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Abstract
Background/Aims: Diabetic nephropathy (DN) is a leading cause of end-stage renal disease. 
Microalbuminuria (MA) is widely used to predict early progressive renal function decline 
(ERFD) of DN in type 2 diabetes mellitus (T2D) patients, but the sensitivity and specificity of 
MA have been questioned. Here, we determined the urine metabolites differences between 
T2D patients with MA who maintained stable renal function and those who progressed to 
ERFD in order to identify specific biomarkers of the progression of renal dysfunction. Meth-
ods: A total of 102 T2D patients with MA and normal renal function at baseline were followed 
up for 5–6 years. Of these, 52 patients were selected and classified into two groups according 
to the later renal function; 25 patients who experienced ERFD were regarded as the progres-
sive group, while 27 patients who maintained stable renal function were considered as the 
stable group. In the pilot study, untargeted, broad-spectrum urine metabolomics was per-
formed on the urine of 12 subjects from the progressive group (5 patients as “progressors”) 
and stable group (7 patients as “non-progressors”) to discover candidate markers. We then 
used a targeted metabolomics analysis to identify the selected markers in the urine of an ad-
ditional 40 patients (20 from the progressive group as cases, and 20 from the stable group as 
controls) in the validation study. Results: A total of 318 known metabolites were detected in 
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the pilot study and 6 metabolites with significant difference between progressors and non-
progressors were identified. The levels of 4 metabolites, including azelaic acid, adipic acid, 
5-hydroxyhexanoic acid, and L-tryptophan decreased significantly, while levels of L-pyroglu-
tamic acid and D-norvaline increased observably in the progressors compared with non-pro-
gressors. Furthermore, in the validation study, 6 metabolites were confirmed by quantitative 
measurements and their concentrations were consistent with the changes in the pilot study. 
Concentrations of L-pyroglutamic acid and D-norvaline still increased in the cases, but were 
not statistically significant. Of the 4 metabolites with decreased concentrations among the 
cases, only 5-hydroxyhexanoic acid remained statistically significant while the other 3 me-
tabolites did not differ between cases and controls. Conclusion: We have identified urine 
metabolites and shown that 5-hydroxyhexanoic acid can be used as a predictor of progres-
sion of ERFD in T2D patients with MA. This finding provides the new perspective that 5-hy-
droxyhexanoic acid may be useful to identify T2D patients with MA who are at risk of ERFD.

© 2019 The Author(s)
Published by S. Karger AG, Basel

Introduction

Diabetic nephropathy (DN) is a late complication of diabetes mellitus and has become 
more prevalent globally due to the growing incidence of type 2 diabetes mellitus (T2D). DN 
is also the most common leading cause of end-stage renal disease (ESRD) worldwide [1–3]. 
Conventionally, microalbuminuria (MA; 30–300 mg/24 h) is considered a biomarker and 
a risk for DN and progressive renal dysfunction [4–10]. However, several studies have 
questioned the sensitivity and the specificity of MA for renal dysfunction [11]. Some 
patients with MA will develop normoalbuminuria [12], while many diabetic patients have 
already experienced early progressive renal function decline (ERFD) before MA onset [13, 
14]. Even though much research has been made over the past years in diagnosing and 
predicting DN [15–19], there is still a lack of powerful markers and predictors to identify 
T2D patients with MA who will have a high risk of progressive renal dysfunction in a few 
years, and a subset of those with MA will maintain stable renal function for a long time. 
Thus, there is a pressing need for further studies to find novel biomarkers linked with the 
pathophysiological progress of DN and to identify the risk for early renal damage in T2D 
patients with MA. 

Metabolomics is the latest tool which focuses on qualitative and quantitative analysis of 
low-molecular-weight molecules related to the pathogenesis of disease. Metabolomics has 
been used to discover novel biomarkers for the diagnosis and monitoring of renal progression 
[20]. Previous studies have measured plasma metabolomics in diabetes and DN patients with 
the aim of revealing changed metabolites as potential biomarkers of the risk for progressive 
renal function loss and progressive ESRD [21–24]. Compared with plasma metabolomics, 
urine metabolomics may provide direct understanding of biochemical pathways linked to 
kidney dysfunction since urine metabolites are directly excreted by the kidney [25]. However, 
the urine metabolomics in T2D patients with MA in the follow-up of subjects has not been 
evaluated. Therefore, we are extending metabolic analysis to urine samples. In the present 
study, we evaluated and compared the metabolomic profile of urine in T2D subjects who 
retained stable renal function with those who developed ERFD during 5–6 years of follow-up. 
The differences in urine metabolomics might provide new insight into the etiology of ERFD 
and serve as candidate biomarkers and predictors of early renal dysfunction in T2D patients 
with MA.
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Materials and Methods

Patient Recruitment and Urine Collection 
A total of 102 T2D patients with MA and eGFR > 90 mL/min/1.73 m2 who referred to 

outpatient clinics of The Second Xiangya Hospital of Central South University between January 
2010 and March 2011 were recruited. Patients were followed for 5–6 years until March to 
November 2017, with outpatients visited regularly at least every 6 months. The inclusion 
criteria were: (1) being diagnosed with T2D (WHO criteria); (2) age ≥35 years and < 75 years; 
(3) duration of T2D > 5 years; (4) HbA1c ≥6.5% and < 13%, and (5) having MA. The exclusion 
criteria were: (1) being diagnosed with type 1 diabetes mellitus (WHO criteria); (2) a history 
of hematuria; (3) pregnant or lactating women; (4) malignancy; (5) acute and chronic inflam-
mation of the urinary system or other systems, and (6) severe heart failure, blood system 
diseases, autoimmune diseases, cancer patients, AIDS, etc. Patients were classified into two 
groups according to their eGFR (CKD-EPI formula) during follow-up: 27 patients with stable 
renal function (eGFR > 60 mL/min/1.73 m2) formed the stable group, and 25 patients with 
ERFD (at least a 33.3% decline of eGFR and eGFR < 60 mL/min/1.73 m2) comprised the 
progressive group. The second morning urines were collected in sterile tubes (Corning Incor-
porated, Corning, NY, USA) at the time patients came to the hospital between March and 
November 2017. These urines were then centrifuged at 10,000 rpm at 4  ° C for 15 min and the 
supernatants of the samples were stored at –80  ° C in equal aliquots until urine extraction 
before metabolome analysis.

Chemicals and Reagents
Methyl alcohol, acetonitrile, and ethyl alcohol were purchased from Merck Company 

(Germany). Authentic standards were purchased from BioBioPha (China) and Sigma-Aldrich 
(USA). Five standards of metabolites (azelaic acid, adipic acid, L-tryptophan, L-pyroglutamic 
acid, and D-norvaline) were purchased from Sigma-Aldrich. 5-hydroxyhexanoic acid was 
sourced from Toronto Research Chemicals (Canada). Milli-Q System (Millipore Corp, Bedford, 
MA, USA) ultrapure water was used throughout the study. 

Urine Preparation and Extraction
The stored urine samples from –80  ° C were dissolved on ice and then homogenized using 

a mixer mill (MM 400, Retsch, Germany) with a zirconia bead for 1.5 min at 30 Hz. Then, 1,000 
μL of urine was centrifugated at 12,000 rpm for 5 min and extracted with 500 μL of 70% 
methanol at 4  ° C in 1 min. Following centrifugation at 10,000 g for 10 min, the supernatants 
were kept and filtrated (SCAA-104, 0.22-μm pore size; ANPEL, Shanghai, China). Before 
LC-MS/MS analysis, each sample was mixed with 10 µL of liquid as quality control (QC) 
samples. 

Untargeted Metabolomics Analysis of the Pilot Study
LC-MS/MS Analysis
The extracted urine samples of 5 patients from the progressive group as “progressors” 

and 7 subjects from the stable group as “non-progressors” were used in the pilot study. The 
compounds extracted were analyzed using an LC- MS/MS system (UPLC, Shim-pack UFLC 
SHIMADZU CBM20A; MS/MS; Applied Biosystems 4500 QTRAP). From the samples, 5 μL 
were injected onto a Waters ACQUITY UPLC HSS T3 C18 column (2.1 × 100 mm, 1.8 µm) oper-
ating at 40  ° C and a flow rate of 0.4 mL/min. The acidified water (0.04% acetic acid; phase A) 
and acidified acetonitrile (0.04% acetic acid; phase B) were used for the mobile phases. 
Compounds were separated after the following gradient: (1) 95: 5 phase A/phase B at 0 min; 
(2) 5: 95 phase A/phase B at 11.0 min; (3) 5: 95 phase A/phase B at 12.0 min; (4) 95: 5 phase 
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A/phase B at 12.1 min; (5) 95: 5 phase A/phase B at 15.0 min. The following parameters were 
useful for LC-MS/MS analysis: the ESI source temperature was 550  ° C; ion spray voltage was 
5,500 V; curtain gas was 25 psi; the collision-activated dissociation was set to the highest. The 
declustering potential and collision energy for each individual multiple reaction monitoring 
(MRM) transition were optimized. The m/z range was set between 50 and 1,000 m/z.

Data Pre-Processing and Metabolites Identification
Data filtering, peak detection, alignment, and calculations were performed with Analyst 

1.6.1 software (AB Sciex). Briefly, the redundant signals were removed by in-house software 
written in perl and the peaks were checked manually for signal/noise. For facilitation of the 
identification/annotation of metabolites, an accurate m/z for each Q1 was obtained. Total ion 
current (TIC) chromatograms and extracted ion chromatograms (EICs or XICs) of QC samples 
were exported, giving an overview of metabolite profiles of all samples. Internal database and 
public databases including MassBank, KNApSAcK, HMDB [26], MoTo DB, and METLIN [27] were 
used to identify metabolites by searching and comparing the m/z values, the RT, and the frag-
mentation patterns with the standards. Multivariate statistical analysis and differential metab-
olite analysis were used to distinguish metabolic biomarkers related to renal function decline.

Targeted Metabolomics Analysis of the Validation Study
LC-MS/MS Analysis
The extracted urine samples from 20 subjects from the progressive group as cases and 

20 patients from the stable group as controls were used in the validation study. Extract 
metabolites came from the urine samples. An LC-MS/MS system (HPLC, Shim-pack UFLC 
SHIMADZU CBM30A system; MS, Applied Biosystems6500 QTRAP) was used to establish 
standard curves. The sample extracts were then analyzed using a QTRAP system. The identi-
fication of target metabolites was based on the spectral pattern and retention time.

Data Analysis
Values are shown as the mean ± standard deviation (SD), while the urinary albumin 

excretion rate (UAER) with its skewed distribution is expressed as the median and interquartile 
range. The clinical characteristics of patients in the pilot study phase and validation study phase 
were compared using the non-parametric Mann-Whitney or t test with SPSS 21.0 software to 
calculate statistically significant differences of the values between the two groups. Data filtering, 
peak detection, alignment, and calculations were performed using Analyst 1.6.1 software. 
Metabolomic data were analyzed by multivariate principal component analysis (PCA), partial 
least squares discriminant analysis (PLS-DA), orthogonal projection to latent structures-
discriminant analysis (OPLS-DA), loadings plot and t test, and univariate ANOVA to identify the 
metabolites differentially between the two groups. A variable importance in projection (VIP) 
score of the (O)PLS model with values greater than 1 was applied to rank the metabolites that 
best distinguished between the two groups. The t test was also used as a univariate analysis for 
screening differential metabolites. Those with a t test p value < 0.05 and VIP ≥1 were considered 
differential metabolites between the two groups for differentiating the selection and validation 
of variables. Receiver operating characteristic (ROC) curves to calculate the area under the 
curve (AUC) of selected metabolites were based on logistic models using GraphPad Prism 6 
software with a value ≤0.5 for movement both up and down in both the cases and controls.

KEGG Pathway Analysis
The Kyoto Encyclopedia of Genes and Genomes (KEGG) is the major public pathway-

related database that includes not only genes but also metabolites [28]. Metabolites were 
mapped to KEGG metabolic pathways for pathway analysis and enrichment analysis. Pathway 



249Kidney Blood Press Res 2019;44:245–263

Tang et al.: 5-Hydroxyhexanoic in Diabetic Nephropathy

www.karger.com/kbr
© 2019 The Author(s). Published by S. Karger AG, BaselDOI: 10.1159/000498962

enrichment analysis identified significantly enriched metabolic pathways or signal trans-
duction pathways in differential metabolites in comparison with the whole background. The 
calculated p value was processed through false discovery rate (FDR) correction, taking FDR 
≤0.05 as a threshold. Pathways meeting this condition were defined as significantly enriched 
pathways in differential metabolites.

Results

Baseline Characteristics
A workflow including patients and metabolomics analysis summarizes the study in 

Figure 1. Firstly, 52 satisfactory urine samples from 25 patients as the progressive group and 
27 patients as the stable group were available between March and November 2017. Secondly, 
we randomly selected 5 patients from the progressive group as “progressors” and 7 from the 
stable group as “non-progressors” in the pilot study. In the pilot study, an untargeted metab-
olomics was used to identify different metabolite biomarkers between the two groups, and 
we found that 6 metabolites were significantly altered. Then, we used the targeted metabo-
lomics analysis to confirm the selected 6 metabolites in a validation study of 40 patients. At 
the beginning of the study, there were no significant differences in clinical characteristics, 
such as age, sex, diabetes duration, BMI, blood pressure, or cholesterol between the progressive 
and stable groups. The clinical characteristics of the patients involved in both studies at the 

T2D patients with MA and eGFR >90 mL/min/1.73 m2 referred to outpatient clinics between
January 2010 and March 2011 (n = 102)

Urine samples available between March and November 2017
(n = 58)

5–6 years of follow-up

Progressive group

Patients with renal function decline and eGFR
<60 mL/min/1.73 m2 (n = 25)

Pilot study patients
(n = 12)

Untargeted
metabolite analysis

Targeted metabolite
analysis

Choose 6 metabolites ROC

Validation study patients
(n = 40)

Patients with stable renal function and eGFR
>60 mL/min/1.73 m2 (n = 27)

Stable group

Excluded:
Hematuria (n = 2)

Urinary tract infection (n = 3)
Cancer (n = 1)

Fig. 1. The workflow of patients and analysis.
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end of follow-up are displayed in Table 1. There were still no significant differences in age, 
sex, diabetes duration, or BMI, etc. between the two groups in the pilot or validation phases. 
However, the UAER of progressors was higher than of non-progressors, although not statisti-
cally significant in the pilot study, while this was different between cases and controls in the 
validation study. The eGFR was significantly different between the two groups whether in the 
pilot study or the validation study.

Metabolites of Untargeted Metabolomics in the Pilot Study
Detected Known Metabolites
A total 318 known metabolites were detected in positive electrospray ionization and 

negative electrospray ionization modes from urine samples. Positive and negative ion modes 
were detected, as shown in Figure 2a. The MRM metabolites of urine specimens detected 
multimodal images, as shown in Figure 2b, where each of the different color peaks represents 
1 metabolite detected. The overlay maps of TIC from a total of 5 QC sample analyses show 
consistent drifts in the peaks, and the PCA score plots of QC samples were found to be tightly 
clustered (Fig. 3). The TIC and PCA score plots from QC samples showed high stability and 
reproducibility in the sample analysis.

Six Metabolites Were Selected According to the Multivariate Statistical Analysis
Firstly, an unsupervised dimensionality reduction method PCA was applied in all samples 

for a preliminary visualization of differences between the two groups. The progressors were 
significantly separated from the non-progressors observed in the PCA scores plot in Figure 
4a. Then, a supervised multivariate analysis using the OPLS-DA model was able to discrim-
inate between the two groups. As the plot of the results shows, there were indeed metabolites 
identified in progressors that were distinct from the non-progressors (R2Y = 0.964, R2X = 
0.256, Q2 = 0.565; Fig. 4b). The metabolites that were altered significantly were selected 
according to a variable VIP score of the (O)PLS model and the p values from t tests. These 
results revealed that 5 metabolites (azelaic acid, adipic acid, 5-hydroxyhexanoic acid, L-pyro-

Table 1. Clinical characteristics of patients used in the pilot study and the validation study

Variable Pilot study Validation study

progressors 
(n = 5)

non-progressors
(n = 7)

p cases 
(n = 20)

controls 
(n = 20)

p

Age, years 60.4±10.16 60.29±10.34 0.935 55.50±8.77 58.90±8.74 0.218
Sex (male/female) 3/2 3/4 0.558 12/8 13/7 0.744
Diabetes duration, years 11.8±4.92 13.00±5.16 0.622 14.80±5.03 11.60±6.25 0.087
BMI 23.43±2.20 25.22±3.46 0.465 25.14±5.37 24.40±2.73 0.617
Systolic BP, mm Hg 142.2±37.37 148.57±22.06 0.570 149.65±23.96 138.95±20.04 0.194
Diastolic BP, mm Hg 81.60±12.22 84.00±7.77 0.935 84.35±10.38 79.65±9.02 0.060
FBG, mmol/L 7.01±3.20 8.49±2.47 0.223 7.11±2.54 6.67±2.41 0.588
HbA1c (%), mmol/mol 6.83±1.71 9.36±2.04 0.074 8.22±1.81 8.70±2.17 0.607
Total cholesterol, mmol/L 4.76±1.75 4.30±0.76 0.808 4.28±1.23 4.19±1.07 0.914
Triglycerides, mmol/L 2.04±1.06 1.68±1.01 0.465 2.35±1.52 1.62±0.99 0.066
HDL cholesterol, mmol/L 1.19±0.35 1.05±0.19 0.464 0.97±0.20 1.03±0.35 0.839
LDL cholesterol, mmol/L 3.00±1.56 2.82±0.64 0.935 2.72±1.02 2.69±1.02 0.946
Creatinine, μmol/L 128.72±48.69 62.70±23.64 0.019 163.60±44.23 82.30±21.49 0.000
eGFR, mL/min/1.73 m2 47.13±9.62 97.68±14.44 0.004 38.67±10.94 84.74±21.05 0.000
UAER, mg/24 h 967.2 

(291.25–6,694.90)
214.62 
(37.8–353.00)

0.062 1,278 
(500.3–3,379.4)

390.5 
(207.9–672.7)

0.001
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glutamic acid, and D-norvaline) with a p value < 0.05 and VIP ≥1, and L-tryptophan, which 
obviously varied in VIP although with p > 0.05, have a significant decrease in T2D patients 
[29] and play a role in the pathogenesis and development of diabetes, inflammatory diseases, 
and immunoregulation [30, 31]. They were selected as the best urine metabolites that differed 
significantly between the groups in this pilot study phase (Table 2). Two of the 6 come from 
a positive ionization mode, while the others are from a negative mode. Three metabolites – 
azelaic acid, adipic acid, and 5-hydroxyhexanoic acid – were related to organic acid and its 
derivatives, while L-pyroglutamic acid, D-norvaline, and L-tryptophan were related to amino 
acid. The relative intensity of the 6 selected metabolites in progressors and non-progressors 
are shown in Figure 5. The relative intensity of azelaic acid, adipic acid, 5-hydroxyhexanoic 
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tive modes.

(Figure continued on next page.)
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acid, and L-tryptophan were lower in progressors compared to non-progressors, while 
L-pyroglutamic acid and D-norvaline were higher in progressors. A heat map of 5 known iden-
tified metabolites that differed significantly between the two groups is shown in Figure 6.

Identification of Biomarkers and Pathways
To further explore the functional mechanism of selected metabolomics, the pathway 

enrichment analysis used KEGG to perform a pathway analysis. The annotated metabolomics 
were mapped to 183 KEGG pathways (the top 20 pathways shown in Table 3 and Fig. 7). The 
“metabolic pathways” (135, 73.77%) were distinctly higher than the other pathways. KEGG 
pathway annotation showed that differently expressed metabolomics in patients with renal 
function failure were enriched in the amino acid metabolism (Fig. 7). KEGG analysis results 
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indicated that the mapped metabolomics were mainly involved in the glutathione metab-
olism, degradation of aromatic compounds, microbial metabolism in diverse environments, 
and metabolic signaling pathways.

Targeted Quantitative Metabolites in the Validation Study
Quantified Concentrations of the 6 Metabolites
To better understand the possible role of the selected metabolites in the etiology of ERFD, 

we measured the level of candidate metabolites selected from the pilot phase with authentic 
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Fig. 3. a Overlap of QC samples on TIC chromatograms in both the positive and negative ionization mode, 
showing that the retention times for major peaks were stable throughout the whole analysis. b PCA of the QC 
samples were found to be well clustered.
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standards. The decreased metabolites (azelaic acid, adipic acid, L-tryptophan, 5-hydroxyhex-
anoic acid) or increased metabolites (L-pyroglutamic acid, D-norvaline) were quantified in 
the validation phase by targeted metabolomics analysis. The levels of metabolites between 
the two groups are shown in Figure 8a. In this verification study, these data suggest that the 
abundances of 5-hydroxyhexanoic acid (fold change 0.446 and p = 0.001) was able to discrim-
inate between groups, but others were not, with p values > 0.05. 

Sensitivity and Specificity of Biomarkers
ROC analysis was further performed to quantify the diagnostic performance of quanti-

tative metabolites. The AUC was from 0.541 to 0.806 for the DN-specific metabolite biomarker 
panel. The sensitivity and specificity of the case panel is displayed in Figure 8b. 5-hydroxy-
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Table 2. The 6 urine biomarker metabolites to predict loss of renal function

Metabolite ID Ion mode log2 fold change
(case mean/
control mean)

Change trend  
of cases vs. 
controls

p value VIP Class/
pathway and 
metabolites

Azelaic acid MEDN300 Negative –1.278 Down 0.002 8.429 Organic acid and 
its derivatives

Adipic acid MEDN299 Negative –1.309 Down 0.046 2.785 Organic acid and 
its derivatives

5-hydroxyhexanoic  
acid

MEDN432 Negative –2.868 Down 0.028 2.770 Organic acid and 
its derivatives

L-pyroglutamic acid MEDP023 Positive 0.565 Up 0.004 1.614 Amino acid
D-norvaline MEDP004 Positive 0.944 Up 0.030 1.282 Amino acid
L-tryptophan MEDN019 Negative –0.627 Down 0.198 2.207 Amino acid

3
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hexanoic acid showed powerful predictive potential for DN of early renal function decline 
(ROCArea = 0.806, p = 0.001). To explore the specificity and sensitivity of 5-hydroxyhexanoic 
acid and UAER, which was commonly used as a primary predictor of the ERFD in T2D patients, 
we made a further comparison (Fig. 9). The specificity of 5-hydroxyhexanoic acid was 
improved from 70 to 80%, while the sensitivity was unchanged in both UAER and 5-hydroxy-
hexanoic acid at 80%. 

Discussion

Previous studies in diabetic patients aimed to discover metabolomics in plasma or urine as 
biomarkers correlated with ERFD [23, 25, 32–34]. Plasma or urine samples were left before the 
subsequent observation, and then patients were divided into groups for the late progression of 
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Fig. 5. Comparison of the relative intensity of selected metabolites in patients with renal function decline 
(progressors) and those with stable renal function (non-progressors). These metabolites were significantly 
increased or decreased on DN progression at an early stage. These metabolites could potentially serve as 
biomarkers for progressive DN.
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renal function. The specimens were analyzed to obtain the disease-related biomarkers. Renal 
failure cannot be completely attributed to the progression of diabetes, especially in the long 
term; therefore, the ability of the biomarker analysis of urine samples to reflect the development 
of DN has been doubted. Besides, all of those studies failed to find biomarkers better than UAER. 
Therefore, we chose a follow-up chart of the cross-sectional urine analysis of T2D patients with 
MA for this study. In our analysis we used untargeted metabolomics with the ability to uncover 
novel and potentially relevant metabolites, combined with targeted metabolomics, as commer-
cially available standards can be used as calibrants to establish quantitation [35].
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Fig. 8. Urine metabolomic abundance in patients with an early renal function decline compared with those 
who had a stable renal function over the years of follow-up. Metabolomic abundance was measured by LC-
MS/MS in urine from 40 patients. a The quality of the prediction was evaluated by determining the area un-
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Our aim was to identify urine metabolomics associated with the risk of ERFD in T2D 
patients with MA. These patients, who had a normal renal function at baseline, had been 
followed up for 5–6 years and were classified into groups according to either long-term 
stable renal function or progressive renal function loss. An untargeted analysis was used to 
select and distinguish changes in urine metabolites between groups in the pilot study phase. 
We identified 6 urinary metabolites as candidate biomarkers to predict ERFD and verified 
the predictive ability in 40 patients using a targeted metabolomics analysis. In the vali-
dation study phase, we found decreased expression of 5-hydroxyhexanoic acid in the urine 
of cases compared with controls, which could be a biomarker that best predicts ERFD in 
T2D patients. We also compared the specificity and sensitivity of UAER and 5-hydroxyhex-

0

50

100
%

Specificity Sensitivity

70%

80% 80%

UAER 5-hydroxyhexanoic acid

Fig. 9. Specificity and sensitivity 
of UAER and 5-hydroxyhexanoic 
acid for the prediction of early re-
nal functional decline. There was 
a 10% improvement in the speci-
ficity of 5-hydroxyhexanoic acid 
(80 vs. 70% in UAER) although 
both UAER and 5-hydroxyhexa-
noic acid share the same sensitiv-
ity (80 vs. 80%).

Table 3. Top 20 of 118 KEGG pathways

Pathway All metabolites with 
pathway annotation (n = 183)

Pathway ID

1 Metabolic pathways 135 (73.77%) ko01100
2 Biosynthesis of secondary metabolites 55 (30.05%) ko01110
3 Microbial metabolism in diverse environments 46 (25.14%) ko01120
4 ABC transporters 33 (18.03%) ko02010
5 Biosynthesis of antibiotics 30 (16.39%) ko01130
6 Biosynthesis of amino acids 28 (15.3%) ko01230
7 Protein digestion and absorption 20 (10.93%) ko04974
8 Tyrosine metabolism 18 (9.84%) ko00350
9 Aminoacyl-tRNA biosynthesis 18 (9.84%) ko00970

10 Glycine, serine and threonine metabolism 15 (8.2%) ko00260
11 Arginine and proline metabolism 15 (8.2%) ko00330
12 Mineral absorption 14 (7.65%) ko04978
13 Purine metabolism 13 (7.1%) ko00230
14 Pyrimidine metabolism 13 (7.1%) ko00240
15 Cysteine and methionine metabolism 13 (7.1%) ko00270
16 2-oxocarboxylic acid metabolism 13 (7.1%) ko01210
17 Neuroactive ligand-receptor interaction 12 (6.56%) ko04080
18 Caffeine metabolism 11 (6.01%) ko00232
19 Tryptophan metabolism 10 (5.46%) ko00380
20 Bile secretion 10 (5.46%) ko04976
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anoic acid for prediction of ERFD and observed that 5-hydroxyhexanoic acid was better 
than UAER as a predictor. This is the first discovery of a candidate marker that can predict 
ERFD better than UAER. The novel findings of our study may result in better clinical predic-
tions of the risk of ERFD in T2D patients with MA, and the identification of who are at risk 
of early renal damage.

Six of the 318 known urine solutes that were detected as common and stable metabo-
lites were significantly associated with the progression of ERFD in untargeted metabo-
lomics analysis. The relative intensities of 4 metabolites were decreased in patients who 
progressed to ERFD (Fig. 5; Table 2). The association of these metabolites in DN has been 
reported in inflammation pathways, oxidative stress, and progression of the condition [36]. 
The findings revealed potential novel metabolites associated with the pathological devel-
opment of renal function loss. In the targeted metabolomics analysis, the concentrations of 
azelaic acid, adipic acid, 5-hydroxyhexanoic acid, and L-tryptophan were still decreased, 
while L-pyroglutamic acid and D-norvaline were elevated in the urine of cases compared 
with controls. However, the differences in 5 metabolites did not reach statistical signifi-
cance, with the exception of 5-hydroxyhexanoic acid (Fig. 8a). The results are promising as 
5-hydroxyhexanoic acid was predictive in patients with normal renal function and before 
the development of early renal decline. As Figure 8b shows, 5-hydroxyhexanoic acid (ROCArea 
= 0.806, p = 0.001) has a powerful ability to predict ERFD in specificity and sensitivity 
among the selected metabolites which is even superior to UAER (Fig. 9). All these findings 
support that decreased levels of 5-hydroxyhexanoic acid may increase the risk of progression 
to ESRD in T2D patients with MA.

The changed concentrations of azelaic acid and other selected metabolites were asso-
ciated with progression to DN, as has been reported in some previous studies. For example, 
Muthulakshmi and Saravanan [37] found that administration of azelaic acid (80 mg/kg body 
weight) in T2D C57BL/6J mice could positively restore levels of plasma glucose, insulin, 
triglycerides, and hepatic and nephritic markers to near normal. Azelaic acid also increased 
the levels of enzymatic and nonenzymatic antioxidants. The study demonstrated the protective 
effects of azelaic acid against oxidative stress induced by a high-fat diet in the liver, kidneys, 
and heart of the mice. Another study observed that impaired fasting glucose of diabetic 
subjects showed increases in L-pyroglutamic acid. [38]. In our validation study, the 5 metab-
olites (azelaic acid, adipic acid, L-tryptophan, L-pyroglutamic acid, and D-norvaline) did not 
reach statistical significance. This may be attributed to the individual differences and a limited 
number of patients, and further research needs to be undertaken.

5-hydroxyhexanoic acid is a normal monohydroxy carboxylic acid degradation product of 
fatty acids with medium chain lengths (particularly hexanoic acid). It has been found to be 
involved in some diseases. In 1981, 5-hydroxyhexanoic acid was detected for the first time in 
the urine of diabetic patients with ketoacidosis by gas chromatography-mass spectrometry [39]. 
One study used a metabonomic method to distinguish the altered urinary metabolics of bipo- 
lar disorder (BD) subjects and healthy controls to identify and validate urinary metabolite 
biomarkers for BD. They found that the level of 5-hydroxyhexanoic acid was significantly 
increased in patients with BD [40]. Similarly, another two studies based on urinary metabolite 
analysis reported that 5-hydroxyhexanoic acid was identified as a “good” classifier for post-
stroke depression, and levels of 5-hydroxyhexanoic acid were significantly decreased in the 
bladder cancer group [41, 42]. In an animal study, the concentration of 5-hydroxyhexanoic acid 
was significantly decreased in Ginseng polysaccharide-treated diabetic rats. The study indicated 
that Ginseng polysaccharide can regulate the metabolism of DNA, organic acids, and steroid 
hormones [43]. Those studies revealed that 5-hydroxyhexanoic acid plays an important role in 
the progression of disease. In our analysis, concentrations of 5-hydroxyhexanoic acid in patients 
with stable renal function were higher than those who had a decline in renal function. This is the 
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first finding that decreased 5-hydroxyhexanoic acid is associated with the progression of ERFD 
in T2D patients with MA. Our data also demonstrated that 5-hydroxyhexanoic acid was served 
as a predictor of ERFD better than UAER in its specificity. A new insight into the metabolism of 
5-hydroxyhexanoic acid participating in the pathological process of DN may provide a possible 
new clinical idea for the prevention of renal function decline by increasing the level of 5-hydroxy-
hexanoic acid, such as through 5-hydroxyhexanoic acid supplementation. The potential ability 
of prediction or treatment using 5-hydroxyhexanoic acid requires further verification.

The strengths and limitations of this study should be considered. Compared to previous 
case-control studies in T2MD patients, our study is the first follow-up research in T2MD 
patients with MA who had a normal renal function at baseline and subsequently divided the 
subjects into two groups. We collected cross-sectional urine samples in which solutes were 
served as the best metabolites reflecting the progression of pathology. An untargeted analysis 
of the most comprehensive metabolomics platformed with the broadest spectrum of detected 
metabolites was used in combination with a targeted metabolomics analysis which can be 
used to establish accurate quantitation. The limitations of this study include its single-center 
design and that the groups were small. There were statistically significant levels of 6 metabo-
lites between the groups in the pilot study, but 5 of the 6 metabolites had no statistically 
significant difference between cases and controls in the validation study. 5-hydroxyhexanoic 
acid was found to be the best predictor of ERFD, but it does not yet have universal pathway 
database annotations and the traditional pathway analysis has not been discussed. The 
exploratory findings in our study require further validation through multi-center studies 
involving larger patient populations.

Conclusion

We have identified 5-hydroxyhexanoic acid of urine metabolites as a potential biomarker 
correlated with the progression of ERFD in T2D patients with MA. The changed abundance of 
5-hydroxyhexanoic acid in subjects who had early renal function loss may reflect a new mech-
anism in which the metabolite participated in diabetic microvascular progression. In addition, 
we also compared the predictive ability of 5-hydroxyhexanoic acid to UAER, and found that 
5-hydroxyhexanoic acid was better than UAER, but determining its true predictive ability 
requires larger patient studies. Ultimately, these findings may provide new therapeutic 
targets for the progression of DN and serve as a novel predictor of ERFD.
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