Compli-
cations Of type 2 Diabetes), a well-performing tool, based
on a total of 14 variables that have been highly validated
in several distinct sets, including both population-based
and trial cohorts (15,16).

RESEARCH DESIGN AND METHODS

Participants
Two cohorts of patients with type 2 diabetes (diagnosed
according to American Diabetes Association 2018 criteria)
from Apulia, Central-Southern Italy were analyzed.

Gargano Mortality Study 1—Discovery Sample
The Gargano Mortality Study 1 (GMS 1) includes 1,028
patients recruited from 2000 to 2005 at the Endocrine
Unit of Fondazione Istituto di Ricovero e Cura a Carattere
Scientifico “Casa Sollievo della Sofferenza” in San Giovanni
Rotondo, followed until December 2014, and has all-cause
mortality as the end point. Serum metabolites were
assessed in 536 participants (52.1%), constituting the eligi-
ble sample for the present analysis.

Gargano Mortality Study 2—Replication Sample
The Gargano Mortality Study 2 (GMS 2) includes 880
patients recruited from 2008 to 2010 at the Endocrine
Unit of Fondazione Istituto di Ricovero e Cura a Carattere
Scientifico “Casa Sollievo della Sofferenza” in San Giovanni
Rotondo, followed until December 2019, and has all-cause
mortality as the end point. For this specific analysis, a sam-
ple comprising 321 patients participating in an indepen-
dent substudy of the role of kidney function on mortality
rate. No individuals with an estimated glomerular filtration
rate (eGFR) in the range of 60 to 69 mL/min/1.73 m2

were analyzed.

For both studies, the vital status of participants was veri-
fied by interrogating the Italian Health Card Database upon
data anonymization (https://sistemats1.sanita.finanze.it/wps/
portal/) (6). For all studies, the only exclusion criterion was
the presence of poor life expectancy for nondiabetes-related
diseases (6).

Metabolite Quantification and Normalization
Metabolite profiling was measured using baseline fasting
serum samples that had been stored at �80�C since collec-
tion. Metabolite quantification was performed in the Genome
Analysis Center at the Helmholtz Zentrum M€unchen. The
targeted metabolomics approach was based on liquid chroma-
tography-electrospray ionization-tandem mass spectrometry
and flow injection ionization- electrospray ionization-tandem
mass spectrometry measurements by AbsoluteIDQ p180 Kit
(Biocrates Life Sciences AG, Innsbruck, Austria). The assay
allows simultaneous quantification of 188 metabolites out of
10 mL plasma and includes free carnitine, 40 acylcarnitines
(Cx:y), 21 amino acids (19 proteinogenic 1 citrulline 1
ornithine), 21 biogenic amines, hexoses (sum of hexoses �
�90–95% glucose), 90 glycerophospholipids (14 lysophos-
phatidylcholines [lysoPC] and 76 phosphatidylcholines [PC],
and 15 sphingolipids [SMx:y]). For a full list of all quality-
controlled metabolites, see Supplementary Table 1. The pro-
cedures for sample preparation and mass spectrometric
measurements, as well as the metabolite nomenclature, have
been described in detail previously (17,18). Three quality con-
trol samples (sex-mixed human plasma provided by the man-
ufacturer) and one zero sample (PBS) were included in each
randomized plate.

Data evaluation for quantification of metabolite concen-
trations and quality assessment was performed with the
software MultiQuant 3.0.1 (SCIEX) and the MetIDQ soft-
ware package, which is an integral part of the AbsoluteIDQ
Kit. Metabolite concentrations were calculated using inter-
nal standards and reported in mmol/L.

Measurement of Circulating Cytokines
Serum IL-1b, IL-2, IL-4, IL-6, IL-13, interferon-g (IFN-g),
and tumor necrosis factor-a (TNF-a) circulating levels
were measured in duplicate, using a multiplex detection
27-plex kit from Bio-Rad. The median coefficient of varia-
tion was <25% for all analyzed cytokines. Data were ana-
lyzed as previously described (7).

Statistical Analysis
Patients’ baseline characteristics are reported as mean ±
SD or median and interquartile range for continuous vari-
ables and frequency and percentage for categorical varia-
bles. Values of serum metabolites below the limit of
detection values have been replaced by the limit of detec-
tion itself.

Correlations between metabolites were assessed using
the Spearman correlation. All covariates with missing val-
ues <5% were imputed by random forest method. Because
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of skewed distribution and for comparability between dif-
ferent metabolites, their concentrations were logarithmi-
cally transformed and then standardized.

Time variable was defined as the time between the
baseline examination and the date of the event (i.e., all-
cause mortality) or the date of the last available clinical
follow-up for subjects who did not experience the event.
The incidence rate for all-cause mortality is expressed as
the number of events per 100 person-years (py).

To assess the association between the detected serum
metabolites levels and all-cause mortality in the discovery
sample (i.e., GMS 1), Bonferroni adjustment for multiple
comparisons was used to determine the significance thresh-
old in an unadjusted Cox proportional hazard model. Because
of the potential correlation between metabolites, we next
evaluated the independent associations of Bonferroni-sur-
vived metabolites using a forward-backward stepwise analysis
(19) in a fully adjusted model comprising age at recruitment,
sex, smoking habit, BMI, glycated hemoglobin A1c (HbA1c),
eGFR, diabetes duration, and ongoing treatments.

Associations were then validated in an independent
cohort (i.e., GMS 2), considering the fully adjusted model.

When analyses were run in the pooled sample, com-
prising both GMS 1 and GMS 2, they were also adjusted
for study cohort factor considered as a random effect to
have more robust estimates. Risks are reported as hazard
ratios (HRs) along with their 95% CIs per 1 SD increase
of each single metabolite.

Mediation analysis allowing for exposure-mediator inter-
actions, and causal interpretation was carried out as previ-
ously described (20). The 95% CI of the mediation effect

was computed by bootstrap based on 1,000 resamplings
with replacement.

To examine whether the validated associated metabo-
lites increase the accuracy of all-cause mortality prediction
models in type 2 diabetes, two different well-established
tools were used: ENFORCE (14) and RECODe (15). Dis-
crimination was measured by survival c statistics (21) while
improvement in discrimination was assessed by the D c sta-
tistics and survival version of the relative integrated discrimi-
nation improvement (rIDI) (22). In addition, the survival
version of the category-free net reclassification improvement
(cNRI), which examines whether the predicted probabilities
of individuals with and without events move in the right
directions (upward and downward, respectively) from the
base to the new model, was evaluated (23). The 95% CIs for
discrimination and reclassification measures were computed
by bootstrap. A P value <0.05 was considered significant. All
analyses were performed using SAS 9.4 software (SAS Insti-
tute, Cary, NC) and R software packages survival and coxme
(R Core Team, 2021).

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available from the corresponding
author upon reasonable request.

RESULTS

Clinical features of patients from GMS 1 and GMS 2 as
well as duration of follow-up and number of events are
summarized in Table 1. In GMS 1, 198 deaths occurred
during follow-up (10.0 ± 3.9 years; 5,346.2 py). In GMS 2,

Table 1—Clinical features of the two independent study cohorts
GMS 1 GMS 2

(n 5 535) (n 5 321)

Male sex 250 (46.7) 183 (57.0)

Age at recruitment (years) 62.9 ± 9.8 59.7 ± 10.3

Smoking habit 40 (7.5) 55 (17.1)

Diabetes duration (years) 11.0 ± 9.0 12.6 ± 9.8

BMI (kg/m2) 31.1 ± 5.8 31.5 ± 6.4

HbA1c (%) 8.7 ± 1.9 8.2 ± 1.8

HbA1c (mmol/mol) 72.0 ± 15.7 66.0 ± 14.5

eGFR (mL/min/1.73 m2) 70.6 ± 21.1 83.7 ± 30.3

Antihypertensive therapy 340 (63.4) 251 (78.2)

Insulin therapy 226 (42.2) 137 (42.7)

Statin therapy 164 (30.7) 232 (72.3)

Follow-up (years) 10.0 ± 3.9 8.6 ± 2.6

Follow-up (py) 5,346.2 2,763.9

All-cause death 198 (37.0) 81 (25.2)

Incident rate of all-cause death events (n events per 100 py)* (95% CI) 2.8 (2.4–3.3) 2.2 (1.8–2.8)

Continuous variables are reported as mean ± SD, whereas categorical variables are reported as total frequencies and percentages.
eGFR, was calculated using the CKD-EPI equation (50). *Adjusted for age and sex.
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81 deaths occurred during follow-up (8.6 ± 2.6 years;
2,763.9 py).

Of the 188 metabolites we measured, 5 (i.e., carnosine,
L-3,4-dihydroxyphenylalanine, dopamine, nitrotyrosine,
and cis-4-hydroxyproline) were excluded from the analy-
ses because their value was below the detection limit in
>80% samples. Also, creatinine data from the metabolo-
mic assay (Supplementary Table 1) were not analyzed
because serum creatinine values from standard baseline
clinical chemistry measurements were available and used
to compute eGFR.

In the GMS 1, 49 of the 182 metabolites analyzed were
significantly associated with all-cause mortality after Bon-
ferroni correction (threshold P value being 0.05/182 5
2.7 × 10�4) (Supplementary Table 2).

Among these metabolites, the pairwise correlation ranged
from –0.20 to 0.92 (Supplementary Fig. 1). After a stepwise
(forward-backward) procedure, six metabolites remained
independently associated in a fully adjusted model including
age at recruitment, sex, smoking habit, BMI, HbA1c, diabe-
tes duration, eGFR, and ongoing treatments (four with
increased and two with decreased risk of all-cause mortality)
(Fig. 1A). Three of them, belonging to amino acid, biogenic
amines, and acylcarnitine superfamilies, were validated in
the totally independent GMS 2 cohort (Fig. 1B).

When data from the two independent cohorts, compris-
ing 856 individuals and 279 events, were meta-analyzed,

the three validated associations, hexanoylcarnitine (HR
1.60, 95% CI 1.43–1.80), kynurenine (HR 1.53, 95% CI
1.37–1.71), and tryptophan (HR 0.71, 95% CI 0.62–0.80)
were highly significantly associated with all-cause mortality
(all P < 0.001, per 1 SD increase), with no difference
between male and female participants (P of sex heteroge-
neity 5 0.17, 0.67, and 0.9, respectively). Also the kynure-
nine-to-tryptophan ratio (KTR), which has been previously
associated with metabolic syndrome (24,25), cardiovascular
disease (26,27), and mortality (28,29), was associated with
all-cause death (HR 1.41, 95% CI 1.21–1.64 per 1 SD
increase).

Inflammatory Cytokines, KTR, and All-Cause Mortality
Previous findings suggest that the indoleamine 2,3-dioxy-
genase (IDO) enzymatic activity and its proxy KTR are
stimulated by (30) and are likely to mediate the role of
inflammatory cytokines on all-cause death (29). We then
measured and investigated the association between sev-
eral cytokines related to low-grade inflammation and both
KTR and all-cause mortality. Five of those we tested
(Supplementary Table 3), including IL-4, IL-6, IL-13,
INF-g, and TNF-a, were in fact associated with KTR (see
Supplementary Table 4). Of these, four (but not IL-4)
were also associated with all-cause mortality in our fully
adjusted model (Table 2, left side). Interestingly, when
KTR was also added into the model, the associations with

Figure 1—Independent associations between metabolites and all-cause mortality. HRs and 95% CIs for independent associations between
metabolites and mortality in GMS 1 (A) and GMS 2 (B). HRs (per 1 SD increase in each metabolite concentration) were estimated in Cox
regression models, adjusting for age at recruitment, sex, smoking habit, BMI, HbA1c, eGFR, diabetes duration, and ongoing treatments.
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increased risk of death of IL-6, IFN-g, and TNF-a, were
virtually identical, while the protective effect of IL-13 was
attenuated at the point of being no longer significant
(Table 2, right side). Further, mediation analysis showed
that a significant and nontrivial proportion (i.e., 42%
[95% CI 14–199]) of the association between IL-13 and
all-cause mortality went through KTR (Fig. 2).

Adding Metabolites to the ENFORCE and RECODe
Mortality Prediction Models
In the pooled sample, discrimination ability (c statistic) of
hexanoylcarnitine, kynurenine, and tryptophan considered
together was 0.71 (95% CI 0.55–0.86) (Table 3). We then
tested the effect of adding these three metabolites on top of
ENFORCE, a well-performing, validated, and freely available
(https://www.operapadrepio.it/enforce/enforce.php) predic-
tion model for 6-year all-cause mortality in patients with
type 2 diabetes. To this purpose, GMS 1 and GMS 2, com-
prising a total of 856 patients and 140 deaths (at 6 years)
in which our ENFORCE model was applicable, were used.
The addition of the three metabolites on top of ENFORCE
resulted in a significant improvement of both c statistic and
rIDI (Table 3). In addition, cNRI values showed a significant

improvement in reclassification, mainly due to nonevents
correctly reclassified (Table 3).

The ability of the three metabolites in improving the
prediction of all-cause death was also tested in RECODe, a
well-performing and validated model for 10-year mortality
in patients with type 2 diabetes. To this purpose, a total of
856 patients and 230 deaths (at 10 years) from both
cohorts were available. Also in this case, a significant
improvement was observed both in discrimination (c statis-
tic and rIDI) and reclassification (cNRI) measures (Table 3).

In all, these data consistently show that serum levels of
hexanoylcarnitine, kynurenine, and tryptophan improve
well-established prediction models of all-cause mortality in
patients with type 2 diabetes in terms of both discrimina-
tion and reclassification.

DISCUSSION

This study used a discovery and replication design to rigor-
ously evaluate the association between 182 metabolites mea-
sured through targeted metabolomics and all-cause mortality
in 856 people with type 2 diabetes. Three biologically plausi-
ble metabolites (i.e., hexanoylcarnitine, tryptophan, and
kynurenine) were independently and consistently associated

Table 2—Univariable associations between cytokines and all-cause mortality in the pooled sample (n 5 810; 256 events)

Associations with all-cause mortality
Associations with all-cause mortality

adjusted also for KTR

Cytokines HR (95% CI) P HR (95% CI) P

IL-6 1.41 (1.26–1.59) <0.0001 1.44 (1.28–1.62) <0.0001

IL-13 0.86 (0.74–0.99) 0.036 0.91 (0.79–1.05) 0.21

IFN-g 1.53 (1.26–1.87) <0.0001 1.63 (1.33–2.00) <0.0001

TNF-a 1.41 (1.19–1.67) <0.0001 1.43 (1.20–1.70) <0.0001

HRs were estimated in Cox regression models, adjusting for age at recruitment, sex, smoking habit, BMI, HbA1c, eGFR, diabetes
duration, ongoing treatments, and study cohort. HRs reflect the risk per 1 SD increase in each cytokine concentration.

Figure 2—Mediation model showing the role of KTR on the association between IL-13 and all-cause mortality in the pooled sample. Medi-
ation analysis was performed in a fully adjusted model, comprising study cohort, age at recruitment, sex, smoking habit, BMI, HbA1c, dia-
betes duration, eGFR, and ongoing treatments. b, standardized coefficient of regression. The total effect of IL-13 (b 5 �0.154) on the
outcome partly passes through KTR (b of the KTR-mediated effect of IL-13 5 �0.065). The proportion explained by the KTR is equal to
42% (95% CI 14-199) (i.e., 0.065/0.154).
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with a higher risk of mortality in two independent cohorts
of patients with type 2 diabetes. Of note, taking into account
eGFR, a strong predictor of mortality (31), did not diminish
the relationship between baseline metabolites and death.
This indicates that the three associations are independent of
renal function, a key point to be addressed when measuring
metabolites whose serum concentration is controlled also by
renal clearance (32). The same was noticed when BMI was
taken into account, thus suggesting that adiposity does not
play a major role on the observed associations. Given the
strong relationships between the three metabolites and all-
cause mortality, it is not surprising that when considered
together these markers show a good discrimination ability in
predicting the risk of death. More importantly, our data
showing that the three metabolites together improve both
discrimination and reclassification of two well-established
prediction models of all-cause death in type 2 diabetes
(14,15) may be of clinical impact.

Increased levels of hexanoylcarnitine, a medium-chain
acylcarnitine, which is, along with other members of the
acylcarnitines superfamily, a cardiometabolic risk factor in
type 2 diabetes (33), has been previously associated with
all-cause mortality and cancer-related mortality in men
who smoke (34). Accumulation of medium-chain acylcarni-
tines may be indicative of inefficient b-oxidation of fatty
acid as a consequence of altered mitochondrial metabolism,
which is known to contribute to both insulin resistance and
vascular inflammation (35,36). Tryptophan, an essential
amino acid important for protein synthesis (37), has been
previously associated with decreased risk of mortality in
patients with type 2 diabetes, although with a weaker effect
compared with ours (9), while its breakdown product, 5
methoxy-tryptophan along the serotonin pathway, is an
anti-inflammatory agent with favorable effects on arterial
vessels and renal function (38,39). Kynurenine, a product
of tryptophan degradation along the kynurenine pathway,
has been associated with risk of cardiovascular events in
the general population and in several additional clinical set-
tings (27,40). This pathway, primarily directed toward the

production of NAD1 for energy metabolism (41), plays cru-
cial roles in inflammation (41) and when dysregulated is
linked to several diseases and disorders (42).

Given the opposite association with mortality rate of
tryptophan and kynurenine, it was not surprising that
their ratio, KTR, a marker of mortality risk in the general
population (29), was associated with the risk of death
also in our sample.

Interestingly, KTR is a reliable marker of the IDO activity
that degrades tryptophan into kynurenine (41), triggering
the homonymous aforementioned deleterious pathway. Fur-
thermore, an increased IDO activity also reduces tryptophan
metabolism in the beneficial alternative serotonin pathway.
Overall, a shift toward an unhealthy proinflammatory status
and subsequent vascular damage is likely to be the final net
result of the described alteration of tryptophan metabolism
due to IDO overactivity.

IDO is under the control of pro- and anti-inflammatory
cytokines, is increased in conditions of low-grade inflam-
mation (30), and is coherently associated with metabolic
syndrome (24,25), cardiovascular disease (26,27), and mor-
tality in several clinical sets (28,29). The robust association
between KTR and all-cause mortality, as well as the evidence
that KTR mediates a nontrivial proportion of the IL-13 antia-
therogenic protective effect (43) on mortality risk we here
report, is therefore along the same line of previous findings
(24–29) and supports the role of KTR (as a proxy of IDO
activity) in shaping survival probability (28,29) also in type 2
diabetes. Interestingly, tryptophan supplementation directly
or through lifestyle intervention (44) has been reported to
prevent and treat cardiovascular disease (45), social behavior,
mood and sleep disorders, and several additional
chronic diseases (46), possibly by priming the beneficial
serotonin pathway.

As said, the addition of hexanoylcarnitine, tryptophan,
and kynurenine considered together improves the discrimi-
nation ability of both ENFORCE (14) and RECODe (15),
two established prediction models of all-cause mortality
in patients with type 2 diabetes. Although statistically

Table 3—Prediction of all-cause mortality by metabolites and by ENFORCE and RECODe (without and with metabolites)

Prediction models

Discrimination Reclassification

c statistics
(95% CI)

D c statistics
(P value)

% rIDI
(P value)

%1/2 cNRI
(P value)

% Events
(P value)

% Nonevents
(P value)

Hexanoylcarnitine, tryptophan, kynurenine 0.71
(0.55–0.86)

ENFORCE 0.77
(0.74–0.80)

ENFORCE 1 hexanoylcarnitine, tryptophan,
kynurenine

0.79
(0.75–0.82)

0.02
(0.01)

14.9
(0.001)

18
(<0.001)

6
(0.18)

30
(<0.001)

RECODe 0.75
(0.72–0.78)

RECODe 1 hexanoylcarnitine, tryptophan,
kynurenine

0.77
(0.75–0.80)

0.02
(0.005)

18.6
(0.001)

14
(<0.001)

11
(0.001)

18
(<0.001)

All P values are referred to comparisons vs. the same base model (i.e., with no metabolites).
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significant, the improvement of the c statistic is rather
small, but it is worth noticing that in already well-perform-
ing models, as are those we used here, this index lacks sen-
sitivity in detecting further discrimination improvements
(47). It is also important noticing that in both models, the
percentage rIDI, also an index of discrimination, is more
than twice the threshold requested by international guide-
lines for adding new biomarkers on top of established pre-
diction models (48). This important statistical and clinical
improvement was further reinforced by data from reclassifi-
cation measures. In fact, adding the three metabolites to
ENFORCE and RECODe made it possible to correctly reclas-
sify a consistent proportion of individuals, especially none-
vents, thus reducing the risk of overestimation.

Our study has several strengths. We used a rigorous
study design with discovery and replication cohorts prospec-
tively analyzed with complete information, including stan-
dardized clinical evaluations and mortality validated by
death certificates. We also used quality-controlled metabolo-
mics profiling and correction for multiple comparisons. Pre-
vious studies of mortality and the metabolome in patients
with type 2 diabetes have evaluated only few metabolites
(8,10,11) and/or have not addressed the role of mortality-
associated metabolites in improving preexisting and estab-
lished prediction models (8–11). Our study, instead, evalu-
ated a large number of metabolites and discovered new
associated markers that improve two well-established and
validated prediction models (14,15), thus making our find-
ing implementable in the real-life clinical set.

Conversely, we have to recognize several limitations,
including the relatively small size of the cohorts, the fact
that they are geographically close to each other, thus limit-
ing the generalizability of our finding, and finally, the lack
of data on cause-specific mortality, which does not allow us
to address the role of important shapers of life expectancy,
including cardiovascular disease and cancer.

In conclusion, in patients with type 2 diabetes, hexa-
noylcarnitine, tryptophan, and kynurenine are reproducible
risk factors for all-cause death and improve established,
well-performing prediction models of mortality risk. We
believe that a study like ours paves the way for different
precision medicine approaches in type 2 diabetes, albeit
with different timelines. On the precision prediction side
(49), before our data become implementable in daily clini-
cal work, the mortality-associated metabolites need to be
enrolled in a standard clinical chemistry assay and vali-
dated in larger and less homogeneous cohorts. Conversely,
on the treatment side, it is still necessary to investigate
whether directing tryptophan metabolism toward the sero-
tonin pathway reduces the risk of death in individuals with
diabetes, particularly those with low IL-13 values, before a
precision therapeutic approach can be implemented.
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Abstract
Context: The role of inflammation in shaping death risk in diabetes is still unclear.
Objective: To study whether inflammation is associated with and helps predict mortality risk in patients with type 2 diabetes. To explore the 
intertwined link between inflammation and tryptophan metabolism on death risk.
Methods: There were 2 prospective cohorts: the aggregate Gargano Mortality Study (1731 individuals; 872 all-cause deaths) as the discovery 
sample, and the Foggia Mortality Study (490 individuals; 256 deaths) as validation sample. Twenty-seven inflammatory markers were measured. 
Causal mediation analysis and in vitro studies were carried out to explore the link between inflammatory markers and the kynurenine to 
tryptophan ratio (KTR) in shaping mortality risk.
Results: Using multivariable stepwise Cox regression analysis, interleukin (IL)-4, IL-6, IL-8, IL-13, RANTES, and interferon gamma–induced 
protein-10 (IP-10) were independently associated with death. An inflammation score (I score) comprising these 6 molecules is strongly 
associated with death in both the discovery and the validation cohorts HR (95% CI) 2.13 (1.91-2.37) and 2.20 (1.79-2.72), respectively. The I 
score improved discrimination and reclassification measures (all P < .01) of 2 mortality prediction models based on clinical variables. The 
causal mediation analysis showed that 28% of the KTR effect on mortality was mediated by IP-10. Studies in cultured endothelial cells 
showed that 5-methoxy-tryptophan, an anti-inflammatory metabolite derived from tryptophan, reduces the expression of IP-10, thus providing 
a functional basis for the observed causal mediation.
Conclusion: Adding the I score to clinical prediction models may help identify individuals who are at greater risk of death. Deeply addressing the 
intertwined relationship between low-grade inflammation and imbalanced tryptophan metabolism in shaping mortality risk may help discover 
new therapies targeting patients characterized by these abnormalities.
Key Words: inflammation risk score, IP-10, tryptophan pathway, prediction models, death risk
Abbreviations: 5-MTP, 5-methoxy-DL-tryptophan; aGMS, aggregate Gargano Mortality Study; BMI, body mass index; cNRI, category-free net reclassification 
improvement; CV, coefficient of variation; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; FMS, Foggia Mortality Study; HbA1c, glycated 
hemoglobin; hs-CRP, high-sensitivity C-reactive protein; IL, interleukin; IP-10, interferon gamma–induced protein 10; I score, inflammation score; KTR, kynurenine 
to tryptophan ratio; RANTES, Regulated on Activation, Normal T cell Expressed and Secreted; rIDI, relative integrated discrimination improvement.
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Type 2 diabetes is a leading cause of mortality (1, 2) and the 
source of a heavy personal and social load. As the prevalence 
of the disease is exploding (3), this burden will worsen and 
must therefore be faced with no hesitation.

The simultaneous and aggressive treatment of several risk 
factors reduces the rate of death in patients with type 2 dia
betes (4). Attending diabetes clinics has also been reported 
to reduce the risk of mortality as a likely consequence of better 
and timely follow-up and treatment (5). Unfortunately, such 
an approach is expensive and laborious and therefore cannot 
be implemented in all individuals with diabetes. This makes it 
necessary to identify patients at high risk of death who would 
benefit most from optimal and multifaceted management.

The discovery of new disease markers is a way to improve 
the prediction of clinical events (6); furthermore, as an added 
value, the identification of novel markers can also reveal new 
pathogenic pathways that open the way to new therapies tar
geted at specific subgroups of patients (7).

Low-grade inflammation is known to shape the risk of total 
mortality in the general population (8) and in people with dia
betes as well (9-12). Unfortunately, studies conducted on type 
2 diabetes have investigated only a few markers (9-12), thus 
leaving the role of most inflammatory molecules unknown. 
Low-grade inflammation is a complex phenomenon that in
volves different paths that are often interconnected. We fo
cused on some relevant paths, involving (1) adaptive 
immune cytokines related to T and or B lymphocytes; (2) che
mokines that control cell migration on the inflammation site; 
and (3) growth factors, secreted after stimulation of cytokines 
and capable of regulating cell proliferation and differenti
ation. Accordingly, we investigated the role of several inflam
matory molecules belonging to these 3 different paths (listed 
in Table S1, along with their principal sources and main func
tions (13)) on mortality in people with type 2 diabetes. Total 
mortality was used since the information on specific causes of 
death was not available. We then used the more robustly asso
ciated molecules with mortality to investigate whether a par
simonious index of their overall inflammatory activity 
improves prediction models of death in type 2 diabetes.

Given some previous evidence about the intertwined link 
between inflammation and tryptophan metabolism in several 
complex chronic diseases and survival probability (14-17), as 
a secondary aim, we also investigated this interdependence in 
relation to the risk of mortality in type 2 diabetes.

Materials and Methods
Participants
Two prospective cohorts of patients with type 2 diabetes (diag
nosed according to American Diabetes Association 2003 criteria) 
(18) from Apulia, central-southern Italy, were investigated.

The aggregate Gargano Mortality Study—discovery sample
The aggregate Gargano Mortality Study (aGMS) consists of 
2140 people with type 2 diabetes, recruited at the Endocrine 
Unit of IRCCS “Casa Sollievo della Sofferenza,” San 
Giovanni Rotondo, according to the same design and proce
dures from 2000 to 2008 (first period) and from 2008 to 
2011 (second period) and prospectively followed until 
February 2023.

Serum inflammatory biomarkers were assessed in 1731 par
ticipants (80.9%), constituting the eligible sample for this 

analysis. Any analysis using data from aGMS was adjusted 
for the “recruitment period” (ie, first period = 0, second 
period = 1).

The Foggia Mortality Study—replication sample
The Foggia Mortality Study (FMS) comprises 1115 patients 
recruited consecutively at the Endocrine Unit of the 
University of Foggia from 2002 to 2008 and prospectively fol
lowed until March 2023. Serum inflammatory markers were 
assessed in 490 participants (43.9%), fully representative of 
the entire cohort, whose serum samples were available for 
this analysis.

For both cohorts, the only inclusion criterion was the presence 
of type 2 diabetes according to American Diabetes Association 
2003 criteria (18) and the only exclusion criterion was the pres
ence of poor life expectancy for nondiabetes-related diseases. 
The vital status of all participants was verified by interrogating 
the Italian Health Card Database upon data anonymization 
(https://sistemats1.sanita.finanze.it/wps/portal/).

Both prospective studies and the relative informed consent 
procedures were approved by the local Institutional Ethic 
Committees of IRCCS “Casa Sollievo della Sofferenza” and 
University of Foggia, respectively. All participants gave writ
ten informed consent.

Measurement of Circulating Inflammatory Markers
All circulating biomarkers were collected at baseline and im
mediately stored at −80° until measurements. This procedure 
gave stable analyte concentrations (19, 20).

Circulating levels of 27 molecules were measured simultan
eously in duplicate, using a multiplex detection 27-plex kit 
(Bio-Plex Pro Human Cytokine 27-plex assay, Bio-Rad Cat# 
M500KCAF0Y, RRID:AB_2893118) (Table S1 (13)). Three 
quality control samples (2 sex-mixed human serum samples 
from blood donors and 1 control serum provided by the 
manufacturer) were included in each plate. The median coef
ficient of variation (CV) was <15% for all analyzed markers, 
with the only exception of interferon-γ and vascular endothe
lial growth factor with CVs = 18.4% and 18.5%, respectively, 
and tumor necrosis factor-α = 24.2%. No values were out of 
the limit of detection. Data analyses were performed using 
Bio-Plex Manager software version 6.1 (Bio-Rad). Molecule 
concentrations were interpolated from an appropriate stand
ard curve.

Tryptophan, kynurenine, and their ratio (KTR) were quan
tified using baseline fasting serum samples and the 
AbsoluteIDQ p180 Kit (BIOCRATES Life Sciences), as previ
ously described (16, 17, 21). Sample handling was performed 
by a Hamilton Microlab STARTM robot (Hamilton Bonaduz 
AG, Bonaduz, Switzerland) and a Ultravap nitrogen evapor
ator (Porvair Sciences, Leatherhead, UK) and standard labora
tory equipment. Mass spectrometric analyses were done on an 
API 4000 triple quadrupole system (SCIEX Deutschland 
GmbH, Darmstadt, Germany) equipped with a 1260 Series 
HPLC (Agilent Technologies Deutschland GmbH, 
Böblingen, Germany) and a HTC-xc PAL autosampler 
(CTC Analytics, Zwingen, Switzerland) controlled by the soft
ware Analyst 1.6.2. For the liquid chromatography, com
pounds were identified and quantified based on scheduled 
multiple reaction monitoring measurements, for the flow in
jection analysis part of multiple reaction monitoring measure
ments. Data evaluation for quantification of metabolite 
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concentrations and quality assessment was performed with 
the software MultiQuant 3.0.1 (Sciex) and the MetIDQ soft
ware package. Metabolite concentrations were calculated us
ing internal standards and reported in µM.

Serum high-sensitivity C-reactive protein (hs-CRP) was 
measured in duplicate, using a Multiplex Detection 4-Plex 
kit (Bio-Plex Pro Human Acute Phase 4-Plex Panel (Bio-Rad 
Cat# 171A4C09M, RRID:AB_3391717), also containing se
rum amyloid P component, α2-macroglobulin, and haptoglo
bin. The median CV was 15% for all proteins. Data analyses 
were performed using Bio-Plex Manager software version 6.1 
(Bio-Rad). Serum hs-CRP concentrations were interpolated 
from an appropriate standard curve (11).

Cell Culture
Human immortalized endothelial cells (TeloHAECs 
CRL-4052 from ATCC) were maintained at 37 °C and 5% 
CO2 in Vascular Cell Basal Medium (ATCC PCS-100-030), 
supplemented with Vascular Endothelial Cell Growth Kit 
(ATCC PCS-100-041). After amplification, cells were seeded 
in 6-well plates (Sigma-Aldrich) at ∼5 × 105 cell per well. 
When 90% confluence was obtained, cell medium was 
changed with Vascular Cell Basal Medium plus 25 mM glu
cose for an additional 24 or 48 hours. In the last 12 hours of 
glucose incubation, 5-methoxy-DL-tryptophan (5-MTP) 
(Sigma-Aldrich) at a final concentration of 100 μM (or dilu
ent) was added.

RNA Extraction, cDNA Synthesis, and Gene 
Expression Analysis
Total RNA was isolated from cells by using RNeasy Mini kit 
(Qiagen). cDNA was generated by reverse transcription with 
iScript Reverse Transcription Supermix for RT-qPCR 
(BioRad) and used as template for subsequent analyses.

Expression levels of target CXCL10 (C-X-C motif chemo
kine ligand 10), which encodes for the chemokine interferon 
gamma–induced protein 10 (IP-10) and housekeeping 
(NONO, PPIA, and RPL13A) genes were assessed by means 
of a predesigned SYBR green assay (BioRad assay ID: qHsa 
CED0034161, qHsaCED0002050, qHsaCED0038620, 
qHsaCED0020417) on an ABI-PRISM7900 (Applied 
Biosystems). The above 3 housekeeping genes were chosen 
from a list of a total of 30 analyzed genes because they were 
showing the best control gene stability (ie, M < 0.5) across 
samples and different experimental conditions (22) (data not 
shown).

CXCL10 mRNA expression, normalized on the geometric 
mean of housekeeping genes, was calculated as the 2−ΔΔCT 
ratio on the 5.5 mM glucose plus 19.5 mM mannitol-treated 
cells at 24 hours, and used as the reference.

Statistical Analysis
Patients’ baseline characteristics were reported as mean ± SD 
and frequency and percentage for continuous and categorical 
variables, respectively. Because of skewed distribution and for 
comparability between different biomarkers, their concentra
tions were logarithmically transformed and then standardized 
(ie, Z score for log). All covariates with missing values <5% 
were imputed by the random forest method (23).

Correlations between biomarkers were assessed using the 
Pearson correlation coefficient.

In both studies, the time variable was defined as the time be
tween the baseline examination and date of the event (ie, all- 
cause mortality) or, for subjects who did not experience the 
event, the date of the last available clinical follow-up. 
Incidence rate for all-cause mortality was expressed as the 
number of events per 100 person-years.

To assess the association between serum inflammatory 
markers levels and all-cause mortality in the discovery sample 
(ie, aGMS), Bonferroni adjustment for multiple comparisons 
was used to determine the significance threshold in a Cox pro
portional hazards model adjusted for the recruitment period 
(0 or 1). The proportional hazards assumptions were tested 
through Schoenfeld residuals for each analysis.

Inflammatory markers that were significantly associated 
with mortality after Bonferroni adjustment, were further eval
uated in a fully adjusted model comprising age at recruitment, 
gender, smoking habit, body mass index (BMI), diabetes dur
ation, glycated hemoglobin (HbA1c), estimated glomerular 
filtration rate (eGFR), ongoing treatments, and recruitment 
period. Furthermore, molecules survived at this last step en
tered jointly a Cox model using a forward–backward stepwise 
analysis in order to minimize potential multicollinearity is
sues. Finally, a weighted inflammation score (I score) using 
the markers as selected by the stepwise analysis was created. 
The I score was obtained from the sum of biomarker values, 
each weighted by the regression coefficient from the for
ward–backward stepwise Cox model (eg, [0.364 × Z score 
for log_IP10] + [−0.246 × Z score for log_IL-13] + [0.244 × 
Z score for log_IL-6] + [0.264 × Z score for log_RANTES]  
+ [−0.102 × Z score for log_IL-4] + [0.089 × Z score for 
log_IL-8]) divided by its SD and finally expressed per 1 SD in
crease. In addition, via recursive partitioning for survival trees 
(24), we investigated exploratory ranges of I scores which 
identify subgroups of patients at different risk of death.

As possible modifiers of the effect of the I score on mortality 
rate, age at recruitment, gender, smoking habits, BMI, dia
betes duration, HbA1c, and eGFR were investigated. These 
variables were treated as continuous and also, to help clinical 
interpretation, as categorical. Cox proportional hazards ana
lyses stratified according to the variables mentioned above 
along with the presence of multiplicative interaction terms 
were used.

To examine whether the validated I score in the 2 study 
samples pooled together increases the accuracy of both 6- 
and 10-year all-cause mortality prediction in type 2 diabetes, 
2 different well-established models were utilized: ENFORCE 
(25, 26) and RECODe (27, 28), respectively. To pursue this 
aim, 346 and 592 events were available at 6 and 10 years of 
follow-up, respectively. Discrimination was measured by sur
vival c statistics (29) while improvement in discrimination was 
assessed by delta c statistics and the survival version of the 
relative integrated discrimination improvement (rIDI) (30). 
In addition, the survival version of the category-free net reclas
sification improvement (cNRI), which examines whether the 
predicted probabilities of individuals with and without events 
move in the right direction (upward and downward, respect
ively) from the base to the new model, was evaluated (31). 
The 95% CIs for discrimination and reclassification measures 
were computed by bootstrap.

To test the possible intertwined link between inflammation 
and tryptophan metabolism, a causal mediation analysis was 
performed (32). Firstly, we checked if the kynurenine to tryp
tophan ratio (KTR) was associated with all-cause mortality 
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(using a fully adjusted Weibull regression model) and with the 
6 biomarkers firmly associated with all-cause mortality (using 
a fully adjusted linear regression model). Then, a causal medi
ation analysis was conducted using the “mediate” function de
fined in the “mediation” package in R. This function provided 
non-parametric estimates of the total, direct (ie, directly at
tributable to the exposure), and indirect effects, based on 
1000 bootstrap replications, along with bias-corrected and ac
celerated 95% CIs. The percentage of mediated effect is de
fined as the ratio of the indirect to the total effect × 100, and 
its 2-sided empirical P value was defined as twice the number 
of times the percentages were negative out of the total number 
of bootstrap replications. Previous data make it possible to hy
pothesize a bidirectional link between inflammation and tryp
tophan metabolism in shaping the risk of cardiovascular 
disease (CVD) and survival probability. We then investigated 
2 separate causal mediation models. One model included each 
cytokine as a mediator in the relationship between KTR and 
all-cause mortality, while the other included KTR as a medi
ator in the relationship between each cytokine and all-cause 
mortality.

P < .05 was considered to be statistically significant. All 
analyses were performed using SAS 9.4 (SAS Institute, Cary, 
NC) and R software (R Core Team, 2021).

Results
Clinical features of patients from the aGMS and the FMS are 
summarized in Table 1. In the aGMS (left), 842 deaths oc
curred during a 13.1-year mean follow-up (22 676 person- 
years), while in the FMS (right) 256 deaths were observed 
during a mean follow-up of 12 years (5880 person-years).

Association Between Inflammatory Markers and 
all-Cause Mortality
In the aGMS, 17 of the 27 markers analyzed were significantly 
associated with all-cause mortality, having a P value below the 

threshold derived from the Bonferroni correction (.05/27 =  
1.85 × 10−3) (Table 2, left). Eleven of these molecules, all 
with a CV <15%, remained independently associated with all- 
cause mortality in a fully adjusted model including age at re
cruitment, gender, smoking habit, BMI, diabetes duration, 
HbA1c, eGFR, all ongoing treatments, and recruitment period 
(8 with increased and 3 with decreased risk; Table 2, right). 
The 11 independently associated markers showed a pairwise 
correlation ranging from −0.20 to 0.92 (Fig. S1 (13)) with 6 
of them surviving a further stepwise (forward–backward) pro
cedure (Fig. 1A). The I score, created by summing the standar
dized serum values of these 6 molecules (see Materials and 
Methods) was strongly and independently associated with all- 
cause mortality in the same fully adjusted model as above 
(Fig. 1A and Table 3).

The relationship between all-cause mortality with each sin
gle marker as well as the I score (weighted according to the 
same effect sizes of each marker in the aGMS) was validated 
in the FMS, a totally independent sample using the same fully 
adjusted model as before (Fig. 1B). When hs-CRP levels were 
added into the model the association between the I score and 
death rate did not change (HR moving from 2.20, 95% CI 
1.79-2.72 to 2.47, 1.95-3.17; P for HR heterogeneity = .47).

In the 2 cohorts pooled together, patients still alive at the 
end of follow-up (N = 1123) have an I score = −0.31, while 
patients who were deceased (n = 1098) have an I score =  
0.31 (P = 2.9 × 10−106). In this pooled sample, the association 
between the I score and all-cause mortality was significantly 
modified by age at recruitment, diabetes duration, HbA1c, 
and eGFR (P for interaction = 9.7 × 10−11, 6.1 × 10−7, 
1.8 × 10−2, and 2.6 × 10−2, respectively). Subgroup analysis 
carried out to help clinical interpretability showed that the as
sociation between the I score and all-cause mortality was sig
nificantly and highly stronger in younger patients (ie, age 
below the median value of the entire cohort) (Fig. 2). 
Evidence of interaction in subgroup analysis was also ob
served with disease duration, HbA1c, and eGFR levels (ie, 
stronger effect in individuals with shorter duration, better gly
cemic control, and higher filtration rate, respectively) (Fig. 2).

In order to provide I score thresholds with clinical utility, 
patient subgroups at different risks for mortality have been 
identified through a survival tree analysis (Fig. S2 (13)). The 
subjects with I scores <−0.729 and ≥0.708 had the lowest 
(0.80 per 100 person-years, 95% CI 0.57-1.13) and the high
est (11.02 per 100 person-years, 95% CI 9.74-12.47) inci
dence rate of mortality, respectively. Additional score 
thresholds that identify groups with intermediate risk of death 
are shown elsewhere (Fig. S2 (13)).

Improvement of Established Prediction Models 
of Mortality
In the 2 pooled cohorts, the discrimination ability (c statistics) 
for all-cause mortality was 0.77 (95% CI 0.74-0.79, 6-year 
prediction) and 0.77 (95% CI 0.75-0.78, 10-year prediction) 
for the ENFORCE (25, 26) and the RECODe (27, 28) clinical 
models, respectively (Table 4). The addition of the I score sig
nificantly improved the c statistics (delta c statistics) in both 
models (Table 4). In addition, other measures of discrimin
ation (IDI and rIDI) and reclassification (cNRI) were amelio
rated in both models (Table 4). To avoid an overoptimistic 
conclusion, we investigated the improvement in c statistics 
provided by the I score in the FMS alone (ie, the 

Table 1. Clinical features of the 2 independent study cohorts

aGMS, n = 1731 FMS, n = 490

Women (n) (%) 779 (45.0) 244 (49.8)
Age at recruitment (yrs) 62.5 ± 9.3 62.8 ± 11.6
Smoking habit (n) (%) 246 (14.2) 77 (15.7)
Diabetes duration (yrs) 11.6 ± 9.1 12.7 ± 9.7
BMI (kg/m2) 31.0 ± 5.7 30.1 ± 5.7
HbA1c (%) 8.4 ± 1.9 9.0 ± 2.1
eGFR (mL/minute/1.73 m2) 80.2 ± 19.6 80.4 ± 25.5
Anti-hypertension therapy (n) (%) 1189 (68.7) 352 (71.8)
Insulin therapy (n) (%) 782 (45.2) 164 (33.5)
Statin therapy (n) (%) 890 (51.4) 150 (30.6)
Follow-up (yrs); (py) 13.1 ± 5.6 (22 676) 12.0 ± 5.5 (5880)
All-cause death (n) (%) 842 (48.6) 256 (52.2)
IR (n events per 100 py)a (95% CI) 3.2 (2.9-3.5) 3.7 (3.0-4.3)

Continuous variables are reported as mean ± SD and categorical variables as total 
frequencies and percentages. 
Abbreviations: aGMS, aggregate Gargano Mortality Study; eGFR, estimated 
glomerular filtration rate (calculated using CKD-EPI equation); FMS, Foggia 
Mortality Study; HbA1c, glycated hemoglobin A1c; IR, incidence rate of 
all-cause death; py, person-years. 
aAdjusted for age and sex.
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validation cohort which was not used to discover the 
associated markers); similarly to what was observed in the 
pooled analysis, the delta c statistic was 0.03 (95% 
CI 0.01-0.05, P = 2 × 10−4, 6-year prediction) and 0.03 
(95% CI 0.02-0.05, P = 7.5 × 10−6, 10-year prediction), at 
the top of ENFORCE and RECODe, respectively.

Interestingly, very similar results were obtained on all pre
diction measures in both the ENFORCE and RECODe mod
els with a parsimonious I score based only on the 4 most 
strongly associated inflammatory markers (ie, excluding 
IL-4 and IL-8) (Table S2 (13)).

In both prediction models, all improvements provided by 
the I score were particularly evident in younger patients (be
low the median age) (P < 0.0001 for all measures) compared 
with the improvements observed in older patients (see 
Table S3A and S3B (13)). This finding parallels the stronger 

association between the I score and the risk of death observed 
in younger subjects.

The Link Between Inflammation and Tryptophan 
Metabolism in Shaping the Risk of Mortality
In a subset of 828 individuals from the aGMS which is fully 
representative of the entire cohort (clinical features shown in 
Table S4 (13)) the possible link between inflammation and 
tryptophan metabolism, by means of serum KTR, was 
investigated.

Of the 6 inflammatory markers identified and validated as 
associated with all-cause mortality, only IL-4, IL-6, IL-13, 
and IP-10 were also associated with the KTR (a prerequisite 
to run causal mediation analysis). These 4 molecules, as well 
as the KTR, were associated with all-cause mortality in this 

Table 2. Association between inflammatory markers and all-cause mortality in the aGMS

Unadjusted modela Fully adjusted modelb

Cytokines HR 95% CI P HR 95% CI P

RANTES 1.67 1.53-1.82 6.2 × 10–30 1.38 1.27-1.50 1.6 × 10–14

IL-6 1.33 1.26-1.41 1.5 × 10–28 1.28 1.21-1.37 7.7 × 10–15

IP-10 1.68 1.53-1.84 4.4 × 10–27 1.47 1.34-1.61 7.9 × 10–16

IL-13 0.70 0.65-0.75 1.6 × 10–23 0.80 0.74-0.86 3.7 × 10–9

IL-8 1.32 1.24-1.40 5.5 × 10–19 1.17 1.10-1.25 2.0 × 10–6

FGF basic 1.31 1.23-1.40 4.4 × 10–17 1.18 1.11-1.26 4.6 × 10–7

IL-1ra 1.25 1.17-1.23 8.1 × 10–12 1.17 1.10-1.25 9.6 × 10–7

IL-15 0.81 0.76-0.87 3.9 × 10–9 1.15 1.07-1.24 1.9 × 10–4

MIP-1β 1.17 1.10-1.25 7.5 × 10–7 1.13 1.06-1.20 2.1 × 10–4

IL-4 0.87 0.82-0.92 2.0 × 10–6 0.89 0.83-0.95 1.0 × 10–3

PDGF-BB 1.20 1.10-1.31 2.8 × 10–5 0.92 0.87-0.98 1.4 × 10–2

IFN-γ 1.14 1.06-1.23 4.0 × 10–4 1.09 0.99-1.19 5.3 × 10–1

Eotaxin 1.17 1.08-1.25 4.1 × 10–5 1.06 0.99-1.14 8.3 × 10–1

IL-5 0.88 0.82-0.95 4.3 × 10–4 0.87 0.84-1.00 7.8 × 10–1

MIP-1α 1.12 1.04-1.19 1.0 × 10–3 1.05 0.98-1.12 1.5 × 10–1

IL-7 0.90 0.84-0.96 1.0 × 10–3 0.94 0.88-1.00 6.9 × 10–1

G-CSF 0.89 0.84-0.95 1.0 × 10–3 1.07 0.99-1.15 8.7 × 10–1

IL-10 0.90 0.85-0.96 2.0 × 10–3

IL-2 1.12 1.04-1.20 2.0 × 10–3

IL-17A 1.08 1.04-1.16 2.1 × 10–2

TNF-α 1.11 1.03-1.19 5.0 × 10–3

IL-12 (p70) 1.07 0.99-1.17 5.0 × 10–2

IL-9 1.04 0.94-1.15 6.9 × 10–2

MCP-1 (MCAF) 1.06 0.99-1.14 8.7 × 10–2

GM-CSF 1.06 098-1.14 1.2 × 10–1

IL-1β 1.05 0.98-1.11 1.4 × 10–1

VEGF 0.98 0.91-1.05 5.2 × 10–1

HR 95% CI are given for SD increase in inflammatory markers levels. 
In italic are molecules that are not significantly associated with all-cause mortality in univariate analyses, after Bonferroni correction for multiple comparisons (P threshold  
= 1.85 × 10-3). 
In bold are molecules significantly associated with all-cause mortality in the fully adjusted model. 
Abbreviations: aGMS, aggregate Gargano Mortality Study; G-CSF, Granulocyte-Colony stimulating factor; GM-CSF, Granulocyte-macrophage colony-stimulating 
factor; FGF basic, Fibroblast Growth Factor; IFN-γ, interferon-gamma; IL, interleukin; IL-12 (p70), Interleukin-12p70; IL-1ra, Interleukin-1 receptor agonist; IP-10, 
interferon gamma–induced protein 10; MCAF, monocyte chemotactic and activating factor; MCP-1, monocyte chemoattractant protein-1; MIP, macrophage, 
inflammatory protein; PDGF-BB, platelet-derived growth factor-BB; RANTES, Regulated on Activation, Normal T cell Expressed and Secreted; TNF-α, tumor 
necrosis factor-alfa; VEGF, vascular endothelial growth factor. 
aThis analysis was adjusted only for the recruitment period, as described in Materials and Methods. 
bThis analysis was fully adjusted for age at recruitment, sex, smoking habit, BMI, HbA1c, eGFR, diabetes duration, ongoing treatments, and recruitment period.
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subset of individuals (Table S5, panel A (13)). The association 
with all-cause mortality when both KTR and each of the 4 
markers were considered together is shown elsewhere (Panel 
B of Table S5 (13)). Most of the observed associations 
with mortality were virtually identical in the 2 alternative 
models, but that of KTR after adjustment for IP-10 (29% re
duction in beta value) and those of IP-10 and IL-13 after ad
justment for KTR (16% and 37% reduction in beta value, 
respectively).

The causal mediation analysis confirmed that more than 
one-quarter of the effect of KTR on mortality was mediated 
by IP-10 (28%, P = 8 × 10−6) and that conversely 16% 
(P = 6 × 10−4) of the effect of IP-10 is mediated by KTR. 
Furthermore, 39% of the effect of IL-13 on mortality was 
mediated by KTR (P = 2 × 10−2).

Cell Culture Studies to get Insight on how IP-10 
Mediates the Association Between KTR and 
Mortality
We tested in TeloHAECs whether 5-MTP, a 5-OH- 
tryptophan–derived metabolite with anti-inflammatory activ
ity (33, 34), influences the expression of IP-10 under different 
experimental conditions combining short- and long-term in
cubation at low- and high-glucose concentrations. Indeed, 
compared with that in cells after a 24-hour incubation at 
5 mM glucose, taken as the control condition, the expression 
of CXCL10, which encodes for IP-10, was slightly but signifi
cantly increased by a 25 mM glucose concentration at 24 
hours (P = 1.8 × 10−2; Fig. 3, left half, white bars) and almost 
doubled by a 48-hour incubation (P = 4.5 × 10−4; Fig. 3 right 
half, grey bars). At this time point, no further stimulatory 
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Figure 1. Associations between inflammatory markers, I score, and all-cause mortality. Hazard ratios (HRs) and 95% CIs per 1 SD increase of each 
inflammatory marker and the I score in aGMS (A) and FMS (B) were estimated in Cox regression models, adjusting for age at recruitment, gender, 
smoking habit, BMI, diabetes duration, HbA1c, eGFR, and ongoing treatments. For aGMS, the “recruitment period” was also included into the model.
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effect of a 25 mM glucose concentration was observed. 
Coincubation with 100 µM 5-MTP abrogated the stimulation 
of IP-10 expression exerted by a high glucose concentration at 
24 hours (Fig. 3, left) as well as by prolonged incubation at 
48 hours, thus restoring the stimulatory effect of high glucose 
concentration (P = 4E−2) (Fig. 3, right).

Discussion
We investigated comprehensively the role of low-grade in
flammation on all-cause mortality in 2221 individuals with 
type 2 diabetes, from 2 different cohorts. Indeed, 27 inflam
matory markers were measured, with 6 of them (IL-4, IL-6, 
IL-8, IL-13, RANTES, and IP-10) independently associated 
in the first discovery sample and then confirmed in the second 
validation sample. Of note, the I score, comprising these 
6 markers, was associated with all-cause death in both the dis
covery and the validation sample with an effect similar in mag
nitude to that of being 10 years older and much stronger than 
that of gender, kidney function, essential hypertension, and 
the severity of diabetes, as indicated by insulin treatment. 
Notably, the association with mortality rate of the I score 
was independent of hs-CRP (11), suggesting that the 2 inflam
matory markers provide information on different pathways 
related to premature death in type 2 diabetes.

The association between I score and all-cause mortality was 
much stronger in younger individuals and in those with short
er duration of diabetes, meaning that the deleterious effect of 
chronic inflammation on the probability of survival is more 
evident when other risk factors such as age and long disease 
duration are less prevalent. This suggests the need to prevent 
or treat inflammation in the early stages of type 2 diabetes, es
pecially in relatively young people in whom diabetes has the 
greatest negative effect on life expectancy (1) and in whom 
intervention strategies have more time to improve the trajec
tory of the disease’s fearsome consequences.

Importantly from a clinical point of view, the I score im
proved discrimination measures of ENFORCE and 
RECODe, 2 well-established prediction models of all-cause 
death in type 2 diabetes which are based on clinical variables 

(25-28). Although statistically significant, the improvement of 
the c statistics is rather small, but it is worth noticing that in 
already well-performing models, as are those we used here, 
this index lacks sensitivity in detecting further discrimination 
improvements (35). In both models, the percentage rIDI, an 
alternative discrimination index, is higher than the threshold 
requested by international guidelines for adding new bio
markers on top of established prediction models (36). In add
ition, adding the I score to both models correctly reclassified a 
significant proportion of individuals, especially nonevents, 
thus reducing the risk of overestimation. Finally, in both mod
els, the improvement of discrimination and reclassification 
measures provided by the I score was particularly evident in 
patients with relatively younger age. Overall, our findings ad
vocate the use of the I score on top of ENFORCE or RECODe 
to improve the identification of individuals with type 2 dia
betes at highest risk of death who would benefit most from ag
gressive, laborious, and costly management that cannot (and 
probably does not need to) be implemented in all individuals 
with diabetes.

The I score includes both proinflammatory (IL-6 and IL-8) 
and anti-inflammatory (IL-4 and IL-13) inflammatory cyto
kines as well as 2 chemokines (RANTES or CCL5 and IP-10 
or CXCL10). IL-6 has previously been studied as a predictor 
of CVD (37) and mortality (38) also in patients with type 2 
diabetes (10, 39). IL-6 mediates humoral and cellular re
sponses (40) and is closely related to IL-8, a neutrophil chemo
tactic proinflammatory cytokine also associated with (CVD) 
and involved in mitogenesis, angiogenesis inhibition, and 
leukocyte activation (41).

The anti-inflammatory IL-4 and IL-13 cytokines share 
many biological and immunoregulatory functions on B lym
phocytes, monocytes, dendritic cells, and fibroblasts (42). 
Generally, IL-4/-13 signaling to peripheral tissues promotes 
cell proliferation, which mediates beneficial responses (43). 
IL-4 circulating levels are decreased in elderly people (44) 
and low levels of IL-13 are associated with increased mortality 
risk in diabetes (17).

Finally, chemokines RANTES and IP-10, which act on 
endothelial and vascular smooth muscle cells, are postulated 
to be involved in the development and manifestation of ath
erosclerosis and CVD (45, 46).

In type 2 diabetes, tryptophan metabolism is associated 
with all-cause mortality (17). In detail, serum tryptophan en
tails a high survival rate while, in contrast, serum kynurenine 
and the KTR are positively related to the risk of death (17).

Indeed, KTR is a marker of tryptophan downstream metab
olism that recognizes 2 alternative pathways: one that through 
kynurenine is proinflammatory (47) and another that synthe
sizes 5-MTP, an anti-inflammatory metabolite derived from 
5-OH-tryptophan (33, 34). Causal mediation analysis showed 
that IP-10 mediates part of the deleterious effect of KTR on 
the risk of death. A possible mechanism underlying this effect 
is, at least partially, indicated by our studies on cultured endo
thelial cells showing that under several experimental condi
tions IP-10 expression is controlled by 5-MTP, thus making 
this chemokine central for the anti-inflammatory effect of 
tryptophan metabolism. Conversely, KTR mediates part of 
the effect on all-cause mortality of IP-10, suggesting a binary 
mediation between the 2 risk factors. KTR also mediates part 
of the effect of IL-13, confirming our previous observation ob
tained in a smaller sample (17). As a whole, our data indicate 
the existence of a pathway that through an intertwined 

Table 3. Multivariable associations with all-cause mortality in the 
aGMS (n = 1731)

HR 95% CI P

I score 2.13 1.91 2.37 5.7 × 10−42

Males vs females 1.39 1.19 1.61 1.9 × 10−5

Age at recruitment (per 10 years) 2.04 1.88 2.26 9.4 × 10−44

Smoking habit (yes vs no) 1.72 1.39 2.12 5.7 × 10−7

BMI (per 1 unit) 1.02 1.00 1.03 1.60 × 10−2

HbA1c (per 1 unit) 1.02 1.03 1.11 1.00 × 10−2

Disease duration (per 10 years) 1.02 0.94 1.13 5.6 × 10−1

eGFR (per 10 mL/min/m2) 1.12 1.07 1.17 5.2 × 10−7

Antihypertension therapy (yes vs no) 1.29 1.08 1.54 4.0 × 10−3

Insulin therapy (yes vs no) 1.48 1.25 1.74 4.0 × 10−6

Statins therapy (yes vs no) 0.92 0.79 1.06 2.5 × 10−1

HR (95% CI) for Inflammation score is given for 1 SD increase. 
Analyses were adjusted for study cohort. 
Abbreviations: aGMS, aggregate Gargano Mortality Study; BMI, body mass 
index; eGFR, estimated glomerular filtration rate (calculated using the CKD-EPI 
equation); HbA1c, glycated hemoglobin A1c; I score, inflammation score.
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relationship between low-grade inflammation and tryptophan 
metabolism shapes the risk of death in people with diabetes, 
thus opening new research routes to discover tailor-made 
treatments for “inflamed” patients with imbalanced trypto
phan metabolism.

Our study has several strengths. We used a rigorous study 
design with discovery and replication cohorts prospectively 
analyzed with a clinical phenotype thoroughly investigated. 
The adopted pipeline to skim the most associated serum in
flammatory markers with all-cause mortality included 
Bonferroni adjustment, confounders adjusted model, and 
stepwise analysis, a conservative approach that lowers the 
false-positive rate.

We also carried out a comprehensive analysis on a large 
number of quality-controlled inflammatory biomarkers, 

whereas previous studies on the role of inflammation on mor
tality in patients with type 2 diabetes have evaluated only a 
few markers (9-12). In addition, our present study tested the 
ability of an I score, based on the most robustly associated 
markers, to improve 2 well-established and validated predic
tion models (25-28), thus making our findings implementable 
in the real-life clinical setting. Finally, we gained information 
on the intertwined relationship between the inflammation and 
tryptophan pathways (14) whose link is a promising field of 
study aimed at paving the way for new therapies to treat indi
viduals with type 2 diabetes (and perhaps also other chronic 
conditions) characterized by low-grade inflammation and im
balanced tryptophan metabolism.

We have also to recognize several limitations. Firstly, the 
2 cohorts we studied are geographically close, thus limiting 

Subgroup

Sex

N of patients

   Women
   Men

  HR (95% CI)

Age (yrs)

P for interaction

≤ 63
> 63

Smoking habit
   No
   Yes
Diabetes duration (yrs)

≤ 10 
> 10

BMI (Kg/m2)
≤ 30.1
> 30.1

HbA1c (%)
≤ 8.2
> 8.2

eGFR (ml/min/m2)
≤ 83.2 
> 83.2

1023
1198

1166
1055

1898
323

1185
1036

1120
1101

1140
1081

1111
1110

2.25 (1.95, 2.59)
2.23 (1.96, 2.53)

3.53 (2.95, 4.22)
1.83 (1.63, 2.05)

2.15 (1.56, 2.41)
2.79 (2.16, 3.60)

2.70 (2.31, 3.17)
1.86 (1.64, 2.09)

2.12 (1.86, 2.41)
2.22 (1.92, 2.55)

2.22 (1.93, 2.54)
2.11 (1.85, 2.41)

1.99 (1.77, 2.24)
2.71 (2.31, 3.18)

 8.7E-01

 9.7E-11

 2.1E-01

 6.1E-07

 1.8E-01

1.8E-02

2.6E-02

1 2 3 4 5

Figure 2. Associations between the I score and all-cause mortality in the combined sample (aGMS + FMS) by subgroups of demographical and clinical 
features. Hazard ratios (HRs) and 95% CI per 1 SD of I score increase were estimated by Cox regression models, adjusting for age at recruitment, 
gender, smoking habit, BMI, diabetes duration, HbA1c, eGFR, ongoing treatments, and study sample. The P value for interaction is shown for each 
subgroup.

Table 4. Prediction of all-cause mortality by I score and by ENFORCE and RECODe (without and with the I score)

Prediction models Discrimination Reclassification

c statistics  
(95% CI)

Δc statistics  
(95% CI) P value

IDI  
P value

%rIDI  
P value

% ½ cNRI  
P value

% Events  
P value

% Nonevents  
P value

6-yr mortality I score 0.71 (0.69-0.74)
ENFORCE 0.77 (0.74-0.79)
ENFORCE + I score 0.80 (0.78-0.82) 0.04 (0.02-0.05) 

3 × 10−8
0.051 
6 × 10−10

33.6 
4 × 10−9

18.2 
3 × 10−11

8.7 
9 × 10−2

27.7 
<2 × 10−14

10-yr mortality I score 0.70 (0.68, 0.72)
RECODe 0.77 (0.75-0.78)
RECODe + I score 0.80 (0.78-0.81) 0.03 (0.02-0.04) 

2 × 10−13
0.056 
<2 × 10−14

27.2 
<2 × 10−14

20.5 
<2 × 10−14

11.5 
4 × 10−3

29.5 
<2 × 10−14

All P values are referred to comparisons vs the same base model (ie, with no I-score). Time horizon of 6 years for ENFORCE (n events = 346) and 10 years for RECODe 
(n events = 592). 
Abbreviations: I score, inflammation score; cNRI, category-free net reclassification improvement; rIDI, relative integrated discrimination improvement.
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the generalizability of our finding. In addition, we lack data on 
cardiovascular mortality, thus making it impossible to look 
for the association between this specific cause of death and in
flammation previously reported to be associated with some in
flammatory markers in the general population (38). This said, 
it should also be considered that in individuals with diabetes 
cardiovascular mortality, although still important (48, 49), 
is no longer the leading cause of death, now representing 
only one-quarter of all events (50).

In conclusion, we have comprehensively investigated and 
characterized the association between inflammation and all- 
cause mortality in people with type 2 diabetes, which may 
have clinical implication in identifying individuals who are 
at greater risk of death. We also provided evidence that an in
tertwined relationship between inflammation and the trypto
phan metabolism influences the rate of mortality. This may 
pave the way for new therapies targeted at subgroups of pa
tients characterized by low-grade inflammation and imbal
anced tryptophan metabolism.
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Figure 3. Glucose and 5-MTP induced C-X-C motif chemokine ligand 10 (CXCL10) mRNA expression. Bars represent CXCL10 mRNA expression 
(which encodes for the chemokine IP-10), calculated as indicated in Materials and Methods, induced by high glucose (25 mM) concentration with or 
without 100 μM 5-MTP in cells incubated for 24 (white bars) and 48 (grey bars) hours. Data are means ± SD of 3 independent experiments. *Second vs 
first bar P = 1.8 × 10−2; **third vs first bar P = 4.5 × 10−4; #eighth vs seventh bar P = 4.2 × 10−2.
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