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Abstract

Introduction—Little is known about the association of urine metabolites with structural lesions 

in persons with diabetes.

Objectives—We examined the relationship between 12 urine metabolites and kidney structure in 

American Indians with type 2 diabetes.

Methods—Data were from a 6-year clinical trial that assessed renoprotective efficacy of losartan, 

and included a kidney biopsy at the end of the treatment period. Metabolites were measured in 

urine samples collected within a median of 6.5 months before the research biopsy. Associations of 

the creatinine-adjusted urine metabolites with kidney structural variables were examined by 

Pearson’s correlations and multivariable linear regression after adjustment for age, sex, diabetes 
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duration, hemoglobin A1c, mean arterial pressure, glomerular filtration rate (iothalamate), and 

losartan treatment.

Results—Participants (n = 62, mean age 45 ± 10 years) had mean ± standard deviation 

glomerular filtration rate of 137 ± 50 ml/min and median (interquartile range) urine 

albumin:creatinine ratio of 34 (14–85) mg/g near the time of the biopsy. Urine aconitic and 

glycolic acids correlated positively with glomerular filtration surface density (partial r = 0.29, P = 

0.030 and r = 0.50, P < 0.001) and total filtration surface per glomerulus (partial r = 0.32, P = 

0.019 and r = 0.43, P = 0.001). 2-ethyl 3-OH propionate correlated positively with the percentage 

of fenestrated endothelium (partial r = 0.32, P = 0.019). Citric acid correlated negatively with 

mesangial fractional volume (partial r=−0.36, P = 0.007), and homovanillic acid correlated 

negatively with podocyte foot process width (partial r=−0.31, P = 0.022).

Conclusions—Alterations of urine metabolites may associate with early glomerular lesions in 

diabetic kidney disease.
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1 Introduction

The mitochondrion is a major energy generating intracellular organelle responsible for 

optimizing the intracellular environment. Hyperglycemia is believed to damage 

mitochondrial DNA, leading to progressive impairment of mitochondrial metabolism and 

ultimately to cellular damage in various tissues (Czajka et al. 2015). We previously 

identified 13 metabolites with lower concentrations in the urine of persons with diabetic 

kidney disease (DKD) than in those without (Sharma et al. 2013). Bioinformatic analyses 

found that 12 of these metabolites were related directly to mitochondrial function. Lower 

urine concentrations of these metabolites were associated with reduced mitochondrial 

content and expression of PGC1α in kidney tissue—PGC1α is a master regulator of 

mitochondrial biogenesis. Lower urine concentrations were also associated with reduced 

mitochondrial DNA in urine exosomes from persons with DKD compared with diabetic 

controls.

In the present study, we examined the relationships of these metabolites with kidney 

structural lesions in American Indians with type 2 diabetes who were previously enrolled in 

a 6-year randomized clinical trial that evaluated the renoprotective efficacy of the 

angiotensin receptor blocker losartan in DKD (Weil et al. 2013). The morphometric data 

were obtained from a kidney biopsy performed at the end of the clinical trial. The 

metabolites were measured in urine samples obtained at a research examination that 

coincided with the biopsy and were adjusted for urine creatinine concentration by dividing 

urine metabolite concentration by urine creatinine concentration prior to analysis.
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2. Materials and methods

2.1 Study participants and design

All patients from this study were enrolled in a randomized clinical trial (Weil et al. 2013) 

testing the renoprotective efficacy of losartan in early DKD (ClinicalTrials.gov number, 

NCT00340678). Glomerular filtration rate (GFR) was measured annually throughout the 

trial by the urinary clearance of iothalamate. At the end of the six-year clinical trial, 111 of 

the participants underwent percutaneous kidney biopsy to determine whether treatment was 

associated with preservation of kidney structure. Of the 111 biopsied participants, 62 had 

remaining urine samples available and were included in the present cross-sectional study. 

This study was approved by the Institutional Review Board of the National Institute of 

Diabetes and Digestive and Kidney Diseases. Each subject signed an informed consent 

document.

2.2 Clinical and anthropometric measures

Blood pressure was measured while the subject was resting in the seated position. Mean 

arterial pressure (MAP) was calculated as (2 × diastolic blood pressure + systolic blood 

pressure)/3. Hemoglobin A1c, urine albumin and creatinine concentration, and GFR were 

measured as previously described (Saulnier et al. 2017).

2.3 Urine metabolites

Metabolites were measured in urine samples collected under standardized conditions and 

stored at −80 °C. Samples underwent one freeze–thaw cycle prior to assay. The samples 

were collected at the nearest annual research examination conducted prior to the date of the 

kidney biopsy. A urine sample collected at another annual research examination that 

occurred a median of 12.1 (interquartile range 11.7–12.5) months earlier (n = 60 [97%]) or 

later (n = 2 [3%]) was measured to assess biological stability of the metabolites over time.

Urine metabolites were measured in a blinded fashion in spot urine samples collected after 

an overnight fast at the onset of the renal clearance study. Samples were derivatized as 

described previously (Hallan et al. 2017) and metabolite concentrations were measured by 

gas chromatography coupled to triple quadrupole mass spectroscopy (GC-MS/MS), using a 

Bruker Scion-TQ GC-MS system. A control sample of pooled healthy urine was run after 

every 8 samples to control for batch variations and results were adjusted for batch effect. 

Concentrations of the metabolites were quantified using an 8-point calibration curve with R2 

values above 0.98. Metabolite concentrations were normalized to urine creatinine 

concentrations measured in the same aliquot of urine by a biochemical assay using a 

creatinine assay kit from Cayman Chemical Company (Ann Arbor, MI). The results are 

reported in nmol of metabolite per µM of creatinine. Urine metabolite concentrations below 

the detection limit of the assay (i.e., 0.3 nmol for citric acid, 0.1 nmol for the other 

metabolites) were set to the detection limit. Of the 13 metabolites, previously related to 

mitochondrial dysfunction (Sharma et al. 2013) and identified in The Human Metabolome 

database (http://www.hmdb.ca), only 2-methyl-acetoacetic acid was not measured in the 

samples for technical reasons. The remaining 12 were measured in all study participants. 

Within-person reproducibility of the biomarker assays was assessed by intraclass correlation 
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(ICC) with a second measurement from 20 duplicate samples blinded to the performance 

laboratory.

2.4 Morphometric methods

Digital images from the kidney biopsy tissue sections were collected and the renal structural 

parameters were quantified by morphometric methods as described previously (Weil et al. 

2013). Parameters included were glomerular volume, glomerular basement membrane width, 

cortical interstitial fractional volume per glomerulus, mesangial fractional volume per 

glomerulus, glomerular filtration surface density, total filtration surface per glomerulus, 

number of podocytes per glomerulus, podocyte foot process width, percentage of podocyte 

detachment, percentage of normally fenestrated endothelium, and percentage of sclerotic 

glomeruli (Squarer et al. 1998). Morphometric variables for each individual were calculated 

as the mean of all measurements for that individual.

2.5 Statistical analysis

Patient characteristics were expressed as mean ± standard deviation, median (25th–75th 

percentile), or n (%). Pearson’s correlations were used to assess the relationships between 

metabolites, morphometric variables, and clinical characteristics. For regression analyses, 

we log2-transformed all variables with skewed distributions. Correlations between urine 

metabolites were partialled for urine creatinine concentration. Partial correlation analysis 

was used to study the relationships between biomarkers and structural measurements after 

adjustment for the effects of age, sex, diabetes duration, hemoglobin A1c, blood pressure, 

GFR, and treatment assignment during the clinical trial by multivariable linear regression. 

ACR was not included in these models because it is highly correlated with the underlying 

structural lesions. Treatment assignment was included as this was an important exposure in 

the 6 years leading up to the present observational study. Regression model fit was assessed 

for normality and leverage with ‘Studentized’ residuals. Relationships of urine metabolites 

with global glomerular sclerosis and percentage of podocyte detachment were not reported 

due to inadequate model fit. In addition, models for the relationships of 3-hydroxy 

isobutyrate and uracil with morphometric variables were reported after removing a highly 

influential point. Multicollinearity was assessed with eigenvalues and the condition index 

(Belsley et al. 1980). Each metabolite was also tested for interaction with treatment 

assignment and with angiotensin receptor blocker treatment. Associations between 

metabolites and morphometric measures were illustrated graphically by partial residual 

regression plots and were reported as partial Pearson’s correlation coefficients. All statistical 

analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC). P values < 0.05 

were considered statistically significant.

3 Results

Clinical characteristics, creatinine-normalized urine metabolite concentrations, and 

morphometric variables from the 62 study participants are summarized in Table 1. Mean age 

of the participants was 45 ± 10 years, mean diabetes duration was 15.4 ± 6.1 years, mean 

hemoglobin A1c was 9.5 ± 1.9%, mean GFR was 137 ± 50 ml/min, and median ACR was 34 

(14–85) mg/g at a research examination performed within a median of 6.5 (3.2–8.7) months 
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before the research kidney biopsy. Thirty-one (50%) participants had normoalbuminuria 

(ACR < 30 mg/g), 18 (29%) had microalbuminuria (ACR 30 to < 300 mg/g), and 13 (21%) 

had macroalbuminuria (ACR ≥ 300 mg/g). Fifty-seven (92%) participants had measured 

GFR above 60 ml/min; the remaining five participants had values ranging from 40 to 57 ml/

min.

Metabolite assay reproducibility, assessed by ICC with a second measurement obtained from 

20 duplicate samples blinded to the performance laboratory, was excellent for 2-ethyl-3-

hydroxy propionate (ICC = 0.814), fair to good for aconitic acid (ICC = 0.597), 3-hydroxy 

propionate (ICC = 0.596), 3-hydroxy isobutyrate (ICC = 0.586), homovanillic acid (ICC = 

0.563), uracil (ICC = 0.562), tiglyglycine (ICC = 0.534), 3-methyl-crotonyl glycine (ICC = 

0.465), 3-methyl adipic acid (ICC = 0.442), and citric acid (ICC = 0.423), and poor for 3-

hydroxy isovalerate (ICC = 0.231), and glycolic acid (ICC = 0.128). Urine metabolite 

concentrations in samples taken at the research examination closest to the kidney biopsy 

correlated with samples taken from a research examination that occurred a median of 12.1 

(11.7–12.5) months earlier or later, indicating stability of metabolite concentrations over this 

period (Table 2).

Of the 12 metabolites measured in this study, seven correlated positively with GFR and three 

correlated negatively with ACR. Of the seven metabolites that correlated positively with 

GFR, six also correlated positively with hemoglobin A1c, five correlated negatively with 

systolic blood pressure, and one correlated negatively with BMI (Table 3). Concentrations of 

the metabolites were generally highly intercorrelated (Supplemental Table 1).

3.1 Correlations between urine metabolites and kidney structure

Univariate correlations of metabolites with morphometric variables are shown in Table 4. 3-

hydroxy isovalerate correlated positively with podocyte number per glomerulus (r = 0.25, P 
= 0.050). 3-hydroxy isobutyrate and aconitic acid correlated positively with glomerular 

filtration surface density (r = 0.28, P = 0.030 and r = 0.30, P = 0.017). Citric acid correlated 

positively with glomerular filtration surface density and total filtration surface per 

glomerulus (r = 0.47, P < 0.001 and r = 0.31, P = 0.014) and negatively with mesangial 

fractional volume (r=−0.26, P = 0.020). Glycolic acid correlated negatively with mesangial 

fractional volume and cortical interstitial fractional volume (r=−0.26, P = 0.041 and r=−0.27, 

P = 0.034). Homovanillic acid correlated negatively with podocyte foot process width (r=
−0.33, P = 0.008).

Partial correlations between urine metabolites and kidney structural parameters, after 

adjustment for age, sex, diabetes duration, hemoglobin A1c, MAP, GFR, and losartan 

treatment assignment, are shown in Table 5. In general, lower concentrations of the urine 

metabolites correlated with greater structural lesions, and four of the 12 metabolites had 

statistically significant correlations with morphometric variables. 2-ethyl 3-OH propionate 

correlated positively with the percentage of fenestrated endothelium. Aconitic and citric 

acids correlated positively with glomerular filtration surface density and total filtration 

surface per glomerulus. Citric acid correlated negatively with mesangial fractional volume, 

and homovanillic acid correlated negatively with podocyte foot process width. Further 

adjustment for BMI did not modify these findings. For illustration, partial residual 
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regression plots of the relationships of citric acid with glomerular filtration surface density, 

total filtration surface per glomerulus, and mesangial fractional volume are shown in Fig. 1.

4 Discussion

In this study we show that lower concentrations of urine metabolites previously identified as 

potential biomarkers of DKD are associated with the glomerular structural lesions of early 

DKD in American Indians with type 2 diabetes. Lower urine metabolite concentrations 

showed the strongest association with loss of filtration surface and increased mesangial 

fractional volume after controlling for the effects of relevant clinical covariates. These 

findings provide evidence that lower urine concentrations of these metabolites coincide with 

some early lesions in specialized filtration structures in type 2 diabetes. The metabolites 

included in this study are closely connected to mitochondrial metabolism in that they are 

either generated within the tricarboxylic acid (TCA) cycle or regulated by mitochondrial 

enzymes and are involved in major metabolic pathways, including branched-chain amino 

acid (BCAA) catabolism, the TCA cycle, dopamine metabolism, and glycolic acid 

metabolism. Further research is required to determine whether the lower concentrations of 

these urine metabolites that we observed in those with kidney structural abnormalities reflect 

mitochondrial dysfunction at early stages of DKD.

2-ethyl 3-OH propionate is a short-chain fatty acid (SCFA) derived from the metabolism of 

BCAAs (Macfarlane and Macfarlane 2003). BCAAs—i.e. valine, leucine, and isoleucine—

are essential amino acids. Despite their beneficial contribution to normal human protein and 

lipid synthesis, increased fasting concentrations of circulating BCAAs are associated with an 

increased risk of insulin resistance and obesity (Lynch and Adams 2014). SCFAs are 

produced by the microbiota in the gut where they are absorbed and enter the circulation and 

are filtered into the urine. They act via G protein coupled receptors (GPCR) and through 

non-GPCR mediated mechanisms to modulate various physiological functions (Natarajan 

and Pluznick 2014). In mice, SCFAs modulate renin release and blood pressure (Pluznick et 

al. 2013) and ameliorate the effects of hypoxia in kidney epithelial cells by improving 

mitochondrial biogenesis (Andrade-Oliveira et al. 2015). In rats with CKD, a high 

fermentable fiber diet increases SCFA production and is associated with improvement in 

kidney function and reduction in kidney inflammation and fibrosis (Vaziri et al. 2014). 

Persons with end-stage renal disease (ESRD) exhibit a decreased capacity to produce SCFAs 

compared with healthy individuals (Wong et al. 2014), and plasma concentrations of 4 

BCAA metabolites were negatively associated with the risk of progression to ESRD in 

persons with type 2 diabetes (Niewczas et al. 2014). In addition, BCAAs activate the 

mammalian target of rapamycin complex 1 pathway, which favors diabetic glomerulopathy 

(Inoki 2008). Our findings highlight the association of the lower urine SCFA 2-ethyl 3-OH 

propionate with the loss of endothelial fenestrae in the glomerular capillary—one of the 

earliest structural changes of DKD that occurs prior to the onset of reduced GFR and, in 

some cases, elevated ACR, and is known to predict the decline in GFR (Ellis at al. 1986; 

Fufaa et al. 2016; Moriya et al. 2014; Nosadini et al. 2000).

Citric acid and aconitic acid are TCA cycle intermediates, with citric acid produced by 

citrate synthase, which is then converted to aconitic acid by aconitase. Fractional excretion 
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of citrate is highly regulated (Simpson 1983). Citrate is actively reabsorbed in the proximal 

tubules via a sodium-citrate co-transporter and is metabolized by renal cortical citrate lyase. 

Metabolic acidosis and hypokalemia both increase renal cortical ATP citrate lyase activity 

and the activity of the sodium-citrate cotransporter in the apical membrane, leading to lower 

urine citrate concentrations (Demigné et al. 2004). According to preclinical data, angiotensin 

converting enzyme (ACE) inhibitors could reduce urine citrate concentrations via increased 

cytosolic citrate lyase activity (Melnick et al. 1998) even though we found no difference in 

urinary citrate concentration according to ACE inhibitor use in our study. Aconitic acid 

excretion is also influenced by pH and hypokalemia due to changes in the activity of cortical 

aconitase (Demigné et al. 2004). Contradictory findings are reported regarding urine 

concentrations of TCA intermediates in murine models of DKD (Li et al. 2013; Stec et al. 

2015). Like the SCFAs, lower TCA cycle intermediates were associated with loss of 

filtration surface and with mesangial expansion in the present study. Importantly, nearly all 

participants in this study had normal or elevated GFR, so the reduction in these metabolites 

cannot be explained by a reduction of GFR.

Homovanillic acid is a stable dopamine metabolite produced by catechol O-

methyltransferase or monoamine oxidase/aldehyde dehydrogenase. Intra-renal dopamine is 

synthesized by the proximal tubule epithelium (Hagege, and Richet 1985), and may act in an 

autocrine/paracrine fashion by modulating water/sodium homeostasis (Zhang and Harris 

2015). Decreased renal synthesis of dopamine is associated with hypertension (Gill et al. 

1988), and decreased urine homovanillic acid concentration is associated with impaired 

kidney function in adults with chronic glomerular disease (Pestana et al. 1998). In addition, 

urine tyrosine, an upstream metabolite of dopamine, is significantly lower in persons with 

type 2 diabetes who increase their urinary albumin excretion compared to those with type 2 

diabetes and persistent normoalbuminuria (Pena et al. 2014). Nonetheless, higher urine 

homovanillic acid concentrations are also associated with a greater risk of acute kidney 

injury in children after cardiac surgery (Beger et al. 2008). In the present study, lower urine 

concentrations of homovanillic acid were associated with increased podocyte foot process 

width, another structural determinant of progressive DKD (Fufaa et al. 2016).

The strengths of this study include stability of the urine metabolites and the availability of 

research kidney biopsies. GFR was measured by a urinary clearance method rather than 

estimated by a creatinine equation, and urine samples for metabolite assays were collected 

under standardized conditions and stored at −80 °C, undergoing only one freeze–thaw cycle 

prior to assay. The study also has limitations. By having tissue from only a single kidney 

biopsy, we were not able to assess structural changes that may occur over time in relation to 

the urine metabolite concentrations. In addition, urine samples were obtained a median of 

6.5 months prior to the kidney biopsies and metabolite concentrations in the urine could 

fluctuate due to a number of factors. Urine concentration of these metabolites may also be 

affected by secretion, reabsorption, or metabolism in the proximal tubule epithelium. 

Nevertheless, urine samples obtained a median of 12.1 months earlier or later demonstrated 

stability of the urine metabolite concentrations over time. We have no direct measure of 

mitochondrial function in study participants, nor do we have direct microscopic measures of 

mitochondrial structure to demonstrate whether mitochondrial structure is perturbed in those 

with lower urine mitochondrial metabolites. Nearly all our morphometric measures were 
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glomerular, and none of the urine metabolites correlated with the single tubulointerstitial 

measurement (cortical interstitial fractional volume) after adjustment for potential 

confounders. Given that most study participants had early or no clinical DKD, we would 

expect their diabetic kidney lesions to predominantly involve the glomerulus, hence our 

focus primarily on glomerular measures. Losartan is thought to attenuate mitochondrial 

dysfunction through several protective mechanisms (de Cavanagh et al. 2011), but we 

observed no effect of treatment assignment to either losartan or placebo on the relationship 

between the urine mitochondrial metabolites and the morphometric variables. Two of the 

urine metabolites—glycolic acid and 3-hydroxy isovalerate—had poor reproducibility as 

assessed by the ICC, suggesting that their associations reported here may be less reliable 

than those for the other urine metabolites. Two other urine metabolites—3-hydroxy 

isobutyrate and uracil—were analyzed after removing a highly influential point. By 

excluding this point, we may have introduced some selection bias into the analysis. We did 

not adjust for multiple comparisons in our analyses because this was an exploratory study, 

and we did not want to mask potential relationships of interest. The consistency of the 

relationships of the urine metabolites with the morphometric variables of progressive DKD 

provides some assurance against false positive results.

5 Conclusion

Lower concentrations of a set of urine metabolites are associated with kidney structural 

lesions in American Indians with type 2 diabetes, and may serve as biomarkers for early 

glomerular lesions in DKD. These findings may implicate reduced mitochondrial function in 

the pathogenesis of diabetic kidney disease, although additional work is needed to establish 

this relationship.
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Fig. 1. 
Partial regression residual plot of the associations between urine citric acid and 

morphometric variables. The residuals were computed from regressing each of these 

variables on age, sex, diabetes duration, hemoglobin A1c, mean arterial pressure, GFR, and 

treatment assignment. Pearson’s partial r and the corresponding P value are shown. 

Abbreviations: Sv glomerular filtration surface density, VvMes mesangial fractional volume, 

TFS total filtration surface per glomerulus
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Table 1

Baseline characteristics of the study population. Data are presented as mean ± standard deviation, median 

(25th–75th percentiles), or number (%)

Clinical characteristics n = 62

Age (years) 44.6 ± 9.7

Female:Male n (female %) 49:13 (79)

Losartan treatment group n (%) 33 (53)

Diabetes duration (years) 15.4 ± 6.1

Body mass index (kg/m2) 35.4 ± 7.3

Systolic blood pressure (mmHg) 123 ± 14

Diastolic blood pressure (mmHg) 78 ± 10

Mean arterial pressure (mmHg) 93 ± 10

HbA1c(%) 9.5 ± 1.9

Glomerular filtration rate (ml/min) 137 ± 50

Urine albumin/creatinine ratio (mg/g) 34 (14–85)

Any oral antidiabetic drug treatment n (%) 50 (81)

Metformin treatment n (%) 36 (58)

Insulin treatment n (%) 34 (55)

Urines metabolites (nmol/µmol creatinine)

2-ethyl 3-OH propionate 3–3.64 1.77–7.19)

3-hydroxy propionate 5–3.66 (1.83–8.98)

3-hydroxy isovalerate 12.1 (8.1–21.5)

3-methyl-crotonyl glycine 0.49 (0.34–0.77)

3-hydroxy isobutyrate 14.8 (7.6–24.7)

Tiglyglycine 1.69 (1.22–2.11)

Aconitic acid 34.1 (22.7–42.6)

Citric acid 201 (136–319)

Glycolic acid 45.8 (26.7–76.7)

Homovanillic acid 1.63 (1.24–2.02)

Uracil 3.94 (2.34–6.21)

3-methyl adipic acid 1.06 (0.71–1.47)

Morphometric variables

Glomerular volume (× 106 µm3) 5.7 (4.9–7.4)

Cortical interstitial fractional volume (%) 31 (26–35)

Mesangial fractional volume (%) 19 (14–27)

Glomerular filtration surface density (µm2/ µm3) 0.07 (0.05–0.08)

Total filtration surface per glomerulus (× 105 µm2) 3.8 (3.1–4.9)

Glomerular basement membrane width (nm) 524 (432–631)

Global glomerular sclerosis (%) 7.1 (0–17.4)

Podocyte detachment (%) 0.33 (0–1.49)

Podocyte cell number per glomerulus 598 (458–725)

Foot process width (nm) 449 (407–528)
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Clinical characteristics n = 62

Fenestrated endothelium (%) 25.8 (21.8–31.7)
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