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ABSTRACT
Introduction Diabetic retinopathy (DR), diabetic kidney 
disease (DKD) and distal symmetric polyneuropathy (DSPN) 
share common pathophysiology and pose an additive risk 
of early mortality.
Research design and methods In adults with type 
1 diabetes, 49 metabolites previously associated with 
either DR or DKD were assessed in relation to presence 
of DSPN. Metabolites overlapping in significance with 
presence of all three complications were assessed in 
relation to microvascular burden severity (additive number 
of complications—ie, presence of DKD±DR±DSPN) 
using linear regression models. Subsequently, the 
same metabolites were assessed with progression to 
endpoints: soft microvascular events (progression in 
albuminuria grade, ≥30% estimated glomerular filtration 
rate (eGFR) decline, or any progression in DR grade), 
hard microvascular events (progression to proliferative 
DR, chronic kidney failure, or ≥40% eGFR decline), 
and hard microvascular or macrovascular events 
(hard microvascular events, cardiovascular events 
(myocardial infarction, stroke, or arterial interventions), or 
cardiovascular mortality), using Cox models. All models 
were adjusted for sex, baseline age, diabetes duration, 
systolic blood pressure, HbA1c, body mass index, total 
cholesterol, smoking, and statin treatment.
Results The full cohort investigated consisted of 487 
participants. Mean (SD) follow- up was 4.8 (2.9, 5.7) years. 
Baseline biothesiometry was available in 202 participants, 
comprising the cross- sectional cohort. Eight metabolites 
were significantly associated with presence of DR, DKD, 
and DSPN, and six with additive microvascular burden 
severity. In the full cohort longitudinal analysis, higher 
levels of 3,4- dihydroxybutanoic acid (DHBA), 2,4- DHBA, 
ribonic acid, glycine, and ribitol were associated with 
development of events in both crude and adjusted models. 
Adding 3,4- DHBA, ribonic acid, and glycine to a traditional 
risk factor model improved the discrimination of hard 
microvascular events.
Conclusions While prospective studies directly assessing 
the predictive ability of these markers are needed, our 
results strengthen the role of clinical metabolomics in 
relation to risk assessment of diabetic complications in 
chronic type 1 diabetes.

INTRODUCTION
The search for new and improved methods 
for assessing the risk of complications in type 
1 diabetes (T1D) is ever ongoing. People 
commonly develop T1D at an early stage in 
life resulting in many years of high risk of 
complications. Diabetic retinopathy (DR), 
kidney disease, neuropathy, and cardiovas-
cular disease are all frequent and highly 
debilitating conditions leading to reduced 
life expectancy and lower quality of life.1 2 In 
the shadow of the much greater global issue 
of type 2 diabetes (T2D),3 research and 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Several circulating metabolites have been associ-
ated with the presence and progression of diabetic 
retinopathy and diabetic kidney disease. But infor-
mation regarding the role of circulating metabolites 
and diabetic neuropathy and overall complication 
burden on people with type 1 diabetes is lacking.

WHAT THIS STUDY ADDS
 ⇒ We have investigated a panel of circulating metab-
olites with increasing microvascular complication 
burden in type 1 diabetes, and thereafter assessed 
relevant metabolites with progression of micro-
vascular and macrovascular diseases. We identi-
fied four metabolites, 3,4- dihydroxybutanoic acid, 
2,4- dihydroxybutanoic acid, ribonic acid, glycine, 
and ribitol, each associated with increasing micro-
vascular burden, as well as associated with the 
development of microvascular and macrovascular 
outcomes.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Clinical metabolomics is increasingly being demon-
strated as a valid tool for risk assessment of diabetic 
complications in type 1 diabetes.
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treatment of complications in T1D often rely on data 
collected in people with T2D, despite a large pathophysi-
ological and phenotypic division. Thus, investigating the 
interplay and overlap between different complications in 
T1D accurately is highly relevant in order to target appro-
priate interventions at an earlier stage of complication 
development.

We have previously investigated the associations 
between circulating metabolites and lipid species and 
diabetic complications in T1D, both cross- sectionally and 
prospectively.4–9 Through these studies, we have iden-
tified hydroxybutyrate isomers, ribose derivatives, and 
branched- chain amino acids that were associated with 
presence and development or progression of DR,8 kidney 
disease,5 and cardiovascular disease.10 Similar results 
were also identified in relation to cardiac autonomic 
neuropathy.4 11 Distal symmetric polyneuropathy (DSPN) 
remains to be investigated using similar methods. Further, 
identification of common metabolic risk predictors for 
multiple microvascular and/or macrovascular complica-
tions or ‘burden of complications’ in individuals with T1D is 
of major importance.

In this study, we set out to investigate the role of 49 
circulating metabolites previously related to chronic 
kidney disease (CKD) and DR in relation to the presence 
of DSPN in T1D, in order to investigate the role of shared 
metabolites across overall burden of complications, cross- 
sectionally and longitudinally.

METHODS
Through 2009–2011, a total of 667 individuals with 
T1D exhibiting albuminuria, ranging from normal to 
severely increased, were recruited from Steno Diabetes 
Center Copenhagen. Individuals with kidney failure were 
excluded. Details of the cohort have been described 
previously.12 Of these, 258 participants were included 
in a substudy investigating autonomic neuropathy in 
which measures of DSPN and cardiac autonomic neurop-
athy were performed.4 The present study includes 487 
participants from the original cohort in which data on 
DR, diabetic kidney disease (DKD), and cardiovascular 
disease were available, of which 202 have data on DSPN 
available and were included in cross- sectional analyses. 
All participants gave written informed consent, and the 
study was conducted in accordance with the Declaration 
of Helsinki.

Baseline data
Venous sampling analyzed by standardized methods was 
employed to quantify serum creatinine, glycated hemo-
globin (HbA1c), cholesterol, and triglycerides. Urinary 
albumin excretion rate (UAER) was quantified using the 
mean of three consecutive 24- hour urine collections and 
analyzed by enzyme immunoassay. The Chronic Kidney 
Disease Epidemiology Collaboration 2009 equation13 was 
employed to calculate estimated glomerular filtration 
rate (eGFR). A validated automated sphygmomanometer 

was used to assess sitting brachial blood pressure after 10 
min of rest.

Presence of DSPN was defined by biothesiometry vibra-
tion perception test above an individualized threshold, 
bilaterally, adjusted for age, height, and sex using the 
following algorithm14 15:

 exp
(
−0.51 +

(
0.0248 × age

)
+
(

0.77 × height
(

m
))

+
(

0.03 × sex
)

+ s
)
 , 

where s=SD of expected log vibration threshold 
(s=0.62) and sex is defined as 1 for men and 2 for women.

Baseline normal, moderately, and severely increased 
albuminuria were defined as UAER <30 mg/24 hours, 
30–299 mg/24 hours, and >299 mg/24 hours, respec-
tively, in two out of three consecutive 24- hour urine 
collections. Presence of CKD was based on the Kidney 
Disease Improving Global Outcomes 2012 Guideline16 
categories in which eGFR <60 mL/min/1.73 m2 or 
UAER ≥30 mg/24 hours or urinary albumin creatinine 
rate (UACR) >30 mg/g is considered manifest CKD. DR 
measurements have been described previously.8 In short, 
DR was classified using a 0–4 in- house algorithm which, 
in turn, is based on five mydriatic non- stereoscopic 
retinal fundus photos combined into a mosaic, graded 
using a modified version of the International Classifica-
tion of Diabetic Retinopathy Disease Severity Scale.17 DR, 
according to this scale, is defined as no DR, mild non- 
proliferative, moderate non- proliferative, proliferative, 
and proliferative DR with fibrosis. Blind participants were 
excluded. Subsequently, it was subdivided into low- grade 
DR defined as no or mild non- proliferative DR, and high- 
grade DR including moderate non- proliferative and 
proliferative DR. Finally, by adding the number of micro-
vascular complications (presence of DKD+DR+DSPN) 
prevalent in each participant, an overall score repre-
senting microvascular complication burden was calcu-
lated (ie, no complication=0, one complication=1, up to 
a maximum burden score of 3).

Serum metabolomics: measurements and selection
Metabolomic sample analysis has been described previ-
ously.5 In short, serum samples stored at −80°C were 
analyzed using two- dimensional gas chromatography 
with time- of- flight mass spectrometry. Raw data were 
processed by peak picking using ChromaTOF and there-
after aligned using Guineu.18 Subsequently, data were 
postprocessed in R. All metabolites associated (p<0.05) 
with diabetes microvascular complications of the kidney 
(eGFR and albuminuria) or DR score within the same 
T1D cohort from Steno Diabetes Center Copenhagen, 
published previously,5 8 were selected for investigating 
the association with DSPN. Selected metabolites (n=49) 
are listed in online supplemental table 1.

Follow-up
Follow- up information on kidney disease, cardiovascular 
disease, retinopathy, and clinical measurements from 
inclusion in 2009–2011 until December 31, 2016 was 
obtained for all participants. All participants were also 
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traced through the Danish National Death Register until 
December 31, 2015 to obtain data on mortality, including 
information on date and cause of death. Information 
regarding kidney disease and cardiovascular disease was 
sourced through the Danish National Health Register. 
Registry data on biothesiometry, or other measures of 
peripheral autonomic neuropathy, were not available 
and could therefore not be assessed during follow- up. 
Retinopathy measurements were extracted from local 
electronic records from Steno Diabetes Center Copen-
hagen. UAER, UACR, serum creatinine, systolic blood 
pressure and HbA1c measurements were extracted from 
standard ambulatory care records.

Definition of longitudinal composite endpoints
Events were classified into three combined endpoints as 
well as into two categories. The first category was defined 
as ‘soft’ endpoints (broader and earlier events using less 
established disease stages). The second category was 
defined as ‘hard’ outcomes (more robustly characterized 
events or disease stages). The first combined endpoint, 
soft microvascular events, included any progression in 
retinopathy status from any lower to any higher/more 
advanced DR stage as described above; any progression 
in albuminuria from normal or moderately increased 
albuminuria to moderately or severely increased albu-
minuria; or ≥30% decline in eGFR from baseline. The 
second endpoint, hard microvascular events, included 
progression from no or non- proliferative DR to prolifera-
tive DR; development of chronic kidney failure (defined 
as CKD grade 5, chronic dialysis, kidney transplantation, 
or eGFR <15 mL/min/1.73 m2); or ≥40% decline in eGFR 
from baseline. The last endpoint combines the hard 
microvascular events with development of cardiovascular 
events (defined as non- fatal myocardial infarction, non- 
fatal stroke, coronary interventions, or peripheral arte-
rial interventions) or cardiovascular mortality. Diagnosis 
codes and procedural codes used to trace endpoints can 
be found in online supplemental table 2. Registry data 
on neuropathy were not available and therefore not 
included in the composite endpoints.

Statistical analyses
Normally distributed continuous variables are shown as 
mean±SD, non- normally distributed as median (IQR), 
and categorical variables as n (%). Before inclusion in 
models, non- normal distributed variables were log2 trans-
formed. At baseline, metabolites previously shown to be 
significantly associated with baseline DR score, eGFR, 
and albuminuria grade,5 8 using the same metabolomic 
panel, were investigated using linear regression models 
in association with baseline presence of DSPN. There-
after, metabolites overlapping in significance (p<0.05) 
with the presence of all above- mentioned microvascular 
complications were included in the analysis for overall 
complication burden.

Overlapping metabolites (online supplemental figure 
1) were then investigated in association with baseline 

microvascular complication burden using crude and 
multivariate linear regression models. Included covari-
ates were age, sex, diabetes duration, systolic blood pres-
sure, HbA1c, body mass index, total cholesterol, current 
smoking, and statin treatment. Estimates are presented 
as log2 fold change (logFC) of the metabolites.

Overlapping metabolites from the cross- sectional anal-
ysis were then assessed in the longitudinal cohort in asso-
ciation with time to first event endpoints using crude and 
multivariate adjusted Cox proportional hazards models. 
If multiple endpoints in the composite were achieved, 
only the first was analyzed. Adjustment included the 
above- mentioned clinical covariates, as well as base-
line eGFR and UAER. HRs are presented with 95% CIs 
reflecting the risk of outcome for a metabolite level above 
the median compared with a level below.

Finally, the discrimination potential of metabolites 
shown to be significantly associated to endpoint devel-
opment in Cox proportional hazards models was calcu-
lated using C- statistics. Receiver operating characteristic 
(ROC) curves including the metabolites alone, with 
clinical covariates (the same as for the Cox proportional 
hazards models), and clinical covariates alone, were 
drawn, and areas under the curve (AUCs) were calcu-
lated. AUCs of ROC curves including metabolites with 
clinical covariates, and clinical covariates alone, were 
tested against each other for significance using Z test.

All statistical analyses and data visualizations were 
performed using R (V.4.2.1, R Core Team, Vienna, 
Austria) in RStudio (V.2022.07.2+576, RStudio Team, 
Boston, Massachusetts, USA). A two- sided p value <0.05 
was considered significant.

RESULTS
Baseline characteristics
Of the 487 participants, 261 (54%) were male. At base-
line, mean±SD age was 55±12 years, diabetes dura-
tion was 32±16 years, and HbA1c was 65±13 mmol/
mol (8.1±1.2%). The subcohort with DSPN measures, 
including 202 participants, was reflective of the entire 
cohort with only minor differences. DSPN was present at 
baseline in 155 (77%) participants. All baseline informa-
tion can be seen in table 1. A flow chart describing the 
selection process of the participant cohorts is presented 
in online supplemental figure 2.

Cross-sectional associations with DSPN
At baseline, nine metabolites were associated with the 
presence of DSPN (online supplemental figure 3). 
Higher levels of 3,4- dihydroxybutanoic acid (DHBA) 
and 2,4- DHBA were both associated with the presence of 
DSPN (logFC=0.30 (95% CI 0.12, 0.48) and 0.37 (95% 
CI 0.20, 0.55), respectively, p<0.001) as well as another 
hydroxy fatty acid, 2- hydroxyisovaleric acid, although 
with a weaker, inverse association (logFC=−0.16 (95% CI 
0.28, −0.05), p=0.006). Higher levels of the sugar derivates 
myoinositol, ribitol, and ribonic acid were associated with 
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presence of DSPN (online supplemental table 3). The 
three amino acids valine, glycine, and leucine were asso-
ciated with DSPN; glycine being positively associated, and 
valine and leucine negatively associated.

Cross-sectional associations with microvascular 
complication burden
Eight overlapping metabolites were associated with 
DSPN, DR, and DKD at baseline (online supplemental 
figure 1). All eight metabolites were also associated with 
the microvascular burden score (p≤0.028). 3,4- DHBA 

and 2,4- DHBA exhibited the largest logFCs (0.15 (0.08, 
0.23), p<0.001; and 0.18 (0.11, 0.25), p<0.001) (table 2). 
After adjustment, 2- hydroxyvaleric acid and glycine lost 
significance. However, all other metabolites remained 
significantly associated with higher microvascular compli-
cation burden (table 2, figure 1).

Longitudinal associations with progression of complications
Follow- up was median 4.8 (2.9, 5.7) years. There were 
211 (43%) people experiencing a soft microvascular 
event, 107 (22%) a hard microvascular event, and 140 
(29%) a hard microvascular and macrovascular event, 
respectively.

The longitudinal analyses of the eight metabolites asso-
ciated with all three complications at baseline (table 3, 
online supplemental table 4, and figure 2) showed that 
levels of 3,4- DHBA above the median, when compared 
with levels below, were associated with all three composite 
endpoints after adjustment. The association with hard 
microvascular events was strongest (HR (95% CI): 2.02 
(1.18, 3.45), p=0.011). In contrast, 2,4- DHBA exhibited 
significant associations with both microvascular endpoints 
(soft: 1.41 (1.03, 1.92), p=0.031; hard: 1.83 (1.11, 3.02), 
p=0.018), but not with the combined microvascular and 
macrovascular endpoints. Glycine and ribonic acid levels 
above the median were not associated with the soft micro-
vascular endpoint when compared with levels below, but 
with both the hard microvascular (glycine: 1.58 (1.04, 
2.40), p=0.031; ribonic acid: 1.91 (1.18, 3.12), p=0.009) 
and the combined endpoint (glycine: 1.53 (1.06, 2.20), 
p=0.023; ribonic acid: 1.55 (1.03, 2.33), p=0.035). 
Finally, ribitol levels above the median were associated 
with higher risk of developing the combined endpoint 

Table 2 Association between baseline metabolite levels 
(estimates are presented as log2 fold change (logFC)) 
and microvascular complication burden (defined as: no 
complication=0, one complication=1, up to a maximum 
burden score of 3)

Metabolite LogFC 95% CI P value

2,4- Dihydroxybutanoic 
acid

0.32 0.15, 0.50 <0.001

Ribonic acid 0.31 0.14, 0.48 <0.001

Myoinositol 0.28 0.12, 0.44 <0.001

Ribitol 0.29 0.11, 0.47 0.002

3,4- Dihydroxybutanoic 
acid

0.26 0.07, 0.45 0.007

Valine −0.16 −0.32, −0.01 0.037

Glycine 0.10 −0.05, 0.25 0.202

2- Hydroxyisovaleric 
acid

0.00 −0.11, 0.12 0.969

Estimates, 95% CIs, and p values were calculated using linear 
regression models adjusted for age, sex, diabetes duration, 
systolic blood pressure, glycated hemoglobin, body mass index, 
total cholesterol, smoking, and statin treatment.

Table 1 Baseline characteristics of both the subcohorts, 
including participants with biothesiometry measures, 
and the full cohort in which longitudinal endpoints were 
investigated

Variables DSPN cohort Full cohort

N 202 487

Age, years 57 (50, 64) 55 (12)

Men, n (%) 97 (48) 261 (54)

Diabetes duration, years 41 (9) 32 (16)

Body mass index, kg/m2 24.7 (3.8) 25.4 (6.4)

HbA1c, mmol/mol 63 (11) 65 (13)

HbA1c, % 7.9 (1.0) 8.1 (1.2)

Systolic blood pressure, 
mm Hg

134 (14) 132 (17)

Total cholesterol, 
mmol/L

4.57 (0.81) 4.70 (0.86)

Low- density lipoprotein 
cholesterol, mmol/L

2.34 (0.67) 2.48 (0.75)

eGFR, mL/min/1.73 m2 78 (26) 82 (25)

Urinary albumin 
excretion rate, mg/24 
hours

14 (6, 54) 17 (8, 57)

Statin treatment, n (%) 126 (62) 294 (60)

RAASi treatment, n (%) 202 (100) 332 (68)

Current smoker, n (%) 31 (15) 99 (20)

Retinopathy grade, n 
(%)

  No retinopathy 16 (8) 106 (22)

  Mild non- proliferative 32 (16) 68 (14)

  Moderate to 
moderate- severe non- 
proliferative

64 (32) 147 (30)

  Proliferative 45 (22) 91 (19)

  Proliferative with 
fibrosis

45 (22) 75 (15)

DSPN, n (%) 155 (77) –

Continuous variables are presented as mean (SD) if normally 
distributed, or median (IQR) if non- normally distributed. 
Categorical variables are presented as n (%).
DSPN, distal symmetric polyneuropathy; eGFR, estimated 
glomerular filtration rate; HbA1c, glycated hemoglobin; RAASi, 
renin- angiotensin- aldosterone system inhibitor.
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compared with levels below the median (1.59 (1.04, 
2.42), p=0.033).

C-statistics
The best performing metabolites in longitudinal models 
(in terms of exhibited significance), 3,4- DHBA, 2,4- 
DHBA, ribonic acid, and glycine, were selected for 
investigation of their discriminatory potential using 
C- statistics. Discrimination models were built including 
the same variables used for adjusting linear regression 

and Cox proportional hazards models, as previously 
described. Endpoints investigated using C- statistics were 
chosen based on the results from the Cox proportional 
hazards models presented in table 3. Metabolites signifi-
cantly associated with increased risk of an endpoint in 
Cox proportional hazards models were investigated in 
relation to the same endpoint using C- statistics. AUCs 
for the single metabolites ranged from 0.498 to 0.752 
(online supplemental table 5). Thereafter, AUCs were 

Figure 1 Forest plot illustrating the log2 fold increase estimates and 95% CIs of metabolites exhibiting significance in relation 
to microvascular complication burden in linear regression models adjusted for age, sex, diabetes duration, HbA1c, systolic 
blood pressure, total cholesterol, body mass index (BMI), and statin treatment. DHBA, dihydroxybutanoic acid.

Table 3 HRs of the association between baseline metabolite levels and soft microvascular (DR progression, albuminuria 
progression, or ≥30% estimated glomerular filtration rate (eGFR) decline), hard microvascular (proliferative DR, kidney failure, 
or ≥40% eGFR decline), and hard microvascular and macrovascular (hard microvascular events, cardiovascular events, or 
cardiovascular mortality)

Metabolite

Microvascular—soft
n=211

Microvascular—hard
n=107

Microvascular and 
macrovascular—hard
n=140

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

2- Hydroxyisovaleric acid 0.97 (0.74, 1.29) 0.851 0.95 (0.64, 1.42) 0.808 1.06 (0.75, 1.50) 0.810

3,4- Dihydroxybutanoic acid 1.39 (1.01, 1.92) 0.042 2.02 (1.18, 3.45) 0.011 1.70 (1.09, 2.67) 0.021

2,4- Dihydroxybutanoic acid 1.41 (1.03, 1.92) 0.031 1.83 (1.11, 3.02) 0.018 1.48 (0.97, 2.25) 0.068

Glycine 1.16 (0.88, 1.55) 0.291 1.58 (1.04, 2.40) 0.031 1.53 (1.06, 2.20) 0.023

Myoinositol 1.16 (0.83, 1.62) 0.385 1.41 (0.92, 2.40) 0.202 1.45 (0.92, 2.28) 0.108

Valine 0.96 (0.73, 1.28) 0.800 0.68 (0.45, 1.02) 0.064 0.82 (0.58, 1.16) 0.255

Ribitol 1.10 (0.81, 1.51) 0.540 1.39 (0.85, 2.28) 0.189 1.59 (1.04, 2.42) 0.033

Ribonic acid 1.32 (0.97, 1.79) 0.077 1.91 (1.18, 3.12) 0.009 1.55 (1.03, 2.33) 0.035

HRs reflect the risk of outcome for a metabolite level above the median compared with below the median. HRs, 95% CIs, and p values 
were calculated using Cox proportional hazards models adjusted for sex, baseline age, diabetes duration, systolic blood pressure, 
glycated hemoglobin, body mass index, total cholesterol, smoking, statin treatment, eGFR, and urinary albumin excretion rate. Significant 
associations are highlighted by p values in bold font.
DR, diabetic retinopathy.
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calculated adding multiple metabolites to assess poten-
tial discrimination improvement. 3,4- DHBA, ribonic 
acid, and glycine, in addition to the traditional risk factor 
model versus the traditional risk factor model alone, 
significantly improved the discrimination of hard micro-
vascular events (AUC: 0.840 vs 0.818, p=0.047, online 
supplemental figure 4). The other comparisons did not 
exhibit significance.

DISCUSSION
In the present study, we reported that several circu-
lating metabolites are associated with higher microvas-
cular burden at baseline and subsequently higher risk of 
development of both microvascular and macrovascular 
complications. Specifically, 3,4- DHBA (also known as 
protocatechuic acid) was associated with all complica-
tions and endpoints, independent of traditional risk 
factors, identifying it as possible novel risk markers for 
complications in T1D. Several other metabolites were 
likewise associated with higher risk of developing compli-
cations, but not uniformly so; with ribonic acid and 
glycine exhibiting particularly robust significance with 
the hard composite endpoints. Finally, in combination 
with previous work, we showed that various circulating 
metabolites in individuals with T1D seem to be valid risk 
markers of both complication burden and development.

Previous exploratory studies, using the same cohort, 
have demonstrated that a metabolomic approach for 
risk stratification of diabetic complications is both 
feasible and independent of traditional risk factors.4 5 8 10 
However, due to the large heterogeneity across metabo-
lomic panels and platforms used for various studies, the 
metabolites identified are difficult to validate. Higher 
3,4- DHBA levels have been associated with presence of 

DR in a cross- sectional study of 80 individuals with T2D 
as well as 2,3- DHBA being associated with an increased 
risk of severely increased albuminuria in T1D,19 but no 
others have shown the same associations with diabetic 
complications in humans. In a study investigating the 
effect on exercise intervention on the metabolome in 
rats with streptozocin- induced diabetes, higher ribonic 
acid and lower 2,3- DHBA levels were found in diabetic 
versus control rats, as well as a decrease in ribonic acid 
and an increase in 2,3- DHBA after the intervention in 
the diabetic model. This suggests that ribonic acid and 
DHBAs might serve as modifiable markers for improved 
monitoring of treatment or prevention20 of microvas-
cular complications in T1D.

Glycine, in turn, is relatively more established as a 
marker of hyperglycemia, obesity, metabolic dysfunction, 
and risk of vascular complications in diabetes and non- 
diabetes alike.21–24 Already in 1985, a study indicated a 
higher glycine synthesis in a hyperglycemic versus a 
normoglycemic state.25 Subsequently, insulin treatment 
normalizes increased branched- chain amino acid excre-
tion levels in newly diagnosed T1D individuals.26 More 
recent results have specifically implied glycine’s role as 
a marker of DKD. A study of 52 Finnish individuals with 
T1D with normal urinary albumin excretion identified 
acylglycines, as well as acylcarnitines, and components of 
tryptophan metabolism to be discriminatory of onset of 
albuminuria.27 Moreover, another study investigating a 
murine DKD model showed that glycine metabolism in 
serum as well as kidney tissue was altered by empagliflozin, 
a sodium- glucose cotransporter 2 inhibitor,28 further 
implying glycine as a marker in kidney disease patho-
physiology. We used a metabolomic panel developed in 
house which identifies 75 circulating serum metabolites,5 

Figure 2 Forest plot illustrating the adjusted HRs and 95% CIs for investigated metabolites in relation to soft microvascular, 
hard microvascular, and hard microvascular and macrovascular endpoints. HRs reflect the risk of outcome for a metabolite 
level above the median compared with below the median. Adjustment included age, sex, diabetes duration, HbA1c, systolic 
blood pressure, estimated glomerular filtration rate, urinary albumin excretion rate, total cholesterol, body mass index (BMI), 
and statin treatment. DHBA, dihydroxybutanoic acid.
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a fraction of all active circulating metabolites. A recent 
systematic review on metabolomics in DR29 demonstrates 
several metabolites of interest, associated with the pres-
ence of DR in plasma, as well as aqueous and vitreous 
humor; the latter ones assessing local changes in the 
metabolome, compared with investigating metabolites in 
circulation. Methods of investigating the metabolomes 
and proteomes of renal, cardiac, or neural tissues may 
similarly entail local active metabolites that could have 
more precise prognostic ability. However, these methods 
are generally more impractical than plasma or serum 
metabolomics derived from standard venipuncture.

Our results demonstrate a feasible approach using 
circulating metabolomics for better stratification of risk 
for complications in T1D. Additionally, we demonstrate 
an association with development of microvascular and 
macrovascular endpoints, as well as show an improve-
ment in the discrimination of development of hard 
microvascular endpoints. However, observational trials 
are needed to investigate the prospective discrimina-
tion of risk with these markers, as well as clinical inter-
vention trials targeting or measuring DHBAs and amino 
acids, such as glycine, in relation to key clinical targets 
in diabetic complications. Recommended screening for 
diabetic microvascular complications includes yearly 
assessment of albuminuria and kidney function, periodic 
fundus photography, and periodic assessment of diabetic 
peripheral and autonomic neuropathy.30 31 Metabolomic 
analyses on top of existing screening guidelines may high-
light individuals at highest risk of progression to be able 
to target resources toward where they are most needed. 
However, while the metabolites identified in this paper are 
associated with complications in T1D, T1D and T2D have 
differing phenotypes and risk profiles to development 
of diabetic complications. Further studies are needed to 
elucidate their role in T2D; particularly given the marked 
heterogeneity of T2D.32 There are several limiting factors 
in our study. Mainly, we lack an independent cohort in 
which to validate our results—but we would like to argue 
that our findings are in line with previous evidence and 
thus we do consider our results to be applicable, all while 
acknowledging that any conclusion should be taken 
with care. Furthermore, there is limited baseline infor-
mation in the present cohort regarding lifestyle param-
eters, socioeconomic information, and concomitant 
medication, prohibiting addressing these factors in our 
analyses. Likewise, our baseline cross- sectional popula-
tion was relatively small due to only a selected portion 
of the full cohort having had biothesiometry performed 
(n=202), which could also influence our results. Simi-
larly, follow- up information from this cohort has been 
extracted from national registries which are, although 
validated by many studies before, inherently limiting 
compared with observational studies examining partic-
ipants at specific time points, collecting standardized 
data. Therefore, no information on biothesiometry, or 
other measures of peripheral autonomic neuropathy, 
could be included in the longitudinal part of this study, 

thus severely impairing the applicability of our findings 
to neuropathic risk stratification. Additionally, the associ-
ations demonstrated in this study, despite being adjusted 
for multiple traditional risk factors, may still be subject 
to a number of confounding factors. This study cannot 
conclusively attest to the identified metabolites being 
causally related to higher risk of complications; further 
studies, specifically designed to investigate the causal 
effect of elevated circulating metabolites, are needed in 
order to determine causality. Finally, our population was 
included from a single tertiary diabetes center and the 
cohort composed of almost exclusively white individuals. 
The results presented in this paper may differ across T1D 
individuals of other populations and ethnicities.

CONCLUSIONS
We have identified novel metabolites in plasma to be asso-
ciated with DSPN in T1D. Building on these and previous 
findings, we have further selected eight metabolites which 
are associated with increased microvascular complication 
burden in T1D. Of these, 3,4- DHBA, ribonic acid, glycine, 
and 2,4- DHBA were significantly associated with prospec-
tive development of both soft and hard microvascular 
complications; and three of these, 3,4- DHBA, ribonic 
acid, and glycine, improved the predictive discrimination 
of development of hard microvascular endpoints. Finally, 
higher levels of 3,4- DHBA, ribonic acid, glycine, and 
ribitol were significantly associated with development of 
a composite of both microvascular and macrovascular 
events. While prospective studies directly assessing the 
predictive ability of these markers are needed, our results 
strengthen the role of clinical metabolomics in relation 
to risk assessment of diabetic complications in chronic 
T1D.

Author affiliations
1Steno Diabetes Center Copenhagen, Herlev, Denmark
2Department of Clinical Medicine, University of Copenhagen, København, Denmark
3King's College London, London, UK
4University of Copenhagen Bioinformatics Centre, København, Denmark
5Department of Science and Environment, Roskilde University, Roskilde, Denmark

Acknowledgements We thank all the study participants, the bioanalytical staff, 
and the lab technicians at Steno Diabetes Center Copenhagen.

Contributors VRC wrote the first draft. VRC and BAS performed the statistical 
analyses. VRC, BAS, TWH, PR, and TSA designed the study. VRC, BAS, TWH, SYJ, 
KS, IMM, MF- M, KT, CL- Q, ST, NT, SAW, CSH, PR, and TSA were involved in data 
collection and interpretation. TSA supervised the study. All authors revised the draft 
manuscript and approved the submission for publication. TSA is responsible for the 
work as a whole.

Funding The work of VRC was performed in the context of the DC- ren study 
(European Union Horizon 2020 Research Programme grant number 848011); TSA 
was supported by the Novo Nordisk Foundation grant (NNF18OC0052457) and 
Steno Diabetes Center Copenhagen (SDCC).

Competing interests TWH owns shares in Novo Nordisk. NT and SAW are 
full- time employees of and own shares in Novo Nordisk. CL- Q has served on 
advisory panels and/or received research support from Pfizer, Novo Nordisk and 
other companies via the IMI funding scheme. PR has received consultancy and/
or speaking fees (to his institution) from Astellas, AstraZeneca, Bayer, Boehringer 
Ingelheim, Eli Lilly, Gilead, MSD, Mundipharma, Novo Nordisk, Vifor, and Sanofi 
Aventis, and holds research grants from AstraZeneca and Novo Nordisk.

P
rotected by copyright.

 on A
pril 29, 2024 at F

aculty of Life S
ciences Library.

http://drc.bm
j.com

/
B

M
J O

pen D
iab R

es C
are: first published as 10.1136/bm

jdrc-2023-003973 on 11 A
pril 2024. D

ow
nloaded from

 

http://drc.bmj.com/


8 BMJ Open Diab Res Care 2024;12:e003973. doi:10.1136/bmjdrc-2023-003973

Genetics/Genomes/Proteomics/Metabolomics

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by the 
regional committee of the Capital Region of Denmark (H- 17004111). Participants 
gave informed consent to participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. The 
datasets generated and analyzed during the current study are not publicly available 
due to Danish GDPR legislation. Scrambled, anonymized datasets could be 
available from the corresponding author on reasonable request.

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Viktor Rotbain Curovic http://orcid.org/0000-0002-4270-6701
Marie Frimodt- Moller http://orcid.org/0000-0002-8486-1515
Peter Rossing http://orcid.org/0000-0002-1531-4294
Tarunveer S Ahluwalia http://orcid.org/0000-0002-7464-3354

REFERENCES
 1 DiMeglio LA, Evans- Molina C, Oram RA. Type 1 diabetes. The 

Lancet 2018;391:2449–62. 
 2 Garofolo M, Gualdani E, Giannarelli R, et al. Microvascular 

complications burden (nephropathy, retinopathy and peripheral 
polyneuropathy) affects risk of major vascular events and all- cause 
mortality in type 1 diabetes: a 10- year follow- up study. Cardiovasc 
Diabetol 2019;18:159. 

 3 International Diabetes Federation. IDF Diabetes Atlas.10th edn. 
Brussels, Belgium, 2021.

 4 Hansen CS, Suvitaival T, Theilade S, et al. Cardiovascular autonomic 
neuropathy in type 1 diabetes is associated with disturbances in 
TCA, lipid, and glucose metabolism. front Endocrinol (Lausanne). 
Front Endocrinol (Lausanne) 2022;13:831793. 

 5 Tofte N, Suvitaival T, Trost K, et al. Metabolomic assessment reveals 
alteration in polyols and branched chain amino acids associated 
with present and future renal impairment in a discovery cohort of 
637 persons with type 1 diabetes. front Endocrinol (Lausanne). Front 
Endocrinol 2019;10:818. 

 6 Tofte N, Suvitaival T, Ahonen L, et al. Lipidomic analysis reveals 
sphingomyelin and phosphatidylcholine species associated with 
renal impairment and all- cause mortality in type 1 diabetes. Sci Rep 
2019;9:16398. 

 7 Afshinnia F, Rajendiran TM, He C, et al. Circulating free fatty acid and 
phospholipid signature predicts early rapid kidney function decline in 
patients with type 1 diabetes. Diabetes Care 2021;44:2098–106. 

 8 Curovic VR, Suvitaival T, Mattila I, et al. Circulating metabolites and 
lipids are associated to diabetic retinopathy in individuals with type 1 
diabetes. Diabetes 2020;69:2217–26. 

 9 Puig- Jové C, Julve J, Castelblanco E, et al. The novel inflammatory 
biomarker glyca and triglyceride- rich lipoproteins are associated 
with the presence of subclinical myocardial dysfunction in subjects 
with type 1 diabetes mellitus. Cardiovasc Diabetol 2022;21:257. 

 10 Ferreira- Divino LF, Suvitaival T, Rotbain Curovic V, et al. Circulating 
metabolites and molecular lipid species are associated with 
future cardiovascular morbidity and mortality in type 1 diabetes. 
Cardiovasc Diabetol 2022;21:135. 

 11 Andersen JA, Suvitaival T, Trošt K, et al. Metabolomic risk predictors 
of diabetic foot complications: a longitudinal observational study 
in type 1 diabetes. Endocrinology (including Diabetes Mellitus and 
Metabolic Disease) [Preprint] 2023. 

 12 Theilade S, Lajer M, Persson F, et al. Arterial stiffness is associated 
with cardiovascular, renal, retinal, and autonomic disease in type 1 
diabetes. Diabetes Care 2013;36:715–21. 

 13 Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate 
glomerular filtration rate. Ann Intern Med 2009;150:604. 

 14 Wiles PG, Pearce SM, Rice PJ, et al. Vibration perception threshold: 
influence of age, height, sex, and smoking, and calculation of 
accurate Centile values. Diabet Med 1991;8:157–61. 

 15 Mizrak HI, Hansen TW, Rossing P, et al. Declining incidence rates of 
distal symmetric polyneuropathy in people with type 1 and type 2 
diabetes in Denmark, with indications of distinct patterns in type 1 
diabetes. Diabetes Care 2023;46:1997–2003. 

 16 Kidney disease: improving global outcomes (KDIGO) CKD work 
group. KDIGO 2012 clinical practice guideline for the evaluation and 
management of chronic kidney disease. Kidney Inter 2013;1–150.

 17 Wilkinson CP, Ferris FL, Klein RE, et al. Proposed International 
clinical diabetic retinopathy and diabetic macular edema disease 
severity scales. Ophthalmology 2003;110:1677–82. 

 18 Castillo S, Mattila I, Miettinen J, et al. Data analysis tool for 
comprehensive two- dimensional gas chromatography/time- of- flight 
mass spectrometry. Anal Chem 2011;83:3058–67. 

 19 Clos- Garcia M, Ahluwalia TS, Winther SA, et al. Multiomics 
signatures of type 1 diabetes with and without albuminuria. Front 
Endocrinol (Lausanne) 2022;13:1015557. 

 20 Jing L, Chengji W. GC/MS- based metabolomics strategy to analyze 
the effect of exercise intervention in diabetic rats. Endocr Connect 
2019;8:654–60. 

 21 Alves A, Bassot A, Bulteau AL, et al. Glycine metabolism and 
its alterations in obesity and metabolic diseases. Nutrients 
2019;11:1356. 

 22 Yun JH, Lee H- S, Yu H- Y, et al. Metabolomics profiles associated 
with Hba1C levels in patients with type 2 diabetes. PLoS One 
2019;14:e0224274. 

 23 Jain R, Özgümüş T, Jensen TM, et al. Liver nucleotide biosynthesis 
is linked to protection from vascular complications in individuals with 
long- term type 1 diabetes. Sci Rep 2020;10:11561. 

 24 Ding Y, Svingen GFT, Pedersen ER, et al. Plasma glycine and risk of 
acute myocardial infarction in patients with suspected stable angina 
Pectoris. J Am Heart Assoc 2015;5:e002621. 

 25 Robert JJ, Beaufrere B, Koziet J, et al. Whole body de novo amino 
acid synthesis in type I (insulin- dependent) diabetes studied with 
stable Isotope- labeled Leucine, alanine, and glycine. Diabetes 
1985;34:67–73. 

 26 Sasaki M, Sato K, Maruhama Y. Rapid changes in urinary Serine 
and branched- chain amino acid excretion among diabetic patients 
during insulin treatment. Diabetes Res Clin Pract 1988;5:219–24. 

 27 van der Kloet FM, Tempels FWA, Ismail N, et al. Discovery of 
early- stage biomarkers for diabetic kidney disease using MS- based 
metabolomics (Finndiane study). Metabolomics 2012;8:109–19. 

 28 Lu Y- P, Zhang Z- Y, Wu H- W, et al. Sglt2 inhibitors improve 
kidney function and morphology by regulating renal metabolic 
Reprogramming in mice with diabetic kidney disease. J Transl Med 
2022;20:420. 

 29 Hou XW, Wang Y, Pan CW. Metabolomics in diabetic retinopathy: a 
systematic review. Invest Ophthalmol Vis Sci 2021;62:4. 

 30 American diabetes Association professional practice committee. 
Chronic kidney disease and risk management: standards of care in 
Diabetes—2024. Diabetes Care 2023;S219–30.

 31 American Diabetes Association Professional Practice Committee. 
Retinopathy, neuropathy, and foot care: standards of care in 
Diabetes—2024. Diabetes Care 2024;47:S231–43. 

 32 Ahlqvist E, Storm P, Käräjämäki A, et al. Novel subgroups of 
adult- onset diabetes and their association with outcomes: a data- 
driven cluster analysis of six variables. Lancet Diabetes Endocrinol 
2018;6:361–9. 

P
rotected by copyright.

 on A
pril 29, 2024 at F

aculty of Life S
ciences Library.

http://drc.bm
j.com

/
B

M
J O

pen D
iab R

es C
are: first published as 10.1136/bm

jdrc-2023-003973 on 11 A
pril 2024. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-4270-6701
http://orcid.org/0000-0002-8486-1515
http://orcid.org/0000-0002-1531-4294
http://orcid.org/0000-0002-7464-3354
http://dx.doi.org/10.1016/S0140-6736(18)31320-5
http://dx.doi.org/10.1016/S0140-6736(18)31320-5
http://dx.doi.org/10.1186/s12933-019-0961-7
http://dx.doi.org/10.1186/s12933-019-0961-7
http://dx.doi.org/10.3389/fendo.2022.831793
http://dx.doi.org/10.3389/fendo.2019.00818
http://dx.doi.org/10.3389/fendo.2019.00818
http://dx.doi.org/10.1038/s41598-019-52916-w
http://dx.doi.org/10.2337/dc21-0737
http://dx.doi.org/10.2337/db20-0104
http://dx.doi.org/10.1186/s12933-022-01652-z
http://dx.doi.org/10.1186/s12933-022-01568-8
http://dx.doi.org/10.2337/dc12-0850
http://dx.doi.org/10.7326/0003-4819-150-9-200905050-00006
http://dx.doi.org/10.1111/j.1464-5491.1991.tb01563.x
http://dx.doi.org/10.2337/dc23-0312
http://dx.doi.org/10.1016/S0161-6420(03)00475-5
http://dx.doi.org/10.1021/ac103308x
http://dx.doi.org/10.3389/fendo.2022.1015557
http://dx.doi.org/10.3389/fendo.2022.1015557
http://dx.doi.org/10.1530/EC-19-0012
http://dx.doi.org/10.3390/nu11061356
http://dx.doi.org/10.1371/journal.pone.0224274
http://dx.doi.org/10.1038/s41598-020-68130-y
http://dx.doi.org/10.1161/JAHA.115.002621
http://dx.doi.org/10.2337/diab.34.1.67
http://dx.doi.org/10.1016/s0168-8227(88)80091-3
http://dx.doi.org/10.1007/s11306-011-0291-6
http://dx.doi.org/10.1186/s12967-022-03629-8
http://dx.doi.org/10.1167/iovs.62.10.4
http://dx.doi.org/10.2337/dc24-S012
http://dx.doi.org/10.1016/S2213-8587(18)30051-2
http://drc.bmj.com/

	Circulating metabolomic markers in association with overall burden of microvascular complications in type 1 diabetes
	Abstract
	Introduction﻿﻿
	Methods
	Baseline data
	Serum metabolomics: measurements and selection
	Follow-up
	Definition of longitudinal composite endpoints
	Statistical analyses

	Results
	Baseline characteristics
	Cross-sectional associations with DSPN
	Cross-sectional associations with microvascular complication burden
	Longitudinal associations with progression of complications
	C-statistics

	Discussion
	Conclusions
	References


