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Introduction
Diabetes is characterized by altered carbohydrate and lipid metabolism. Despite medications that reduce 

hyperglycemia, hypertension, and hyperlipidemia, diabetes is often associated with highly morbid complica-

tions such as diabetic kidney disease (DKD), diabetic neuropathy (DN), and diabetic retinopathy (DR). Dia-

betes is the most common cause of  end-stage renal disease, lower extremity amputation, and blindness in the 

United States (1). Despite the fact that most diabetic patients develop one or more of  these complications, the 

pathophysiology leading to development and progression of  these complications remains poorly understood.

Diabetes is associated with altered cellular metabolism, but how altered metabolism contributes 

to the development of diabetic complications is unknown. We used the BKS db/db diabetic mouse 

model to investigate changes in carbohydrate and lipid metabolism in kidney cortex, peripheral 

nerve, and retina. A systems approach using transcriptomics, metabolomics, and metabolic flux 

analysis identified tissue-specific di�erences, with increased glucose and fatty acid metabolism in 

the kidney, a moderate increase in the retina, and a decrease in the nerve. In the kidney, increased 

metabolism was associated with enhanced protein acetylation and mitochondrial dysfunction. To 

confirm these findings in human disease, we analyzed diabetic kidney transcriptomic data and urinary 

metabolites from a cohort of Southwestern American Indians. The urinary findings were replicated 

in 2 independent patient cohorts, the Finnish Diabetic Nephropathy and the Family Investigation 

of Nephropathy and Diabetes studies. Increased concentrations of TCA cycle metabolites in urine, 

but not in plasma, predicted progression of diabetic kidney disease, and there was an enrichment of 

pathways involved in glycolysis and fatty acid and amino acid metabolism. Our findings highlight 

tissue-specific changes in metabolism in complication-prone tissues in diabetes and suggest that 

urinary TCA cycle intermediates are potential prognostic biomarkers of diabetic kidney disease 

progression.
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In type 1 and type 2 diabetes, increases in blood concentrations of  glucose and non-esterified fatty 

acids are reflected intracellularly in the kidney, especially the proximal tubules (2–4). Though glomerular 

scarring is the hallmark pathological feature of  early DKD and tubulointerstitial fibrosis is a later finding, 

proximal tubular dysfunction is now regarded as an early event in DKD pathogenesis (5). Although the 

proximal tubule is the primary site of  glucose reabsorption from the glomerular filtrate, proximal tubule 

cells rely primarily on fatty acid oxidation to supply their high energy demand (6–8). Less is known about 

glucose and fatty acid metabolism in the peripheral nerve and retina (9–11). Because they are neuronal 

tissues, it is widely believed that both peripheral nerve and retina prefer glucose oxidation under normal 

conditions. The retina is unique in that it exhibits a high rate of  aerobic glycolysis resembling the Warburg 

effect in cancer cells (12). Little is known about retinal lipid oxidation, although a recent study established 

the presence of  fatty acid β-oxidation enzymes in Müller glial cells in the retina (13). Moreover, there is a 

lack of  information on how metabolism in these two complication-prone tissues compares with kidney.

Mitochondrial fuel utilization is dependent upon both substrate availability and the relative ability to 

oxidize substrates. Given the increased plasma glucose and free fatty acid levels in poorly controlled diabe-

tes, we sought to determine whether tissues vulnerable to diabetic complications alter their metabolism in 

response to changes in available nutrients. The main hypothesis of  this study was that metabolic reprogram-

ming, as evidenced by maladaptive changes in metabolism, would lead to tissue dysfunction. Identification 

Figure 1. Transcriptomic and metabolomic analyses from control and diabetic mice. (A and B) Predicted alteration of pathways involved in glucose 

metabolism in the (A) kidney cortex and (B) sciatic nerve in 24-week-old diabetic versus control mice, with the percentage of genes upregulated (red) 

and downregulated (blue) (P < 0.05 [–log(P value) > 1.3], kidney n = 5/group; nerve control n = 9, nerve diabetic n = 10). The number of transcripts in each 

pathway is shown at the right margin corresponding to each pathway. (C) Relative levels of glycolytic, TCA cycle, and acylcarnitine metabolites from kidney 

cortex of 12- and 24-week-old diabetic versus control mice are depicted as upregulated (red) or downregulated (blue) in diabetic mice (n = 12/group; ND, not 

detected above noise). (D and E) Levels of glycolytic and TCA cycle metabolites in urine from (D) 12- and (E) 24-week-old control and diabetic mice (n = 5/

group). *P < 0.05, Student’s 2-tailed t test.
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of  such alterations in metabolism could provide insights into the mechanisms of  tissue damage, identify 

biomarkers, and uncover approaches to prevent or halt diabetic complications in individuals with diabetes. 

To obtain a comprehensive view of  substrate metabolism, we used a systems-based approach combining 

transcriptomics and highly sensitive and specific mass spectrometry-based (MS-based) metabolomics and 

metabolic flux analyses to determine alterations in glucose and fatty acid metabolism. Transcriptomic and 

metabolomic profiling demonstrated an increase in glycolysis, fatty acid β-oxidation, and tricarboxylic acid 

(TCA) cycle flux in the diabetic kidney. These changes were tissue dependent, as metabolism in the nerve 

and retina was distinctive, with impaired glucose metabolism in the nerve and an increase in metabolism 

in the retina that was much less robust than that in the kidney. We found that increased excretion of  TCA 

metabolites in human urine predicted DKD progression. The changes in kidney metabolism were associat-

ed with mitochondrial dysfunction and increased acetylation of  several mitochondrial proteins, suggesting 

a link between altered glucose and fatty acid metabolism and kidney dysfunction early in DKD.

Results
Diabetes increases glycolysis, β-oxidation, and TCA cycle activity in the mouse kidney. Transcriptomic and metabo-

lomic analyses were used to identify potential differences in intermediary metabolism in kidney cortex, pre-

dominantly comprising proximal tubule epithelia, from db/db type 2 diabetic mice and db/+ normoglycemic 

littermate controls (Figure 1). Targeted pathway analysis of  the 24-week-old glomerular-depleted kidney 

cortex transcriptome using a list of  363 transcripts known to be involved in nutrient metabolism revealed 

significant enrichment primarily of  pathways in fatty acid metabolism, with both β-oxidation and synthesis 

of  more complex lipids (Supplemental Figure 1A; supplemental material available online with this article; 

doi:10.1172/jci.insight.86976DS1). Additionally, pathways involved in glucose and amino acid metabolism 

Figure 2. Metabolomics analy-

sis of retina from control and 

diabetic mice. Relative levels of 

glycolytic, TCA cycle, and acylcar-

nitine metabolites from retina of 

24-week-old diabetic versus con-

trol mice are depicted as upregu-

lated (red) or downregulated (blue) 

in diabetic mice (n = 10/group; ND, 

not detected above noise). *P < 

0.05, Student’s 2-tailed t test.

Figure 3. Mitochondrial metabolism from kidney cortex of 

control and diabetic mice. Relative mitochondrial levels of 

TCA cycle and acylcarnitine metabolites from kidney cortex 

of 12- and 24-week-old diabetic versus control mice are 

depicted as upregulated (red) or downregulated (blue) in 

diabetic mice (n = 10/group; ND, not detected above noise). 

*P < 0.05, Student’s 2-tailed t test.
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Figure 4. In vivo metabolic flux analyses in the kidney cortex of con-

trol and diabetic mice. Metabolic flux was determined from (A) [13C
6
]

glucose (n = 8/group) or (B) [13C
16

]K palmitate (12 week, n = 6/group; 24 

week, control n = 5, diabetic n = 8). Metabolites in the diabetic kidney 

cortex from 12- and 24-week-old mice are depicted as upregulated 

(red), downregulated (blue), or unchanged (gray) compared with con-

trol kidney cortex. Upon entry into the TCA cycle through acetyl-CoA, 

each TCA cycle metabolite incorporates 2 13C labels (m+2). Metabolites 

resulting from a second turn of the TCA cycle would incorporate 2 

(citrate, m+4) or 1 (all other intermediates, m+3) additional 13C labels. 

If labeled pyruvate enters the TCA cycle through oxaloacetate, it will 

contribute 3 or 5 13C labels (m+3 or m+5) to citrate during condensa-

tion with unlabeled or labeled acetyl-CoA, respectively. *P < 0.05, 

Student’s 2-tailed t test.
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were also significantly enriched (Figure 1A and Supplemental Figure 1B). There was significantly increased 

expression of  mRNAs corresponding to glycolytic enzymes including hexokinase (Hk1), phosphofructoki-

nase (Pfkl), and pyruvate kinase (Pklr), primary regulators of  glycolytic flux (Supplemental Table 1). Tran-

scripts for several enzymes involved in fatty acid metabolism were also significantly altered. The mRNA 

expression of  2 enzymes involved in β-oxidation were altered, with significantly increased expression of  

enoyl-CoA delta isomerase 1 (Eci1) and significantly decreased expression of  enoyl-CoA-hydratase/3-hy-

droxyacyl-CoA dehydrogenase (Ehhadh) (Supplemental Table 1). We found no significant changes in expres-

sion of  mRNAs for enzymes involved in the TCA cycle or enrichment of  any TCA cycle pathways.

To determine whether the transcriptomic predictions resulted in functional alterations, we determined 

changes in metabolite levels in kidney cortex from 12- and 24-week-old diabetic and control mice, cor-

responding to early and established DKD, respectively (14, 15). Kidney cortex was analyzed using tar-

geted liquid chromatography–MS (LC/MS) and gas chromatography–MS (GC/MS) for ~65 metabolites 

representing central carbon metabolism, including acyl-CoAs, acylcarnitines, and amino acids, as well as 

metabolites in glycolysis, the pentose phosphate pathway, and the TCA cycle (Figure 1C and Supplemental 

Table 2). Consistent with the transcriptomic data, several glycolytic metabolites were upregulated in the 

diabetic kidney, including the hexose 6-phosphates and pyruvate. Likewise, many TCA cycle intermediates 

were increased, including fumarate and malate. These changes were seen in both the 12- and 24-week-old 

diabetic mice. No significant changes were detected in pentose phosphate pathway metabolites or AMP/

ATP and ADP/ATP ratios in kidneys from 24-week-old mice (Supplemental Table 2).

Transcriptomic data also predicted increased fatty acid oxidation, and we found increases in both even-

chain and odd-chain acylcarnitines in diabetic kidney cortex at 12 and 24 weeks (Figure 1C), without sig-

nificant changes in long-chain acyl-CoAs (not shown). Acylcarnitines are important for shuttling fatty acids 

into the mitochondria for use as an energy source. Even-chain acylcarnitines are a metric of  lipid β-oxida-

tion, whereas odd-chain acylcarnitines (C3 and C5) are produced during the catabolism of  branched-chain 

amino acids and can be used as anaplerotic substrates (16). Odd-chain acylcarnitines were increased in the 

diabetic kidney, suggesting increased branched-chain amino acid oxidation. Although there were no signifi-

cant differences in the branched-chain amino acids themselves, these trended upward in the diabetic kidney 

while the majority of  amino acid levels were decreased (Supplemental Table 2).

Concomitantly, we examined glycolytic and TCA cycle metabolites in mouse plasma and urine to 

assess whether these metabolite changes could be further examined as biomarkers. While no changes were 

detected in mouse plasma (not shown), both glycolytic (phosphoenolpyruvate) and TCA cycle (citrate, 

α-ketoglutarate, malate) intermediates were increased in diabetic mouse urine (Figure 1, D and E), suggest-

ing these could be markers of  early DKD and might imply altered tubular metabolism or function.

Diabetes increases glycolysis, β-oxidation and TCA cycle enzyme transcripts in the mouse sciatic nerve, but decreas-

es related metabolites. Transcriptomic and metabolomics analyses were used to identify potential differences 

in intermediary metabolism in db/db sciatic nerve (SCN) at 24 weeks of  age (Figure 1B and Supplemental 

Figure 2). This age corresponds to established DN pathology in the db/db mouse model (17). Targeted 

pathway analysis of  our previously published transcriptomic data (18) revealed significant enrichment of  

several pathways involved in fatty acid oxidation, glycolysis, catabolism of  amino acids feeding into the 

TCA cycle and TCA cycle activity (Figure 1B and Supplemental Figure 2, A–C). Similar to findings in the 

kidney, we detected significantly increased expression of  mRNAs encoding glycolytic enzymes, includ-

ing hexokinase 3 (Hk3), phosphofructokinase (Pfkl) and neuron-specific phosphopyruvate hydratase (Eno2) 

(18). Transcripts for several enzymes involved in fatty acid metabolism were also significantly upregulated, 

including the fatty acid transporter Slc27a1, long-chain acyl-CoA synthetase 1 (Acsl1), acyl-CoA oxidase 

1 (Acox1), and hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (Hadha) 

(18). The encoded enzymes are involved in insulin-stimulated fatty acid uptake, activation of  long-chain 

fatty acids for metabolism, and the first and last three steps of  β-oxidation, respectively. In contrast to 

the kidney, we observed significant changes in expression of  mRNAs encoding TCA cycle enzymes, with 

increased expression of  citrate synthase (Cs) and isocitrate dehydrogenase 3 (Idh3a), catalyzing the first and 

rate-limiting steps of  the TCA cycle, respectively (18).

To assess whether the transcriptomic predictions resulted in functional alterations, we first deter-

mined changes in metabolite levels in SCN from 24-week-old control and diabetic mice. SCN was ana-

lyzed using targeted LC/MS for acyl-CoAs and acylcarnitines (Supplemental Figure 2D). Our previously 

published data on glycolytic and TCA cycle metabolites (10) were re-examined for comparative purposes 
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Figure 5. Comparative in vivo metabolic flux analyses in the kidney 

cortex, sciatic nerve, and retina of 24-week-old control and diabetic 

mice. Metabolic flux was determined from (A) [13C
6
]glucose  

(n = 8/group) or (B) [13C
16

]K palmitate (control n = 5, diabetic  

n = 8). Metabolites in the diabetic tissues from 24-week-old mice are 

depicted as upregulated (red), downregulated (blue) or unchanged 

(gray) compared with control tissues. Upon entry into the TCA cycle 

through acetyl-CoA, each TCA cycle metabolite incorporates 2 13C 

labels (m+2). Metabolites resulting from a second turn of the TCA 

cycle would incorporate 2 (citrate, m+4) or 1 (all other intermediates, 

m+3) additional 13C labels. If labeled pyruvate enters the TCA cycle 

through oxaloacetate, it will contribute 3 or 5 13C labels (m+3 or m+5) 

to citrate during condensation with unlabeled or labeled acetyl-CoA, 

respectively. *P < 0.05, Student’s 2-tailed t test.
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(Supplemental Figure 2D). In contrast to the transcriptomic data, glycolytic metabolites were downreg-

ulated in the diabetic SCN, including the hexose 6-phosphates, the phosphoglycerates, phosphoenolpy-

ruvate, and lactate. Similarly, the TCA cycle intermediates citrate and isocitrate were decreased, even 

though mRNA expression of  the involved enzymes was increased. Transcriptomic data also predicted 

increased fatty acid oxidation and, similar to the observations with glycolytic intermediates, we found 

decreases in both even- and odd-chain acylcarnitines along with long-chain acyl-CoAs in the diabetic 

SCN at 24 weeks (Supplemental Figure 2D). These data are consistent with an overall decrease in energy 

metabolism in diabetic SCN and demonstrate that different tissues exhibit different metabolic responses 

to the excess substrate available with diabetes. Additionally, these data highlight the importance of  using 

a multiscalar systems biological approach as transcriptomic changes do not always predict changes in 

protein level and function or the ultimate metabolic phenotype.

Diabetes increases glycolysis and β-oxidation metabolites in the diabetic retina. Targeted metabolomics was 

used to identify potential differences in intermediary metabolism in retina from 24-week-old db/db type 2 

diabetic mice and db/+ normoglycemic littermate controls (Figure 2). The db/db mouse model at 16 or 24 

weeks of  age was recently identified as an appropriate model for mechanistic studies of  diabetes-induced 

retinal neurodegeneration (19). Similar to the kidney but in contrast to peripheral nerve, glycolytic metab-

olite levels in the 24-week-old diabetic retina were significantly increased, along with long-chain acylcar-

nitines. Although metabolites reflecting proximal energy metabolism were increased, this pattern was not 

uniformly reflected by metabolites in the TCA cycle. There were no significant differences in acetyl-CoA, 

and although malate was significantly increased and succinate trended toward an increase (P = 0.0508), 

citrate was significantly decreased.

Mitochondrial metabolic alterations are reflective of  tissue metabolism in the diabetic kidney. To determine 

whether the metabolite alterations in kidney cortex were reflected in mitochondria from this tissue, we 

prepared mitochondria and measured metabolite levels using LC/MS and GC/MS from the kidney cortex 

of  12- and 24-week-old control and diabetic mice (Figure 3 and Supplemental Table 3). Similar to whole 

kidney cortex, there were increases in several TCA cycle metabolites, including citrate and succinate, along 

with increased lactate, which can be oxidized in the mitochondria (20). No differences were detected in 

acyl-CoA levels (data not shown), but both even-chain and odd-chain acylcarnitines were increased. Along 

with the whole tissue data, these findings imply increased fatty acid catabolism in diabetic kidney cortex. 

The increased fatty acid catabolism did not appear to be due to incomplete oxidation, as the ratio of  C8 to 

C16 acylcarnitine was not significantly different between groups (Supplemental Table 3). TCA cycle metab-

olites and acylcarnitines were significantly increased in the mitochondria from kidney cortex of  24-week-

old compared with 12-week-old mice. This finding indicates a progressive increase in metabolism in the 

mitochondria later in DKD, suggesting either an increased need for metabolic energy production or an 

adaptation to consume excess metabolic fuel availability.

Diabetes progressively increases metabolic flux in the kidney. To confirm our interpretation of  the static 

metabolite measurements, we used metabolic flux analysis to determine the rate of  turnover of  metabolites 

in glycolysis, fatty acid oxidation, the TCA cycle, and the pentose phosphate pathway in all 3 complica-

tion-prone tissues. Use of  [U-13C
6
]glucose or [2,3-13C

2
]sodium pyruvate assessed metabolic flux through the 

glycolytic pathway and TCA cycle or flux through the TCA cycle independent of  glycolysis, respectively. 

Metabolites were detected by LC/MS and GC/MS, and the percent isotopologue enrichment (percent 
13C-labeled versus unlabeled) was determined.

Metabolic flux through glycolysis and the TCA cycle in the kidney of  12- and 24-week-old diabetic 

mice was increased compared with littermate controls (Figure 4A, Supplemental Figure 3A, and Sup-

plemental Table 4). Using [13C
6
]glucose, flux through both glycolysis and the TCA cycle was increased in 

the kidney cortex from both 12- and 24-week-old diabetic mice, while flux through the pentose phosphate 

pathway was decreased in the 24-week-old diabetic kidney (Figure 4A). Furthermore, carbon influx into 

the TCA cycle occurs through both acetyl-CoA and pyruvate. Isotope-labeled sodium pyruvate allowed 

for a closer examination of  flux through the TCA cycle. The diabetic animals exhibited increased activity 

through the TCA cycle, even though there was no significant change in ATP levels (Supplemental Figure 

3A and Supplemental Table 2). Although the relative abundance of  glutamate and aspartate was lower 

or unaltered in 12- and 24-week-old diabetic kidney cortex (Supplemental Table 2), there was increased 
13C

6
 label incorporation, suggesting increased metabolic flux through these amino acids (Figure 4A and 

Supplemental Figure 3A). The decreased abundance along with the increased metabolism of  glutamate 
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and aspartate and increased accumulation of  odd-chain acylcarnitines are consistent with an increase in 

anaplerotic flux in the diabetic kidney.

We additionally examined metabolic flux through fatty acid metabolism using [13C
16

]palmitate com-

plexed to fatty acid–free BSA. Isotope incorporation into acylcarnitines and metabolites in the TCA cycle 

was determined and corrected for the percent of  labeled palmitate (m+16) in the blood. While fatty acid 

flux in the 12-week diabetic kidney cortex was not changed from controls, it was increased at 24 weeks in 

the diabetic animals (Figure 4B). Together these data suggest metabolic reprogramming during the course of  

diabetes, with a progressive increase in virtually all ATP-generating metabolic pathways by 24 weeks of  age.

Metabolic flux in diabetes is tissue dependent. To compare changes in metabolic flux in other compli-

cation-prone tissues, we examined flux through glycolysis, the TCA cycle, and β-oxidation in the sciat-

ic (peripheral) nerve and retina of  24-week-old diabetic and control mice and compared these findings 

with the diabetic kidney (Figure 5, Supplemental Figure 3B, and Supplemental Tables 4 and 5). Following 

[U-13C
6
]glucose administration (Figure 5A), there was a significant decrease in TCA cycle flux in the dia-

betic nerve, although flux through most of  glycolysis remained unchanged. Glucose metabolic flux through 

the retina was modestly increased, although not as strongly as in the kidney. Administration of  [2,3-13C
2
]

sodium pyruvate resulted in increased flux through the TCA cycle in all 3 tissues (Supplemental Figure 3B).  

These results suggest a rate-limiting reduction in glucose uptake or glycolytic enzyme activity in the diabet-

ic nerve, which could be bypassed by administration of  pyruvate.

Fatty acid metabolic flux through β-oxidation was also tissue dependent. Following administration 

of  [U-13C
16

]palmitate, uptake into each of  the 3 tissues was increased in diabetic animals (Figure 5B). 

However, while flux through the TCA cycle remained elevated in the diabetic kidney, flux through the 

Figure 6. Acetylation in the kidney 

cortex of 24-week-old control and 

diabetic mice. Total lysine acetylation 

was determined by (A) LC/MS and (B) 

Western blot of kidney cortex lysates 

from 24-week-old control (db/+) and 

diabetic (db/db) mice (n = 5/group). 

(C) Relative acetylation of GAPDH 

and enoyl-CoA-hydratase/3-hydroxy-

acyl-CoA dehydrogenase (EHHADH), 

enzymes involved in glycolysis and 

β-oxidation, respectively, were deter-

mined (n = 3/group). (D) Relative 

phosphorylation and acetylation 

of FoxO3a (n = 3/group). *P < 0.05, 

Student’s 2-tailed t test.
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TCA cycle became diminished in the diabetic nerve 

and retina at succinate. Metabolism of  succinate 

to fumarate produces FADH
2
, which is utilized for 

mitochondrial ATP synthesis directly via complex 

II of  the electron transport chain. This suggests that 

although palmitate uptake was increased in both the 

nerve and retina, it was not fully utilized for energy 

metabolism. When taken together with diminished 

static levels of  acylcarnitines and TCA cycle metab-

olites (Supplemental Figure 2D), these data point 

to either incomplete β-oxidation or preferential use 

of  glucose-derived pyruvate as the major source for 

TCA cycle oxidation in peripheral nerve in diabetes.

Specific regulation of  metabolic enzymes by acetyl-

ation. Acetylation is a nutrient-sensing post-trans-

lational modification, as its main substrate is 

acetyl-CoA (21), and is a major regulator of  met-

abolic pathways (22, 23). To determine the effect 

of  diabetes on total acetylation in mouse diabetic 

kidney cortex, we measured the amount of  acetyl-

ated lysine residues by MS (Figure 6A) and analyzed protein acetylation by Western blotting (Figure 6B 

and Supplemental Figure 4A). Total acetylation was unchanged in kidney cortex of  diabetic mice com-

pared with controls, although the pattern of  acetylated proteins was different. Therefore, we examined 

the acetylation of  GAPDH and EHHADH, which are critical rate-limiting enzymes involved in glucose 

and fatty acid metabolism, respectively. Acetylation of  both GAPDH and EHHADH (Figure 6C) was 

increased in the diabetic kidney. Acetylation of  these enzymes enhances their activities (23, 24). As global 

acetylation was not changed, the acetylation changes in specific metabolic enzymes were likely functional-

ly important and not the result of  a global response to increased substrate. Additionally, because diabetes 

caused increased β-oxidation as shown by metabolic flux studies (Figure 4) and gene expression of  Ehhadh 

was actually decreased in the diabetic kidney, its acetylation appeared to play the dominant role in increas-

ing its activity. We sought to examine the effects of  increased nutrient availability and utilization on modi-

fication of  forkhead box O3 (FoxO3), a transcription factor involved in the regulation of  glucose and lipid 

metabolism. Phosphorylation and acetylation of  FoxO3a were increased in the diabetic kidney (Figure 

6D), which would promote export from the nucleus and thereby impede transcription of  target genes.

Increased metabolism is associated with mitochondrial dysfunction. Given the increase in glucose and fatty acid 

flux in the diabetic kidney cortex, we measured the oxygen consumption rate of  mitochondria isolated from 

renal cortex of  24-week-old control and diabetic mice. Both glucose and fatty acids are major substrates for 

energy metabolism, with glycolysis providing NADH and β-oxidation providing both NADH and FADH2
 

for complexes I and II of  the electron transport chain, respectively. Despite our prediction of  increased oxi-

dative phosphorylation and an increase in ATP production, we found evidence instead for enhanced proton 

Figure 7. Mitochondrial electron transport chain 

complex function and expression in the kidney cortex 

of 24-week-old control and diabetic mice. (A) Oxygen 

consumption rate (OCR) was determined in mitochondria 

isolated from kidney cortex of 24-week-old control and 

diabetic mice to determine function through electron 

transport chain (ETC) complex I (n = 3/group). (B) Mito-

chondrial DNA copy number was determined by qPCR for 

cytochrome b normalized to actin (n = 7/group). Protein 

expression of (C) ETC complexes I, II, III, and V (n = 3), (D) 

cytochrome oxidase 4 (COX4), a subunit of complex IV  

(n = 5/group), and (E) pyruvate dehydrogenase (PDH) (n = 

5/group) were normalized to vinculin. (D and E) The COX4 

blot was reprobed for PDH; therefore, the same vinculin 

control is presented. *P < 0.05, Student’s 2-tailed t test.
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leak and diminished mitochondrial ATP production, as ADP-stimulated (state 3) respiration was lower fol-

lowing interrogation of  both complex I (Figure 7A) and complex II (data not shown) in isolated mitochon-

dria from diabetic mouse kidneys. Additionally, FCCP-uncoupled respiration, a marker for total mitochon-

drial capacity (25), was decreased in diabetic mitochondria, and expression of  mitochondrial uncoupling 

protein 2 was increased 4-fold (Supplemental Figure 4B). The results of  these studies suggest that electron 

transport chain dysfunction, leading to less efficient ATP production and compensatory increases in glucose 

and fatty acid metabolic flux, may be the primary metabolic abnormality in the diabetic kidney cortex.

The majority of  ATP in aerobic metabolism is generated through the electron transport chain. Because 

ATP production–linked respiration was suppressed in the diabetic kidney, we examined the expression of  

the mitochondrial electron transport chain complexes by Western blotting. In renal cortex from diabetic 

mice, expression of  proteins in complexes I, II, and III were significantly decreased at 24 weeks (Figure 

7C) though not at 12 weeks (data not shown). Protein expression of  complex IV subunit cytochrome c 

oxidase subunit 4 (COX4) was also significantly decreased in mitochondria from 24-week diabetic kid-

neys (Figure 7D). There was no difference in mitochondrial DNA copy number between the control and 

diabetic mice (Figure 7B). Therefore, the reduction in complex I–IV expression was not due to an overall 

decrease in the number of  mitochondria. To determine whether the decreased expression of  electron 

Figure 8. Metabolomic analysis of urines from diabetic and control subjects. (A and B) Levels of glycolytic and TCA cycle metabolites in urine from dia-

betic subjects from the (A) Southwestern American Indian cohort (n = 26) or (B) FinnDiane study (n = 72) compared with control subjects (n = 28) enrolled 

in the FinnDiane study. *P < 0.05, Student’s 2-tailed t test. (C and D) Levels of (C) glycolytic and (D) TCA cycle metabolites in baseline urine from control, 

diabetic resistor, and diabetic progressor subjects enrolled in the FIND study (n = 10/group). *P ≤ 0.05 versus controls; °P ≤ 0.05 versus controls and resis-

tors, 1-way ANOVA with Tukey’s multiple comparisons.
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transport chain complexes was transcriptionally regulated, we examined our kidney cortex transcriptomic 

data for the expression of  84 nuclear-encoded individual subunits of  the electron transport chain complex-

es. The expression of  only one gene (Cox6b2), in complex IV, was significantly altered, with its expression 

being significantly increased in diabetic mice compared with controls (data not shown). No significant 

differences were detected in genes encoding complex I, II, III, or V subunits. No significant differences 

were detected in the gene expression levels of  cytochrome c oxidase subunit 4 (Cox4), although its protein 

expression was decreased (Figure 7D). To examine whether decreased protein expression was restricted to 

the electron transport chain proteins or reflected a more general reduction in expression of  mitochondrial 

proteins, we measured pyruvate dehydrogenase (PDH) levels by Western blotting (Figure 7E). No differ-

ences were detected in mRNA levels (Supplemental Table 1) or protein expression of  PDH, suggesting 

that the changes in electron transport chain complex protein levels were relatively specific.

TCA cycle intermediates are biomarkers of  progression to DKD in humans. To determine whether the tran-

scriptional and metabolic changes found in the diabetic mice were recapitulated in humans with diabetes 

(26), we performed transcriptomic analysis of  kidney biopsy samples obtained from 49 well-characterized 

Southwestern American Indians with type 2 diabetes (27, 28). Similar to the mouse data, targeted pathway 

analysis identified significant enrichment of  many pathways involved in fatty acid/lipid metabolism, along 

with several in glucose and amino acid metabolism (Supplemental Figure 5, A–D). However, unlike in the 

mouse, targeted pathway analysis also showed increased expression in TCA cycle and associated metabolic 

cofactor pathways in the humans (Supplemental Figure 5D). Urine collected at time of  biopsy in 26 subjects 

with hyperfiltration and microalbuminuria was analyzed to determine levels of  glycolytic and TCA cycle 

metabolites (Table 1 and Figure 8A). Urine metabolite levels were compared with healthy controls (Table 1).  

The metabolite changes were mapped to the human transcriptome. The kidney transcriptome and urine 

metabolome were concordant (Supplemental Figure 6), and the network analysis was similar to that in the 

db/db mice (Supplemental Figure 7). This analysis suggests that changes in urinary metabolites may reflect 

kidney metabolism and supports the use of  urinary metabolites as potential biomarkers in kidney disease.

Table 1. Clinical characteristics of Southwestern American Indian and FinnDiane study participants

Control subjects Type 1 diabetic subjects Type 2 diabetic subjects

Number of subjects 28 72 26

Age (yr) 47.0 (35.8, 57.8) 55.0 (48.0, 61.0)A 44.7 (37.2, 52.4)

Ethnicity

European descent 15 (53.6%) 72 (100%)A 0 (0%)

Hispanic 3 (10.7%) 0 (0%) 0 (0%)

 Asian 10 (35.7%) 0 (0%) 0 (0%)

Native American 0 (0%) 0 (0 %) 26 (100%)A

Sex

Male 20 (71.4%) 41 (56.9%) 8 (30.8%)A

Female 8 (28.6%) 31 (43.1%) 18 (69.2%)A

Diabetes duration (yr) N/A 19.5 (10.0, 30.8) 13.4 (11.1, 15.7)

HbA1c (%) 5.5 (5.4, 6.0) (n = 16) 8.1 (7.6, 8.8)A 9.2 (8.3, 10.9)A

eGFR (ml/min/1.73 m2) 104.0 (86.0, 134.8) (n = 16) 90.0 (70.3, 105.3)A

iGFR (ml/min) 156.5 (134.4, 191.6)A

Urine ACR (mg/g) 1.3 (0.9, 2.6) (n = 16) 7.8 (3.3, 38.4)A 27.3 (8.7, 74.1)A

Mean SBP (mmHg) 126.5 (115.5, 136.0) (n = 16) 138.0 (126.4, 149.0)A 120.8 (113.9, 129.2)

Mean DBP (mmHg) 76.0 (71.25, 84.5) (n = 16) 79.8 (73.0, 86.9) 77.3 (73.0, 81.5)

Medication history (%)B

ACEi 1 (6.3%) 24 (33.3%)A 9 (34.6%)A

ARB 0 (0%) 10 (13.9 %)A 2 (7.7%)A

Values given as median (25%, 75%). Control and type 1 diabetic subjects enrolled in FinnDiane study and type 2 diabetic subjects from the Southwestern 

American Indians study. HbA1c, hemoglobin A1c; eGFR, estimated glomerular filtration rate; iGFR, iothalamate glomerular filtration rate; ACR, albumin 

to creatinine ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor 

blocker. AP < 0.05 versus control, χ2 test (ethnicity, medication history), Fisher exact test (age, sex), or 2-tailed Student’s t test. BMedication history from 

examination date closest to collection in type 2 diabetic subjects.
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To examine whether these changes in metabolite levels were also evident in persons with type 1 diabe-

tes, urine was obtained from a cohort of  type 1 diabetic subjects with microalbuminuria and decreased esti-

mated glomerular filtration rate (eGFR) and matched healthy control human subjects enrolled in the Finn-

ish Diabetic Nephropathy (FinnDiane) Study (29) (Table 1). Increased glycolytic (hexose-6-phosphates, 

2,3-phosphoglycerate) and TCA cycle metabolites (succinate, fumarate, malate) were detected in the urine 

of  type 1 diabetic compared with healthy control subjects, while 2 intermediates (pyruvate, α-ketoglutarate) 

were decreased in type 1 diabetic samples (Figure 8B). Urine acylcarnitine levels were similar in diabetic 

and nondiabetic urine samples (data not shown). Subgroup analysis of  diabetic study participants on an 

angiotensin-converting enzyme inhibitor (ACEi) or angiotensin receptor blocker (ARB) (n = 34) and those 

that were not (n = 38) identified changes in urinary metabolite levels, although the direction of  change was 

not uniform (Supplemental Figure 8). For example, urinary fumarate levels were higher from patients tak-

ing ACEi/ARB, while citrate, isocitrate, and oxaloacetate were lower. There were no significant differences 

in age or duration of  diabetes between these groups, and there was a small but nonsignificant change in 

eGFR (mean 82.0 versus 90.9, P = 0.2865) and urine albumin to creatinine ratio (median 40.7 mg/g versus 

6.4 mg/g, P = 0.0661 by Kruskal-Wallis test with Dunn’s multiple comparisons).

To pursue the use of  urinary metabolites as biomarkers of  DKD progression, we further investigated 

acylcarnitines and glycolytic and TCA cycle intermediates in urine from a subset of  patients from the Fam-

ily Investigation of  Nephropathy and Diabetes (FIND) study (30). Baseline samples were analyzed from 

non-diabetic control subjects and type 2 diabetic subjects who had no clinical evidence of  DKD. A subset 

of  diabetic subjects developed progressive DKD (progressors) defined by eGFR <65 ml/min/1.73 m2 and 

creatinine >1.2 mg/dl, and a subset of  diabetic subjects did not develop DKD (resistors) at mean follow-up 

of  5 years (Table 2). Baseline HbA
1c

 levels were equivalent in both diabetic groups. Additionally, there were 

no significant differences in the degree of  microalbuminuria at baseline between progressors and resistors. 

In the baseline fasting plasma samples, there were no significant differences in acylcarnitines or glycolytic 

or TCA cycle intermediates between the groups (data not shown). However, glycolytic intermediates were 

increased in the baseline urine samples of  diabetic subjects compared with control subjects (Figure 8C), 

Table 2. Clinical characteristics of FIND study subjects at baseline

Controls Resistors Progressors

Number of subjects 10 10 10

Age (yr) 50 (48.5, 51.3) 52 (42.8, 65) 67 (52.8, 74.5)

Ethnicity 

European descent 4 (40%) 4 (40%)

African American 6 (60%) 6 (60%)

Sex

Male 5 (50%) 1 (10%) 1 (10%)

Female 5 (50%) 9 (90%) 9 (90%)

Diabetes duration (yr) N/A 22.0 (13.3, 26.3) 17.5 (11.5, 23.5)

HbA1c (%) 7.1 (6.9, 8.6) 7.7 (6.6, 8.2)

Creatinine (mg/dl), baseline 0.84 (0.81, 1.00) 0.80 (0.70, 0.93) 0.80 (0.70, 1.00)

Creatinine (mg/dl), final 0.71 (0.59, 0.80) 1.49 (1.38, 1.98)A

eGFR (ml/min/1.73 m2), baseline 91.5 (73.8, 103.3) 91.8 (76.9, 102.8) 93.3 (71.7, 103.9)

eGFR (ml/min/1.73 m2), final 103.1 (89.1, 127.3) 40.1 (31.6, 45.3)A

Baseline urine ACR (mg/g) 18.5 (6.9, 37.3) 6.5 (0.0, 11.3) 33.0 (4.5, 56.0)

Final urine ACR (mg/g) 7.0 (5.0, 34.0) 10.0 (7.0, 1625.0)

Mean SBP (mmHg) 132.4 (124.2, 133.3) 133.3 (120.7, 158.5)

Mean DBP (mmHg) 74.0 (71.7, 81.4) 82.0 (78.5, 84.7)

Medication history (%)

ACEi 3 (30%) 4 (40%)

ARB 2 (20%) 4 (40%)

Values given as median (25%, 75%). HbA1c, hemoglobin A1c; eGFR, estimated glomerular filtration rate; SBP, systolic blood pressure; DBP, diastolic 

blood pressure; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker. AP < 0.05 between resistors and progressors; 2-tailed 

Student’s t test, Welch’s unequal variances t test, 1-way ANOVA with Tukey’s multiple comparisons, or Kruskal-Wallis with Dunn’s multiple comparisons.
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although most did not differentiate between progres-

sors and resistors. Like the glycolytic metabolites, TCA 

cycle intermediates were elevated in diabetic subjects. 

Unlike the glycolytic metabolites, levels of  most of  the 

TCA cycle metabolites in baseline urine samples were 

significantly higher (1.3- to 1.6-fold) in progressors than 

in resistors (Figure 8D). The elevated metabolites in pro-

gressors decreased at final time of  follow-up with dis-

ease progression (Supplemental Figure 9). This finding 

suggests that TCA cycle intermediates in urine could be 

used as a potential biomarker of  the future development 

of  progressive DKD.

Discussion
The prevailing theory of  how hyperglycemia results in 

complications is through the glucose-derived increase 

in mitochondrial superoxide production (31, 32). The 

original experiments, conducted in an endothelial cell 

line, suggested a unifying mechanism for hyperglycemia-induced damage that resulted in the overproduc-

tion of  reactive oxygen species, increased flux through the pentose phosphate pathway and decreased flux 

through the TCA cycle due to impaired GAPDH function (33, 34). A recent article challenged this theory, 

finding reduced superoxide production in the diabetic kidney along with reduced mitochondrial function, 

evidenced by decreased respiration (35). It was hypothesized that reduced mitochondrial biogenesis may 

have contributed over time to the switch from anaplerosis to cataplerosis. Here, we present data that also 

place mitochondrial dysfunction in a central role in DKD but suggest that there is an uncoupling between 

mitochondrial metabolism and oxidative phosphorylation.

The Randle hypothesis, or the glucose-fatty acid cycle, postulates that there is competition between 

glucose and fatty acids for their oxidation (36). The kidney cortex is ~90% proximal tubules and favors 

β-oxidation but is exposed to increased levels of  glucose during periods of  hyperglycemia (6). Due to 

the increased intracellular glucose concentrations, it is not surprising that increased glycolytic and TCA 

cycle metabolites were found in the diabetic kidney cortex. However, we also found evidence of  increased 

β-oxidation of  fatty acids in the diabetic kidney. Our findings suggest that in the diabetic kidney there is a 

progressive increase in substrate utilization over time, with glucose and fatty acids being consumed simul-

taneously. These findings were predicted by mouse cortex transcriptomic analyses, as mRNA expression 

of  enzymes involved in both glycolysis and fatty acid oxidation were increased (Figure 1A and Supple-

Figure 9. Schema of glucose and fatty acid metabolism in the 

diabetic proximal tubule cell. As the glucose concentration 

in plasma or urine increases, more glucose is transported into 

kidney proximal tubule cells. Glycolysis increases, resulting 

in increased pyruvate levels and TCA cycle activity in the 

mitochondria. Fatty acids are broken down into acyl-CoAs and 

transported across the mitochondrial membrane as acylcarni-

tines. β-Oxidation increases, resulting in increased TCA cycle 

activity. Although mitochondrial metabolism is elevated, there 

is a concurrent lack of increased ATP production through the 

electron transport chain (26). We propose that an uncoupling 

between mitochondrial metabolism and oxidative phosphor-

ylation may underlie the metabolic phenotype of diabetic 

kidney disease. The increased TCA cycle metabolites can 

perturb normal cellular function. High levels of citrate can 

be used as a substrate for post-translational modifications 

(PTMs), such as acetylation (Ac), which can alter the activity of 

metabolic enzymes and localization of transcription factors. 

Succinate, through GPR91, can activate the renin-angiotensin 

system, and fumarate can induce HIF-1α. These perturbations 

can promote progression of DKD.
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mental Figure 1). The use of  a systems approach identified a unique and heretofore unreported shift in the 

diabetic kidney toward substrate-driven metabolic adaptation.

Peripheral nerve and retina are other tissues severely affected by diabetes. Unlike kidney proximal 

tubules, peripheral nerves rely heavily on glucose for metabolism (9). Recently, the diabetic peripheral 

nerve was found to have diminished levels of  glycolytic and TCA cycle metabolites, showing that not 

all complication-prone organs experience the same metabolic consequence of  diabetes (10). The idea of  

tissue-specific pathological alterations in energy metabolism led us to investigate metabolic flux through 

the diabetic kidney, nerve, and retina. We found that metabolic flux in response to hyperglycemia is dif-

ferent and distinct in the 3 complication-prone tissues. Diabetic peripheral nerve showed a decrease in 

glucose oxidation and an increase in fatty acid oxidation. The metabolomics data were not predicted by 

peripheral nerve transcriptomic analysis, which suggested increased use of  both glucose and fatty acids. 

This highlights the importance of  using a multiscalar systems approach as the transcriptome does not 

always accurately predict the phenome. The discordance between the transcriptome, static metabolite 

levels and metabolic flux data suggests that other factors, such as post-transcriptional modifications, 

post-translational modifications, or changes in mitochondrial dynamics, are important in metabolic 

alterations in the diabetic nerve and the development of  DN. The diabetic retina was more similar to 

the diabetic kidney in that oxidation of  both glucose and fatty acid was increased, although more mod-

estly than in the kidney, and fatty acid oxidation was incomplete, as reduced flux into succinate would 

result in limited production of  FADH2
 for ATP synthesis. Therefore, instead of  a unifying metabolic 

mechanism for diabetic complications, it is more likely that complications arise in the context of  distinct 

tissue-specific alterations in metabolism. Although DKD, DN, and DR are commonly referred to as 

“microvascular” complications, our results argue against this nomenclature, as the metabolite changes 

were not only tissue specific, but detected in the tissue parenchyma itself  and not the microvasculature.

We propose that metabolic reprogramming and mitochondrial dysfunction may be at the root of  

diabetic complications, at least in the kidney (Figure 9). Surprisingly, we found increased central car-

bon substrate metabolism to be associated with diminished ATP-linked oxygen consumption in the 

diabetic kidney. Our data consistently identify mitochondrial alterations, but it remains unclear whether 

increased flux through the TCA cycle is causative or reactive to mitochondrial dysfunction. There are 

several ways in which mitochondrial dysfunction could result in increased TCA cycle flux. Accumula-

tion of  reactive oxygen species at the mitochondrial electron transport chain could result in damage to, 

or degradation of, the electron transport chain complexes (37). Indeed, in this study we found reduced 

protein expression of  the mitochondrial electron transport chain complexes with very few correspond-

ing changes in mRNA expression, suggesting that mRNA translation is diminished or that protein deg-

radation is accelerated. Furthermore, these changes appear to be specific to the electron transport chain 

complexes, as not all mitochondrial proteins were altered. However, superoxide levels were recently 

found to be decreased in the diabetic kidney, and increasing superoxide production was protective (35). 

Uncoupling of  the respiratory chain can prevent superoxide production, which would result in dimin-

ished ATP production (38). This would be congruent with the findings of  reduced superoxide pro-

duction in DKD (35), and we found an increase in uncoupling protein 2 in the diabetic mitochondria 

(Supplemental Figure 4B).

There are several ways in which metabolic reprogramming could result in specific alterations of  

mitochondrial function and promote DKD progression. First, increased generation of  metabolic inter-

mediates may be toxic. Succinate, a ligand of  the G protein–coupled receptor GPR91, can activate the 

renin-angiotensin system (39–41), and the activation of  angiotensin II may result in NADPH oxidase 

4–generated (Nox4-generated) mitochondrial oxidative damage (42, 43), leading to a feed-forward mech-

anism that promotes kidney injury in diabetes. Fumarate, which also accumulates in the diabetic kid-

ney and urine of  a type 1 model of  DKD, is a potent inducer of  HIF-1α and TGF-β, both of  which 

could contribute to kidney disease pathology (44). Second, metabolic intermediates may alter metabolic 

enzyme activity through the generation of  post-translational modifications. Citrate, a key intermediate 

in the mitochondrial TCA cycle, can be shuttled to the cytosol and converted by ATP citrate lyase to ace-

tyl-CoA, the primary substrate for acetylating proteins to modify function. Recently, diabetes has been 

shown to result in acetylation of  enzymes primarily regulating glycolysis, the TCA cycle, and branched-

chain amino acid metabolism (45) and in acetylation of  histones, which may lead to metabolic mem-

ory (46). Citrate was increased in our model, along with the acetylation of  several metabolic enzymes. 
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Although metabolic flux through the TCA cycle was increased, expression of  mRNAs corresponding to 

TCA cycle enzymes was not significantly different in the diabetic kidney (Supplemental Table 1), sup-

porting a role for post-translational modifications impacting mitochondrial function. Additionally, we 

found increased acetylation and phosphorylation of  the transcription factor FoxO3. Post-translational 

modifications can alter transcription factor activity by promoting retention or export from the nucleus. 

The FoxO transcriptional factors regulate diverse cellular functions, including glucose and lipid metabo-

lism (47, 48), and help protect against oxidative stress (49, 50). FoxO3a, the most abundant kidney iso-

form, is sensitive to energy and nutrient levels (51, 52), and caloric restriction has been shown to induce 

deacetylation (53). Although future work is needed to assess the relationship between acetylation/phos-

phorylation of  FoxO3 and mitochondrial function in kidney disease, phosphorylation of  FoxO3 is ele-

vated in other animal models of  progressive kidney disease (54) and fibrotic kidney disease (55). Addi-

tionally, phosphorylation of  FoxO1 was elevated in the kidney of  a type 1 diabetic mouse model and 

was associated with enhanced oxidative stress and fibrosis (56). Third, a defect in mitochondrial turnover 

could be perpetuated by increased metabolic flux. Previous studies have suggested that mitophagy is 

impaired in the diabetic kidney (57), and mitophagy is linked to mitochondrial bioenergetics (58, 59).

In support of  the idea of  metabolic reprogramming resulting in downstream complications, we found 

that glycolytic and TCA cycle metabolite levels in baseline human urine, but not plasma, separated sub-

jects with early DKD from controls and, more importantly, predicted progression to DKD. TCA cycle 

metabolites in the urine could be useful prognostic biomarkers for DKD progression if  these initial find-

ings are corroborated in larger studies in different cohorts. As these changes were prominent in urine 

collected before progression of  DKD, the findings also suggest that these metabolite changes may be 

mechanistically important in DKD pathogenesis. As TCA cycle metabolites were elevated in the diabetic 

resistors over controls, although to a lesser extent than the diabetic progressors, these patients may con-

tinue on to develop DKD, albeit at a slower rate than the early progressors. Further studies are needed to 

determine whether elevation of  steady-state urinary TCA cycle metabolites results from acute glycosuria 

or intrinsic differences in kidney metabolism or tubular handling. In vivo metabolic flux analysis fol-

lowing euglycemic and hyperglycemic clamp studies (in healthy controls and patients with and without 

established DKD) using isotopically enriched glucose to measure the production of  core glucose-derived 

metabolites in blood and urine will help ascertain the underlying mechanisms.

The results from patients with early DKD differ from those with advanced DKD (eGFR ~35 ml/

min/1.73 m2), in whom decreased levels of  TCA cycle metabolites were detected (60). Gene expression 

data also fit this pattern, as the expression of  several genes involved in lipid metabolism was decreased 

in advanced DKD (61) and was strongly correlated with GFR, suggesting expression may decline with 

kidney function (62). It is likely that samples from advanced DKD subjects reflected the extensive tubular 

damage that is characteristic of  that stage of  the disease process, whereas those in early DKD patients 

reflect the increased metabolic activity of  proximal tubular cells. A recent report examining TCA cycle 

metabolites over time in the serum and urine of  db/db diabetic and control mice supports this idea (63). 

Our finding that TCA cycle metabolites trended downward at final time of  follow-up in progressors in 

the FIND study also lends support to this concept (Supplemental Figure 9). Interestingly, subgroup anal-

ysis on urinary metabolite levels based on renin-angiotensin-aldosterone system (RAAS) inhibitor intake 

revealed an increase in urinary fumarate but a decrease in urinary citrate, isocitrate, and oxaloacetate 

(Supplemental Figure 8). This implies that factors beyond filtration such as RAAS inhibition could also 

affect metabolite excretion. Further larger cohort studies are needed to confirm and validate prognostic 

capability of  the TCA cycle metabolites in DKD progression. Future studies are also needed to determine 

the independent effects of  renal filtration and RAAS inhibition on urinary metabolite levels. Regardless, 

changes in metabolism throughout the disease process highlight metabolic reprogramming as an import-

ant mechanism in the progression of  DKD.

In conclusion, we used the pathophysiologically relevant BKS db/db mouse model of  type 2 diabe-

tes mellitus to identify increased metabolic flux along with mitochondrial dysfunction in the diabetic 

kidney, which appear to reflect important processes in early human DKD and to be predictors of  future 

progression of  the disease. Similar to basal differences between kidney, nerve, and retina metabolism, the 

metabolic response to elevated glucose and fatty acids is unique in these 3 tissues. The findings reported 

here provide insight into the early features of  DKD, DN, and DR and demonstrate that diabetes results 

in metabolic reprogramming in a tissue-specific manner in kidney cortex, peripheral nerve, and retina.
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Methods
For complete information on techniques used, refer to the Supplemental Methods.

Animal studies. Male BKS db/db mice (BKS.Cg-m +/+ Leprdb/J) and littermate controls (db/+) were 

used at 12 and 24 weeks of  age, corresponding to very early and established, but still early, DKD, respec-

tively (14, 15). Prior to sacrifice and following a 2-hour fast, blood and urine were collected. Upon sacrifice, 

blood in the kidneys was removed by perfusion with ice-cold PBS. Kidneys were collected, and renal cortex 

was dissected. Samples were snap frozen and stored at –80oC until use.

Metabolic flux analysis studies were performed by the Animal Phenotyping Core at the University of  

Michigan. All mice were fasted 2 hours prior to initiation of  experiments. For metabolic flux analysis with 

isotope-labeled glucose and pyruvate, diabetic mice received 200 mU/kg insulin by i.p. injection. Control 

and diabetic mice received either 2 g/kg [U-13C
6
]glucose or 2 g/kg [12C]glucose + 2 g/kg [2,3-13C

2
]sodium 

pyruvate. Blood was collected via tail vein at 0, 15, 30, 60, 90, 120, and 150 minutes. For metabolic flux 

analysis with isotope-labeled palmitate, control and diabetic mice received 0.5 g/kg [U-13C
16

]potassium 

palmitate complexed 6:1 with fatty acid–free BSA by gavage. Blood was collected via tail vein at 0, 30, 60, 

90, 120, 180, and 240 minutes. All animals were euthanized by cervical dislocation. Following sacrifice, all 

animals were perfused with ice-cold PBS, and kidney cortex, SCN, and retina were harvested, snap frozen, 

and stored at –80oC until use.

Human samples. For transcriptomic analysis, kidney biopsy specimens were procured from 49 South-

western American Indians enrolled in a randomized, placebo-controlled clinical trial to evaluate the reno-

protective efficacy of  losartan in type 2 diabetes (ClinicalTrials.gov NCT00340678) (28). GFR was mea-

sured by the urinary clearance of  iothalamate as previously described (64). Subjects had a median GFR 

of  156.5 ml/min (range 81.0–267.0 ml/min) and median urinary albumin/creatinine ratio (ACR) of  27.3 

mg/g (range 0.1–384.6 mg/g). Sample processing, microdissection, and RNA isolation from microdissect-

ed tubulointerstitium were performed as previously described (65, 66). The fragmentation, hybridization, 

staining, and imaging were performed according to the Affymetrix Expression Analysis Technical Manu-

al (Affymetrix). Affymetrix HGU133A and HGU133 Plus 2.0 Arrays were used in this study. The CEL 

files were normalized using the Robust MultiArray method and annotated with the Human Entrez Genes 

custom cdf  version 10 (http://brainarray.mbni.med.umich.edu), as implemented in the GenePattern pipe-

line (http://genepattern.broadinstitute.org). Normalized expression value data were log2
 transformed and 

batch corrected. For analysis of  changes in kidney tubule gene expression, samples were compared with 

biopsies from 32 non-diabetic healthy living donors with no albuminuria. All processing followed proce-

dures similar to those above. Significance Analysis of  Microarrays in MeV TiGR Software (http://www.

tm4.org/mev.html) was used to compute the fold change differences in genes. Significance was assessed at 

a false discovery rate (FDR) of  <0.1. Downstream functional analysis of  enriched pathways was generated 

using Ingenuity Pathway Analysis (QIAGEN). Owing to ethical considerations and privacy protection and 

to avoid identifying study participants, the Ethics Board of  the National Institute of  Diabetes and Digestive 

and Kidney Diseases has stipulated that individual-level gene expression and genotype data from this study 

cannot be made publicly available.

The FinnDiane and FIND study protocols, patient recruitment procedures, and patient classification 

criteria have been previously reported (30, 67). Patients in the FIND study were part of  the ancillary Dia-

betic Kidney Disease Progression Study. Targeted analysis of  plasma and urine samples by LC/MS was 

performed as described in Supplemental Methods.

Mouse transcriptomics. Total RNA were extracted from 24-week-old mouse SCN samples (control n = 9,  

diabetic n = 10) and analyzed as previously described (18). Total RNA were extracted from 24-week-old 

mouse kidney cortex samples (n = 5/group) using the RNeasy Mini Kit (QIAGEN). Gene expression 

profiling was performed using Affymetrix Mouse Genome 430 2.0 arrays according to the manufacturer’s 

instructions. The raw image files (CEL files) were processed and normalized using the ExpressionFileC-

reator module implemented in GenePattern platform (http://www.broadinstitute.org/cancer/software/

genepattern/). The Robust Multichip Average normalized and log2
-transformed expression values were 

used for downstream differential analysis. Significance Analysis of  Microarrays in MeV TiGR Software 

was used to compute the fold change differences in genes comparing the controls to the diabetic mice. 

Significance was assessed at an FDR of  < 0.1. Downstream functional analysis of  enriched pathways was 

generated using Ingenuity Pathway Analysis (QIAGEN). Raw and processed microarray data are available 

in the Gene Expression Omnibus repository (GSE86300 [kidney cortex] and GSE27382 [SCN]).
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Statistics. All MS data were log
2
 transformed prior to statistical analysis. Data analysis was performed 

using GraphPad Prism 6.0 (GraphPad Software). Box-and-whisker plots were used to present the data, 

with whiskers denoting the maximum and minimum values. Comparisons between groups were performed 

using unpaired 2-tailed Student’s t test, Welch’s unequal variances t test, 1-way ANOVA with Tukey’s post 

hoc test for multiple comparisons, or Kruskal-Wallis test with Dunn’s post-hoc test for multiple compari-

sons. Significance was defined as P < 0.05.

Study approval. Animal experiments were approved by the University of  Michigan Institutional Animal 

Care and Use Committee and performed in accordance with their policies. The institutional review board 
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