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Introduction
Insulin is a central hormone in the regulation of  systemic metabolism. The metabolic effects of  insulin 
include stimulation of  cellular glucose uptake, amino acid transport, and glycogen formation, as well as 
suppression of  hepatic gluconeogenesis and adipose tissue lipolysis.

Insulin also exerts additional anabolic effects, including stimulation of  protein synthesis via activation 
of  mTOR signaling. Defects in insulin sensitivity and secretion lead to diabetes, related vascular complica-
tions, and skeletal muscle wasting, which contribute to morbidity and disability (1–3).

Patients with chronic kidney disease (CKD) often exhibit decreased sensitivity to the metabolic actions 
of  insulin, contributing to protein energy wasting (4, 5). Impaired insulin signaling in skeletal muscle after 
binding of  insulin to its receptor is the best-described mechanism through which CKD promotes insulin 
resistance, and this may also contribute to muscle atrophy (6). Indeed, animal models of  CKD demonstrate 
the postreceptor defect in insulin signaling leads to skeletal muscle protein breakdown, which provides 
amino acids to fuel cellular respiration and maintain energy homeostasis, consistent with the augmented 
skeletal muscle catabolism observed in patients with advanced CKD (7, 8).

The goal of  this study was to extend our understanding of  how CKD and insulin administration alter 
systemic metabolism. We evaluated nondiabetic human subjects with and without moderate-to-severe CKD 
using hyperinsulinemic-euglycemic clamps, and we applied a targeted metabolomics platform to interrogate 
the plasma metabolome before and after insulin infusion. We hypothesized that CKD and insulin infusion 

Chronic kidney disease (CKD) leads to decreased sensitivity to the metabolic effects of insulin, 
contributing to protein energy wasting and muscle atrophy. Targeted metabolomics profiling during 
hyperinsulinemic-euglycemic insulin clamp testing may help identify aberrant metabolic pathways 
contributing to insulin resistance in CKD. Using targeted metabolomics profiling, we examined the 
plasma metabolome in 95 adults without diabetes in the fasted state (58 with CKD, 37 with normal 
glomerular filtration rate [GFR]) who underwent hyperinsulinemic-euglycemic clamp. We assessed 
heterogeneity in fasting metabolites and the response to insulin to identify potential metabolic 
pathways linking CKD with insulin resistance. Baseline differences and effect modification by CKD 
status on changes with insulin clamp testing were adjusted for confounders. Mean GFR among 
participants with CKD was 37.3 compared with 89.3 ml/min per 1.73 m2 among controls. Fasted-
state differences between CKD and controls included abnormalities in tryptophan metabolism, 
ubiquinone biosynthesis, and the TCA cycle. Insulin infusion markedly decreased metabolite levels, 
predominantly amino acids and their metabolites. CKD was associated with attenuated insulin-
induced changes in nicotinamide, arachidonic acid, and glutamine/glutamate metabolic pathways. 
Metabolomics profiling suggests disruption in amino acid metabolism and mitochondrial function 
as putative manifestations or mechanisms of the impaired anabolic effects of insulin in CKD.
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would each be associated with large differences in the plasma 
metabolome. We further hypothesized that CKD would mod-
ify the effects of  insulin infusion on the plasma metabolome, 
thereby allowing identification of  new CKD-related effects on 
insulin sensitivity.

Results
Study participants. We studied 58 participants with CKD, 
defined by estimated glomerular filtration rate (eGFR) <60 
ml/min per 1.73 m2, and 37 control subjects, defined by eGFR 
≥60 ml/min per 1.73 m2. Adequate fasting plasma was avail-
able for 93 participants, and of  these, 58 (40 participants with 
CKD) had both pre- and during-hyperinsulinemic–euglyce-
mic clamp plasma samples (Supplemental Figure 1; supple-
mental material available online with this article; https://doi.
org/10.1172/jci.insight.122219DS1). The mean age was 62.3 
years; 49% were women, and 76% were European descent 
(Table 1). Compared with controls, participants with CKD 
had more prevalent cardiovascular disease, were older, and 
had greater body weight, greater fat mass, lower fat-free mass, 
lower levels of  serum bicarbonate, and greater levels of  inflam-
matory markers. Mean eGFR among participants with CKD 
was 37.3 ml/min per 1.73 m2 compared with 89.3 ml/min per 
1.73 m2 among controls.

CKD is associated with differences in plasma amino acid and 
TCA cycle metabolism in the fasting state. Substantial differences in 
the plasma fasting metabolome were evident among the CKD 
group compared with the controls (Figure 1). With adjustment, 
48% (59 of  124) of  detected plasma metabolites were signifi-
cantly different between the 2 groups. Amino acids and their 
metabolites composed 41% (25 of  59) of  these significant dif-
ferences. The most pronounced reductions were seen in the glu-
cogenic and ketogenic amino acids tryptophan and tyrosine, as 
well as the glucogenic amino acid serine (Figure 2A and Supple-
mental Table 1). Glycine and proline (glucogenic amino acids) 
were the only amino acids significantly higher in CKD patients 
compared with controls (Figure 2A and Supplemental Table 1).

Concentrations of  individual metabolites in the trypto-
phan metabolism and kynurenine pathway differed among 
participants with CKD compared with controls. Altered con-
centrations of  metabolites within the kynurenine pathway 
included increased kynurenine (43% higher in CKD) with 
concomitant reductions in xanthurinate (13% lower in CKD) 
(Table 2 and Supplemental Table 1).

Several carbohydrate-related and TCA cycle metabolites 
were significantly altered in CKD, compared with those without 
CKD, including a marked elevation in fructose and a reduction 
in sorbitol. No differences were noted in the level of  glycolytic 
intermediates (glucose 1-phosphate, glucose 6-phosphate, fruc-
tose 6-phosphate, and fructose 1-phosphate). The most markedly 
elevated metabolites in CKD were the TCA cycle intermediates 
fumarate (270% higher) and oxaloacetate (104% higher) (Figure 
2A and Table 2). In contrast, there were no significant changes 
in metabolites downstream from oxaloacetate in the TCA cycle.

Table 1. Demographic characteristics by CKD status of analytic 
population (n = 95)

ControlA Chronic kidney diseaseA

Number 37 58
Demographics:
Age 60.6 (12.5) 63.4 (13.9)
Female 17 (46) 30 (52)
Race/ethnicity
     European descent 32 (86) 40 (69)
     Black 4 (11) 13 (22)
Asian/Pacific Islander 1 (3) 5 (9)
Medical history and 
lifestyle:
History of CVD 1 (3) 19 (33)
Current smoking 2 (5) 10 (17)
Medication use:
Any antihypertensive 
medications

12 (32) 52 (90)

     Diuretics 2 (5) 26 (45)
     β Blockers 2 (5) 22 (38)
     CCBs 3 (8) 26 (45)
     RAASi 7 (19) 37 (64)
Physical characteristics:
Height (cm) 172.7 (10.9) 170.4 (10.4)
Weight (kg) 82.9 (21.1) 87.5 (19.6)
Fat-free mass (kg) 55.7 (13.4) 53.3 (11.5)
Fat mass (kg) 28.4 (14.0) 31.6 (11.6)
Systolic blood pressure 
(mmHg)

123.5 (13.1) 134.6 (15.3)

Diastolic blood pressure 
(mmHg)

77.0 (10.2) 80.6 (9.5)

Laboratory data:
Serum creatinine (mg/
dl), median

0.9 (0.8-1.0) 1.7 (1.5-2.1)

Serum cystatin-C (mg/l), 
median

0.9 (0.7-1.0) 1.6 (1.4-2.0)

eGFR (ml/min/1.73 m2) 88.7 (16.8) 37.3 (12.4)
Urine albumin excretion 
rate, median (mg/24 
hours)

5.4 (3.5–7.9) 63.1 (14.0–238.2)

Hemoglobin (g/dl) 13.7 (1.3) 13.1 (1.3)
Parathyroid hormone 
(pg/ml), median

49.0 (35.0–63.0) 69.0 (50.0–96.5)

Serum bicarbonate 
(mEq/l)

26.2 (2.2) 24.5 (2.9)

CRP (mg/dl), median 0.1 (0.1–0.3) 0.3 (0.1–0.7)
IL-6 (pg/ml), median 0.8 (0.6–1.3) 1.5 (1.0–2.1)
AChronic kidney disease was defined as estimated glomerular filtration rate 
<60 ml/min per 1.73 m2; controls as ≥60 ml/min per 1.73 m2. Data are mean 
± SD, n (%), or median IQR. Entries are mean ± SD for continuous variables, n 
(%) for categorical variables, or median IQR where noted. CVD, cardiovascular 
disease; HAP, human activity profile; CCB, calcium channel blocker; RAASi, 
renin-angiotensin-aldosterone system inhibitor; eGFR, estimated glomerular 
filtration rate; CRP, C-reactive protein.
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Fasting metabolomics reflects alterations in mitochondrial metabolic pathways in CKD. Pathway analysis 
using Metaboanalyst demonstrated significant aberration in ubiquinone biosynthesis (P = 8.72 × 10–48) 
and the TCA cycle (P = 2.74 × 10–12) (Figure 2B) among CKD subjects compared with controls. Disrup-
tion in the ubiquinone pathway was characterized by lower tyrosine and higher hydroxyphenylpyruvate 
and homogentisate concentrations (Table 2). Many metabolic pathways differing in CKD involved amino 
acid metabolic pathways, including tyrosine, arginine, proline, phenylalanine, and tryptophan metabolism 
(Figure 2B) (Supplemental Table 2).

Insulin markedly influences the plasma metabolome. During the hyperinsulinemic-euglycemic clamp in the 
whole cohort, there were large and highly significant changes in many plasma metabolite concentrations, 
mostly characterized by reductions in plasma concentrations of  amino acids and their associated metabo-
lites (Supplemental Table 3). The largest reductions in individual metabolite concentrations were observed 
for kynurenine, isoleucine, α linolenic acid, and niacinamide (Figure 3A). The pathways most impacted 
by insulin infusion were tryptophan metabolism (P = 2.08 × 10–52) and the TCA cycle (P = 4.71 × 10–48) 
(Figure 3B). With adjustment, the largest differences in individual metabolite concentrations were noted for 
niacinamide, taurine, prostaglandin E, and linolenic acid (Table 3 and Supplemental Table 3). The greatest 
reductions observed for subgroups of  metabolites involved arachidonic acid/lipid metabolism, fatty acid 
metabolism, and nicotinamide metabolism (Figure 4).

CKD modifies the effect of  insulin on pathways involving energy metabolism and arachidonic acid metabolism. 
CKD was associated with significant differences in insulin response for 17 of  74 metabolites (23%). Most 
often, CKD was associated with attenuated reductions in plasma metabolite concentrations in response to 
insulin infusion. Amino acids and their metabolites composed 10 (59%) of  the significant changes. With 
adjustment for baseline concentrations and other covariates, nicotinamide, prostaglandin E, taurine, gluta-
mine, serine, arginine, phenylalanine, and valine were significantly higher in CKD during insulin infusion 
compared with controls (Table 4 and Supplemental Table 4). In contrast, the plasma glutamate concen-
tration declined to a greater degree with insulin infusion among participants with CKD (Table 4). The 
principal metabolic pathways for which response to insulin varied among those with CKD compared with 
controls included nicotinamide metabolism (P = 0.001), arachidonic acid metabolism (P = 0.001), and 
glutamine and glutamate metabolism (P = 0.002) (Figure 3C) (Supplemental Table 5).

The change in metabolites during insulin infusion was weakly correlated with glucose disposal during insulin 
clamp. For metabolites demonstrating the largest differential effects of  insulin by CKD status, correla-
tions of  change in metabolite with insulin sensitivity by insulin clamp (M/ΔI, where M represents the 
steady-state glucose infusion and ΔI represents the difference between basal and steady-state plasma 
insulin concentrations) were generally weak, particularly among participants with CKD (Supplemental 
Table 6). In comparison, correlations of  changes in metabolites during insulin infusion with suppression 
of  lipolysis and glucose disposal measured during an oral glucose tolerance test (OGTT) (performed on 
a separate day) were consistently stronger (Supplemental Table 7)

Discussion
We observed large differences in the fasting plasma metabolome comparing participants with and with-
out CKD, large changes in the plasma metabolome during the hyperinsulinemic-euglycemic clamp in the 
whole cohort, and significant heterogeneity in the metabolomics response to insulin infusion as a function 

Figure 1. Fold changes in fasting metabolites comparing CKD and 
controls (n = 93), adjusted for age, sex, race/ethnicity (European 
descent versus non–European descent), and weight.
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of  CKD status. In the fasting state, notable differences comparing participants with CKD versus without 
CKD were observed in the TCA cycle, tryptophan metabolism, and metabolites related to biosynthesis of  
ubiquinone (coenzyme Q), a critical component of  mitochondrial electron transport chain (ETC) func-
tion. During the hyperinsulinemic-euglycemic clamp, large differences in a broad array of  metabolites were 
observed — largely, reductions in plasma concentrations in amino acids and associated metabolites, as well 
as profound changes in tryptophan metabolism and TCA cycle metabolic intermediates. We observed sig-
nificant heterogeneity in the response to insulin by CKD status, with the most marked differences occurring 
in the metabolism of  nicotinamide, a critical metabolite for energy metabolism and redox homeostasis, as 
well as glutamine and glutamate metabolism. Furthermore, we noted a weak correlation of  the changes 
in these metabolites during insulin infusion versus fasting with glucose disposal rate (M/ΔI) that appeared 
to be more pronounced in CKD. Together, these findings point to abnormal mitochondrial function as a 
central mechanism or manifestation of  the impaired anabolic response to insulin in CKD.

CKD promotes well-described catabolic and proinflammatory processes, including changes in lipid (9), 
amino acid (10), and protein metabolism (7, 11) that are linked to energy metabolism (12). CKD results in 
metabolic acidosis, which has been associated with increased protein degradation through glucocorticoid-
dependent mechanisms (13) and augmentation of ATP-dependent proteolytic pathways (8). Indeed, we found 
marked differences in fasting metabolites between CKD and controls in amino acids and metabolites involved 
in mitochondrial energy metabolic pathways, which may have implications for both impaired amino acid 
metabolism and mitochondrial capacity for ATP generation. Anabolism is dependent on mitochondrial ATP 
production for protein translation, which in turn relies on respiratory fuel availability and efficiency of oxida-
tive phosphorylation. In particular, a decrease in fasting plasma tryptophan levels and evidence for disrup-
tion of kynurenine metabolism in CKD compared with controls may reflect impaired de novo synthesis of  
nicotinamide adenine dinucleotide (NAD) necessary for mitochondrial biogenesis, biosynthesis, and redox 
homeostasis (via NADP+). This finding is consistent with a prior study demonstrating increased catabolism 
of tryptophan metabolites and disruption of kynurenine metabolites due to alterations in indoleamine 2,3 
dioxygenase in CKD (10). Tryptophan and tyrosine are both glucogenic and ketogenic amino acids and serve 
as anaplerotic metabolites to replenish TCA cycle intermediates. In addition to its role as an anapleurotic agent, 
tyrosine is a central precursor for ubiquinone (coenzyme Q) biosynthesis critical for oxidative phosphorylation. 

Figure 2. Comparison of fasting metabolomic profiles and pathway differences between CKD and non-CKD participants (n = 93). (A) Percent 
changes in TCA cycle metabolites and amino acid precursors to TCA cycle metabolites, comparing CKD (n = 58) and non-CKD (n = 35) participants. 
Fasting metabolomic pathways significantly different between CKD and controls. Blue represents glucogenic and ketogenic amino acids and green 
represents glucogenic amino acids. (B) Results from pathway enrichment analysis. Asterisks denote significance after adjustment for age, sex, race/
ethnicity, body weight, and batch. PDH, pyruvate dehydrogenase; PC, pyruvate carboxylase; SDH, succinate dehydrogenase.
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Recently, coenzyme Q deficiency has been identified as an underlying mechanism driving oxidative stress and 
insulin resistance in mice and humans (14). Observed pathway differences in ubiquinone biosynthesis among 
patients with CKD compared with controls may indicate alteration in the integrity or efficiency of the ETC 
of the mitochondria, predisposing to mitochondrial oxidant production demonstrated to result in insulin resis-
tance (15, 16). This may also help explain the previously observed uncoupling of muscle mitochondrial oxida-
tive phosphorylation and oxidative stress in CKD (17–19).

Elevated fasting fumarate and oxaloacetate levels among those with CKD may be a hallmark of  
ETC and TCA cycle inhibition, contributing to mitochondrial oxidative stress associated with CKD 
(18, 20). Elevated levels of  fumarate, a product of  complex II (succinate dehydrogenase; SDH) of  
the ETC, which relies on flavin adenine dinucleotide instead of  NAD, leads to increased oxidative 
stress via succinylation of  glutathione (21). SDH is also the only complex that does not maintain the 
proton gradient (or proton motive force) across the inner mitochondrial membrane that is critical to 

Table 2. Comparison of fasting metabolites between participants with and without CKD

Metabolite % Difference P value q value Pathway
Fumaric acid 270 6.70 × 10–16 7.51 × 10–15 TCA cycle
Fructose 210 7.80 × 10–12 5.35 × 10–11 Sugars
1/3-Methylhistidine 206 1.60 × 10–6 7.33 × 10–6 Amino acid (histidine metabolism)
Lactose 170 8.55 × 10–5 3.17 × 10–4 Sugar/galactose
Glucoronate 160 <1 × 10–16 < 1 × 10–16 Amino sugar and nucleotide sugar metabolism
Cystamine 138 6.70 × 10–11 4.4 × 10–10 Amino acids metabolism/Cys
Methylmalonate 108 <1 × 10–16 < 1 × 10–16 Vitamins
Oxaloacetate 104 7.80 × 10–14 6.92 × 10–13 TCA cycle
Hydroxyphenylpyruvate 100 <1 × 10–16 < 1 × 10–16 Amino acids metabolites/Phe, Tyr
Shikimic Acid 99 1.30 × 10–6 6.05 × 10–6 Amino acid metabolism/Phe, Tyr,Trp
Creatinine 97 <1 × 10–16 < 1 × 10–16 Amino acids metabolism/Arg, Gly
Inositol 95 <1 × 10–16 < 1 × 10–16 Nucleotide/purine metabolism
Ascorbic acid (vitamin C) 94 4.20 × 10–13 3.03 × 10–12 Vitamins
N-Acetylneuraminate 79 3.80 × 10–10 2.33 × 10–9 Sugars
Xanthosine 74 1.30 × 10–15 1.38 × 10–14 Nucleotide/purine metabolism
Adipic acid 71 1.20 × 10–8 6.84 × 10–8 Caprolactam degradation
Hydroxyproline/
aminolevulinate

61 5.20 × 10–6 2.23 × 10–5 Amino acids metabolism/Pro

2-Hydroxyisovaleric acid 47 3.30 × 10–4 1.14 × 10–3 Amino acid
Aminoisobutyrate 46 <1 × 10–16 < 1 × 10–16 Amino acids metabolism/Val, Leu, iso-Leu
Citrulline 45 2.10 × 10–14 2.03 × 10–13 Urea Cycle
Propionate 44 3.80 × 10–7 2.02 × 10–6 Nicotinate and nicotinamide metabolism
L-Kynurenine 43 9.80 × 10–14 8.08 × 10–13 Tryptophan Cycle
1-Methyladenosine 42 2.20 × 10–16 2.75 × 10–15 Nucleotide/Purine metabolism
Acetylcarnitine 40 2.50 × 10–5 1.01 × 10–4 Fatty acid metabolism
Homogentisate 37 2.20 × 10–16 2.75 × 10–15 Amino acid metabolism/Tyr
Urate 36 2.20 × 10–16 2.75 × 10–15 Nucleotide/purine metabolism
2-Hydroxyglutarate 36 3.90 × 10–13 3.03 × 10–12 Amino acid metabolism and Gly/Ser/Thr 

metabolism
Choline 35 <1 × 10–16 <1 × 10–16 Vitamins
Cystine 33 2.60 × 10–9 1.52 × 10–8 Amino acid
Margaric acid 32 4.60 × 10–6 2.04 × 10–5 Fatty acid metabolism
Deoxycarnitine 31 4.10 × 10–5 1.59 × 10–4 Lipids/phospholipids, ligand
Allantoin 28 4.70 × 10–7 2.45E × 10–6 Nucleotide degradation
Azelaic acid 26 8.50 × 10–6 3.51 × 10–5 Fatty acid metabolism
Proline 20 1.95 × 10–4 6.92 × 10–4 Amino acid
Xanthurenate –13 1.11 × 10–4 4.05 × 10–4 Tryptophan cycle/Amino acid metabolism
Tryptophan –18 1.00 × 10–6 5.12 × 10–6 Tryptophan cycle

Percent difference adjusted for age, sex, race, and weight. Metabolites are listed according to decreasing percent difference and include those significant 
after Bonferroni correction for multiple testing.

 

https://doi.org/10.1172/jci.insight.122219


6insight.jci.org      https://doi.org/10.1172/jci.insight.122219

R E S E A R C H  A R T I C L E

chemiosmotic coupling powering ATP synthesis via oxidative phosphorylation (22). The high levels of  
fumarate combined with altered ubiquinone (coenzyme Q) biosynthesis, TCA cycle, and tryptophan/
nicotinamide metabolic pathways in CKD suggest heightened activity of  complex II, which is known 
to generate reactive oxygen species at a high rate (23, 24), especially under conditions of  ischemia/
reperfusion (25) and coenzyme Q depletion. Loss of  mitochondrial coenzyme Q has been shown to 
drive complex II– and complex I–dependent mitochondrial oxidant production (14, 26).

The application of  metabolomics to the rigorous hyperinsulinemic-euglycemic clamp method in our 
study provides more detailed insight into the dynamic metabolic response to insulin. Hyperinsulinemic-
euglycemic clamp testing resulted in a pattern of  changes in the plasma metabolome, suggesting an anabol-
ic response and stimulation of  mitochondrial energy metabolism to power biosynthesis. Insulin is known 

Figure 3. Comparison of metabolite concentrations before and during the insulin infusion as part of the hyperinsulinemic-euglycemic clamp procedure 
(n = 60). (A) Volcano plot of fold change (FC) in metabolites with insulin infusion in entire cohort (n = 60). (B) Pathway analysis of changes with insulin 
infusion in the overall cohort (n = 60). (C) Pathway analysis of changes with insulin infusion comparing CKD (n = 40) with controls (n = 20). ALA, α linolenic 
acid; Ile, Isoleucine; L-Kyn, L-kynurenine; AA, arachidonic acid.

Table 3. Differences in plasma metabolites during the hyperinsulinemic-euglycemic clamp, compared with the fasting state

Clamp vs. fasting
Metabolite % Fold change (95% CI) P value q value Pathway
Niacinamide –53 (–56, –50) <1 × 10–16 <1 × 10–16 Vitamin
Taurine –43 (–46, –41) <1 × 10–16 <1 × 10–16 Amino acids metabolism/sulfur
metabolism
Prostaglandin E –41 (–47, –35) <1 × 10–16 <1 × 10–16 Lipids/arachidonic acid metabolism
Hyppuric Acid –31 (–36, –26) <1 × 10–16 <1 × 10–16 Gut flora metabolism
Linolenic Acid –31 (–33, –29) <1 × 10–16 <1 × 10–16 Fatty acid metabolism
iso-Leucine –27 (–28, –26) <1 × 10–16 <1 × 10–16 Amino acid
Methionine –24 (–25, –23) <1 × 10–16 <1 × 10–16 Amino acid
Leucine –23 (–24, –22) <1 × 10–16 <1 × 10–16 Amino acid
Propionate –22 (–25, –18) <1 × 10–16 <1 × 10–16 Nicotinate and nicotinamide metabolism
Succinate/
methylmalonate

–21 (–23, –19) <1 × 10–16 <1 × 10–16 TCA cycle

Tyrosine –21 (–22, –20) <1 × 10–16 <1 × 10–16 Amino acid
Sorbitol –21 (–22, –19) <1 × 10–16 <1 × 10–16 Sugar
Oxypurinol –20 (–22, –17) <1 × 10–16 <1 × 10–16 Nucleotide metabolism

Fold changes are adjusted for age, sex, race, and weight. Metabolites listed include those with an adjusted difference of 20% or greater during clamp that 
were significant after Bonferroni correction for multiple testing.
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to activate the mTOR (27), leading to enhanced protein synthesis, mitochondrial activity and proliferation, 
and resistance to oxidative stress (28). The marked reductions in kynurenine, isoleucine, α linolenic acid, 
and niacinamide characterize the energetic dependence of  the anabolic response and highlight the impor-
tance of  branch chain amino acids and essential lipids in protein and lipid biosynthesis. Our findings of  
reductions in kynurenine and niacinamide indicate a role for tryptophan (de novo) and niacinamide (sal-
vage pathway) metabolic pathways in NAD production requisite for the anabolic response to insulin (29). 
NAD synthesis is considered rate limiting for mitochondrial function. NAD is also essential for activation 
of  the NAD-dependent protein deacetylases (sirtuins) important for activation of  PGC-1α stimulation of  
mitochondrial biogenesis and for augmentation of  metabolic and antioxidant activity (30, 31).

Using the hyperinsulinemic-euglycemic clamp as a provocative procedure, we observed significant het-
erogeneity by CKD status in the plasma metabolomics response to insulin, including abnormalities in path-
ways important for protein synthesis, inflammation, TCA cycle function, and antioxidant capacity. Inter-
estingly, insulin-induced changes in these metabolites correlated poorly with glucose disposal measured 
during the clamp procedure, particularly among participants with CKD, suggesting that these changes 
reflect metabolic abnormalities distinct from insulin-mediated glucose uptake and not necessarily detected 
using common tests of  glucose disposal. Specifically, marked abnormalities were observed in the pathways 
for glutamine/glutamate metabolism, arachidonic acid metabolism, and nicotinamide metabolism.

Glutamine is a conditionally essential amino acid, particularly important under catabolic and 
anabolic conditions, with a critical role in renal acid-base regulation via deamination and ammo-
niagenesis (32, 33), which is heightened with exposure to insulin (34). Glutamine is a precursor for 
α-ketoglutarate (a TCA cycle intermediate), supports cellular amino acid pools for protein and lipid 
synthesis, and regulates the mTOR pathway as well as redox homeostasis by serving as a substrate for 
glutathione (35). Impaired anabolic response to insulin in CKD is suggested by several lines of  evi-
dence. First, we observed disruption in glutamine and glutamate metabolic pathways with attenuation 
in the insulin-induced decline in numerous amino acids. Second, coinciding with attenuated insulin-
induced changes in glutamine levels in CKD was a parallel lack of  change in the anabolic amino 
acid metabolite leucic acid, derived from the branch chain amino acid leucine and shown to reverse 

Figure 4. Comparison of adjusted mean percent change in metabolite subgroups from fasting to during the insulin 
infusion at euglycemia (n = 60). Adjusted for age, sex, race/ethnicity, weight, and batch.
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immobilization induced muscle atrophy (36, 37) through mTOR activation (38). The attenuation of  
the insulin-induced decline was most marked in nicotinamide, prostaglandin E, and taurine in CKD. 
Third, CKD patients demonstrate alterations in protein metabolism reflected by weaker correlations 
of  change in amino acid during insulin infusion with insulin sensitivity by (M/ΔI) compared with 
controls. These changes may indicate blunted insulin-mTOR signaling of  mitochondrial biogenesis in 
the setting of  persistent inflammation reflected in proportionately higher prostaglandin E2 levels (39) 
and abnormalities in arachidonic acid metabolism during insulin challenge. These findings motivate 
investigation of  potentially reversible metabolic pathways linking the hypercatabolism associated with 
CKD with altered energy homeostasis, acid-base regulation, and loss of  lean mass, increasing the risk 
of  morbidity and mortality in CKD (40, 41).

Taken together, our results support 3 distinct metabolic disruptions to mitochondrial metabolism 
in CKD: altered coenzyme Q biosynthesis, disruption of  NAD synthesis via impaired tryptophan 
metabolism and nicotinamide metabolism, and altered taurine metabolism.

These abnormalities may explain suppression of  mitochondrial biogenesis and mitochondrial func-
tion and heightened oxidative stress observed in prior studies of  CKD (18, 42) and may lend support to a 
number of  potential interventions designed to improve metabolic health and resistance to physiologic stress 
in CKD. Indeed, administration of  coenzyme Q10 to advanced kidney disease patients in 1 randomized 
trial improved oxidative stress with reduction in isofuran levels (products of  lipid peroxidation) (19). Fur-
thermore, administration of  nicotinamide riboside, a natural NAD precursor, has been shown to improve 
insulin sensitivity in high-fat diet–induced obese mice, with increased NAD leading to augmented mito-
chondrial sirtuin (SIRT3) activity, muscle mitochondrial content, and improved muscle endurance (43). 
SIRT3-5 has been shown to interact with proteins intimately involved with biologic processes of  translation 
and energy metabolism critical to cellular stress resistance (44). Recent studies have uncovered a vital role 
of  NAD and niacotinamide in tissue stress resistance using models of  renal aging and renal ischemia/
reperfusion (45, 46). Decreased NAD characteristic of  aging and, in particular, renal aging may predis-
pose renal tissue to damaging effects of  cisplatin-induced renal injury (45). Kidney damage due to renal 
ischemia results in renal niacinamide depletion and fat accumulation reversed by niacinamide and PGC-
1α–mediated NAD biosynthesis (46). The renoprotective effects of  niacinamide-induced NAD production 

Table 4. Heterogeneity in the plasma metabolomics response to insulin infusion by chronic kidney 
disease

Metabolite Fold change between clamp/fasting states (95% CI) P value for interaction
Control Chronic kidney disease

Niacinamide 0.4 (0.36, 0.45) 0.51 (0.47, 0.55) <0.001
Prostaglandin E 0.46 (0.39, 0.55) 0.66 (0.59, 0.74) <0.001

Glutamic acid 0.92 (0.89, 0.95) 0.86 (0.85, 0.88) <0.001
Taurine 0.51 (0.48, 0.56) 0.6 (0.56, 0.63) 0.002
Arginine 0.89 (0.88, 0.91) 0.92 (0.91, 0.93) 0.003

Methylsuccinate 0.79 (0.76, 0.81) 0.83 (0.81, 0.85) 0.004
Serine 0.86 (0.85, 0.88) 0.89 (0.88, 0.9) 0.005
Biotin 0.82 (0.77, 0.86) 0.89 (0.86, 0.93) 0.005

Oxypurinol 0.85 (0.81, 0.9) 0.78 (0.75, 0.81) 0.005
Glutamine 0.91 (0.88, 0.93) 0.95 (0.93, 0.97) 0.009
Allantoin 0.98 (0.94, 1.01) 0.92 (0.89, 0.94) 0.01

D-leucic acid 0.83 (0.79, 0.88) 0.91 (0.87, 0.95) 0.014
Glyceraldehyde 0.84 (0.81, 0.88) 0.9 (0.87, 0.93) 0.019

Glucose 1.01 (0.98, 1.05) 0.97 (0.94, 0.99) 0.02
Phenylalanine 0.87 (0.86, 0.89) 0.89 (0.88, 0.9) 0.028

Valine 0.83 (0.81, 0.84) 0.85 (0.84, 0.86) 0.033

Modification of fold change between clamp and fasting states, by CKD status, adjusted for age, sex, race, weight, and 
batch. Fold changes compare clamp metabolite levels with fasting levels (i.e., a fold change of 0.4 would indicate an 
estimated 60% reduction in metabolite level). P value for interaction tests the heterogeneity in fold change by CKD 
status.
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countering ischemia/reperfusion injury in PGC-1α–/– mice and cisplatin toxicity in aged mice are consis-
tent with its role as a key effector of  the protective metabolic benefits of  mitochondrial biogenesis (45, 46). 
More recently, an alternative route of  stimulating mitochondrial biogenesis has been reported in a diabetic 
kidney disease mouse model; taurine upregulated gene-1 (tug-1) overexpression improved the biochemical 
and histological features of  diabetic kidney disease by interacting with PGC-1α to stimulate mitochondrial 
biogenesis and bioenergetics (47). Further evidence of  the clinical importance of  mitochondrial biogenesis 
stems from investigations of  insulin sensitizers such as metformin and thiazolidinediones in models of  obe-
sity and diabetes. These agents increase PGC-1α in association with enhanced fatty acid oxidation, reduced 
lipid accumulation, and enhanced mitochondrial biogenesis (48–50) in skeletal muscle. Furthermore, insu-
lin sensitizers result in reduction in amino acids metabolites (51, 52) and associate with attenuated loss of  
lean mass in older adults with diabetes (53). It is unclear if  these effects translate to patients with CKD who 
demonstrate attenuated metabolome response to insulin. Future studies are needed to investigate the effects 
of  insulin sensitizers on skeletal muscle metabolism and plasma metabolomics in nondiabetic CKD.

The main innovation of  our study is the application of  plasma metabolomics to provocative insulin 
administration to evaluate the broad metabolic effects of  insulin and identify the mechanisms through 
which insulin action may be disturbed in CKD. Additional strengths of  this investigation include the rela-
tively large population evaluated with detailed methods and the focus on participants with advanced CKD 
and appropriate controls. We also employed a refined and broad-based targeted liquid chromatography–
mass spectrometry metabolomics approach. Nonetheless, limitations include our inability to determine the 
mechanisms leading to changes in the plasma metabolome without simultaneous flux analysis or coincid-
ing proteomic and transcriptomic analysis of  tissues or organs. We were also unable to fully account for 
residual confounding by differences in unmeasured characteristics between those with CKD and controls.

In conclusion, our results suggest that abnormalities in ubiquinone biosynthesis, nicotinamide metab-
olism, and glutamate/glutamine metabolism are mechanisms or manifestations of  insulin resistance in 
CKD that may be candidate targets for treatment.

Methods
Study population. The Study of  Glucose and Insulin in Renal Disease (SUGAR) is a cross-sectional study 
of  glucose and insulin metabolism in moderate-to-severe nondiabetic CKD. From 2011–2014, we recruited 
98 participants from Nephrology and Primary Care clinics associated with the University of  Washington 
and neighboring institutions in Seattle (Washington, USA). Among the 98 recruited participants, 95 had 
adequate plasma samples collected for metabolomics, and of  these, 60 had plasma samples before and 
after hyperinsulinemic-euglycemic clamp testing (40 CKD and 20 controls) (Supplemental Figure 1). We 
enrolled 58 participants with moderate-to-severe CKD, defined as eGFR <60 ml/min/1.73 m2. We then 
recruited 40 control subjects with eGFR ≥60 ml/min/1.73 m2 and spot urine albumin-creatinine ratio <30 
mg/g, targeting the distributions of  age, sex, and race of  enrolled participants with CKD. Exclusion criteria 
for both groups included age <18 years, a clinical diagnosis of  diabetes, maintenance dialysis or fistula in 
place, history of  kidney transplantation, use of  medications known to reduce insulin sensitivity (including 
corticosteroids and immunosuppressants), fasting serum glucose ≥126 mg/dl, and hemoglobin <10 g/dl.

Classification of  CKD. CKD was defined as eGFR <60 ml/min per 1.73 m2. Serum creatinine and cys-
tatin C (Gentian) were measured in fasting serum collected immediately prior to the hyperinsulinemic-eug-
lycemic clamp using a Beckman DxC automated chemistry analyzer. Creatinine and cystatin C concentra-
tions are traceable to isotope dilution mass spectrometry and ERM-DA471/IFCC, respectively. Interassay 
coefficients of  variation were 1.5%–3.0%. GFR was estimated from creatinine and cystatin C concentra-
tions using the CKD-EPI formula (54).

Hyperinsulinemic-euglycemic clamp. Plasma for metabolomics was available for 60 participants who had 
pre- and during-hyperinsulinemic-euglycemic clamp studies. For the clamps studies, each participant was 
admitted to the University of  Washington Clinical Research Center after an overnight fast. I.v. catheters 
were placed in peripheral veins in each arm, with 1 arm being heated to allow for the sampling of  arte-
rialized blood. After collection of  fasting plasma, a short i.v. GTT (not utilized for for this analysis) was 
performed with an infusion of  20% dextrose (11.4 g/m2 over 60 seconds) and frequent plasma sampling for 
30 minutes. Immediately afterward, an insulin infusion was initiated as a prime (160 mU/m2/min for 5 min-
utes) followed by a constant rate (80 mU/m2/min). A variable rate infusion of  unlabeled 20% dextrose was 
administered to maintain blood glucose (measured every 5 minutes) at approximately 90 mg/dl. Beginning 
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120–150 minutes after initiation of  the insulin infusion, the dextrose infusion rate was held constant for 30 
minutes, over which 3 steady-state plasma samples were obtained 15 minutes apart. Plasma samples from 
fasting blood drawn prior to the clamp and from the middle of  the 3 steady-state clamp blood draws were 
used for the metabolomics assays.

Measurement of  glucose and insulin homeostasis. Calculation of  standard parameters of  insulin sensitivity 
measured from hyperinsulinemic-euglycemic clamp technique and OGTT were determined as previously 
reported (4). The insulin sensitivity (M/ΔI) was calculated as (glucose infusion rate × concentration of  
infused glucose)/(insulin concentration at steady state – fasting insulin concentration). The glucose infu-
sion rate was calculated as the glucose infusion rate during the last 30 minutes of  the clamp adjusted for 
the drift in plasma glucose concentration using Steels’ non–steady-state equation. The inclusion of  insulin 
concentration in the denominator accounts for variability in the achieved insulin concentration and is sup-
ported by the linear relationship between insulin concentration and glucose disposal rate within individuals 
in a prior dose-range study.

A standard 75-g OGTT was performed 1 week after the clamp. Insulin and glucose values obtained 
before and during the OGTT were use to derive the Matsuda index, a common index of  insulin sensitivity, 
as previously reported (55). We further measured nonesterified fatty acid insulin sensitivity index (NEFA 
index) (56, 57) as a marker of  suppression of  lipolysis. NEFA levels were measured at the Northwest Lipids 
Research Laboratories (Seattle, Washington, USA).

Metabolomics. The liquid chromatography–tandem mass spectrometry (LC-MS/MS) metabolite data 
were acquired at the Northwest Metabolomics Research Center using a targeted metabolic profiling LC-
MS/MS assay that has been described previously (58). Briefly, prior to LC-MS/MS, blood samples were 
prepared by protein precipitation (using methanol), centrifugation (21,694 g for 10 minutes at 4°C), 
drying, and reconstitution. The LC-MS/MS studies were performed on an Agilent 1260 LC (Agilent 
Technologies) coupled to a AB Sciex QTrap 5500 MS (AB Sciex) system equipped with a standard elec-
tro-spray ionization (ESI) source. Each sample was injected twice (10 μl and 2 μl) for analysis in negative 
and positive ionization modes, respectively. Both chromatographic separations were performed using 
identical hydrophilic interaction chromatography (HILIC) methods on a SeQuant ZIC-cHILIC column 
(150 × 2.1 mm × particle size 3.0 μm, Merck KGaA). The flow rate was 0.3 ml/min. The mobile phase 
was composed of  Solvents A (10 mM ammonium acetate in 90% H2O/10% acetonitrile + 0.2% acetic 
acid, Thermo Fisher Scientific) and Solvent B (10 mM ammonium acetate in 90% acetonitrile/10% H2O 
+ 0.2% acetic acid, Thermo Fisher Scientific) . After the initial 2-minute isocratic elution at 90% Solvent 
B, the percentage of Solvent B was decreased to 50% at t = 5 minutes. The composition of  Solvent B was 
maintained at 50% for 4 minutes (t = 9 minutes), and then the percentage of  Solvent B was returned to 
90% at 12 minutes and stayed at 90% Solvent B for the duration of  chromatographic separation (total run 
time = 20 minutes). The metabolite identities were confirmed by spiking the pooled serum sample used 
for method development with mixtures of  standard compounds. Quality control samples consisting of  a 
pooled serum sample were run once for every 10 biological samples to allow instrument monitoring and 
signal normalization as needed. Four isotope-labeled internal standards were used to monitor sample 
preparation. The extracted multiple reaction montitoring (MRM) peaks were integrated using Multi-
Quant 2.1 software (AB Sciex). Pre- and during-hyperinsulinemic-euglycemic clamp samples testing 74 
metabolites occurred over 2 separate days, but for each person, pre- and during-clamp samples were 
tested on the same day. Fasting samples were all tested together on a third day after additional metabo-
lites were added to the assay. This accounted for the discrepancy of  124 fasting samples compared with 
74 metabolites assayed from pre- and during-hyperinsulinemic-euglycemic clamp samples.

Statistics. Since metabolite distributions were greatly skewed, all plasma metabolite concentrations 
were transformed by log(1 + x) prior to performing statistical analysis. To compare the fold changes 
in metabolite levels between CKD and non-CKD participants, we used linear regression with robust 
Huber-White standard errors of  the log-transformed metabolite on CKD status, additionally adjusted for 
the potential confounders of  age, sex, race/ethnicity (European descent versus non–European descent), 
and weight. To account for the correlation of  measurements within participants, we examined the fold 
changes associated with the clamp procedure via a linear mixed model with random intercepts, regress-
ing the log-transformed metabolite on the sample type (during clamp versus fasting sample), adjusted 
for the covariates listed above, as well as batch. Finally, to evaluate whether the effect of  the hyperinsu-
linemic-euglycemic clamp procedure differed between CKD and non-CKD participants, we again used 
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a linear mixed model approach with random intercepts, in which the log-transformed metabolite was 
regressed on sample type (clamp versus fasting), CKD status (CKD versus non-CKD), and the interac-
tion of  the 2, additionally adjusting for age, sex, race/ethnicity, weight, and batch. In each analysis, we 
used a Benjamini-Hochberg FDR of  10% to declare statistical significance to account for multiple com-
parisons (59). Under this approach, 10% of  the metabolites identified as significant would be expected 
to be false positives. All of  the statistical analyses described above were conducted using R, version 3.4.0 
(60). Targeted metabolic pathway analysis was performed using Metaboanalyst version 3.5 (61). Path-
way topology analysis was performed analyzing differences in fasting plasma metabolite between CKD 
and controls. Fold change analysis of  discrete metabolites was performed using Metaboanalyst software 
to calculate the change between fasting and during insulin infusion plasma metabolites group averages 
for the entire cohort, which was used to construct a volcano plot. Using pathway topology analysis, we 
identified significant metabolic pathways affected by insulin infusion using log-transformed pre- and 
during-infusion metabolite levels. Determination of  significant metabolic pathways modified by CKD 
status involved comparing the fold change of  each metabolite calculated by subtracting log-transformed 
values of  during-clamp from the preclamp time points. Data is presented for hyperinsulinemic-euglyce-
mic clamp–induced plasma changes in the overall cohort and comparing CKD with non-CKD. Pearson 
correlations of  changes in plasma metabolite concentrations (during insulin infusion versus fasting) with 
parameters of  insulin sensitivity from the clamp (M/ΔI) and OGTT (Matsuda Index and NEFA index) 
were estimated for metabolites showing the greatest difference in insulin response between CKD and 
non-CKD. Data is available to the public (http://dx.doi.org/10.17632/9z7ncwvxnz.1).
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