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Abstract

Objective: Chronic kidney disease (CKD) is associated with decreased anabolic response to
insulin contributing to protein-energy wasting. Targeted metabolic profiling of oral glucose
tolerance testing (OGTT) may help identify metabolic pathways contributing to disruptions to
insulin response in CKD.
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Methods: Using targeted metabolic profiling, we studied the plasma metabolome response in 41
moderate-to-severe nondiabetic CKD patients and 20 healthy controls at fasting and 2 hours after
an oral glucose load. We used linear mixed modeling with random intercepts, adjusting for age,
gender, race/ethnicity, body weight, and batch to assess heterogeneity in response to OGTT by
CKOD status.

Results: Mean estimated glomerular filtration rate among CKD participants was 38.9 + 12.7
mL/min per 1.73 m2 compared to 87.2 + 17.7 mL/min per 1.73 m2 among controls. Glucose
ingestion induced an anabolic response resulting in increased glycolysis products and a reduction
in a wide range of metabolites including amino acids, tricarboxylic acid cycle intermediates, and
purine nucleotides compared to fasting. Participants with CKD demonstrated a blunted anabolic
response to OGTT evidenced by significant changes in 13 metabolites compared to controls.

The attenuated metabolome response predominant involved mitochondrial energy metabolism,
vitamin B family, and purine nucleotides. Compared to controls, CKD participants had elevated
lactate:pyruvate (L:P) ratio and decreased guanosine diphosphate:guanosine triphosphate ratio
during OGTT.

Conclusion: Metabolic profiling of OGTT response suggests a broad disruption of
mitochondrial energy metabolism in CKD patients. These findings motivate further investigation
into the impact of insulin sensitizers and mitochondrial targeted therapeutics on energy
metabolism in patients with nondiabetic CKD.

Keywords
Chronic kidney disease; metabolism; insulin resistance

Introduction

Chronic kidney disease (CKD) is a public health burden worldwide with the estimated
global prevalence of 14% affecting more than 650 million people globally.! Insulin
resistance (IR) is one of the very early metabolic alterations in CKD increasing with
severity of kidney disease.? IR is considered a cardio-metabolic risk factor correlated
with increased systemic inflammation3 and oxidative stress.* Multiple pathophysiologic
features of CKD contribute to IR in CKD including chronic inflammation, altered gut
microbiome,® oxidative stress,” metabolic acidosis,® and accumulation of uremic toxins.®
However, evidence for the biologic basis for IR in humans with CKD is lacking.

Although tissue insensitivity to insulin is the main contributor to IR, changes in insulin
secretion and degradation have also been established in CKD.? In particular, a recent

study using the gold standard high-dose hyperinsulinemic-euglycemic clamp to investigate
peripheral insulin sensitivity showed disturbances in insulin clearance as a principle
characteristic distinguishing patients with nondiabetic CKD to controls.19 This study
demonstrated profound alterations in the plasma metabolome response to insulin in patients
with CKD compared to controls. However, understanding of the biologic basis for IR in
humans with CKD at more physiologic, endogenous levels of insulin such as that elicited by
oral glucose tolerance testing (OGTT) remains unknown.
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OGTT provides estimates of IR but also captures additional physiologic processes

by stimulating gut-derived incretin hormones known to augment insulin secretion.12:13
Metabolomic profiling of the response to OGTT may reveal specific metabolites and
metabolic pathways underlying impaired glucose homeostasis in CKD, thus identifying
therapeutic targets for improving insulin sensitivity in this vulnerable population. We
performed targeted plasma metabolic profiling comparing nondiabetic patients with
moderate-to-severe CKD to healthy controls during an oral glucose challenge. We
hypothesize that CKD in the absence of diabetes is associated with impaired plasma
metabolic response to oral glucose challenge compared to controls. Our goal was to identify
specific metabolic alterations in nondiabetic CKD to better understand the metabolic and
biological basis for glucose intolerance and IR in CKD.

Materials and Methods

Study Population and Study Design

The Study of Glucose and Insulin in Renal Disease is a cross-sectional study of glucose

and insulin metabolism in moderate-to-severe nondiabetic CKD. Among the 98 recruited
participants, 95 had adequate plasma samples collected for metabolomics, and of these,

61 had plasma samples before and after OGTT.10 Sixty one participants were included

from the Study of Glucose and Insulin in Renal Disease study where 41 of them were
moderate-to-severe nondiabetic CKD patients (estimated glomerular filtration rate [eGFR]
< 60 mL/min per 1.73 m?) and 20 healthy controls (eGFR > 60 mL/min per 1.73 m?).
Plasma metabolites were measured after overnight fasting, 2 hours after a 75g oral glucose
load for OGTT and during the clamp as reported previously.14 Plasma biomarkers of kidney
function and inflammation were measured in the fasting blood. A detailed description of the
study design and distribution of the clinical phenotypes between CKD patients and healthy
controls has been reported earlier.10

Metabolic Profiling

Targeted metabolomics based in a liquid chromatography-tandem mass spectroscopy (LC-
MS/MS) platform was performed at the Northwest Metabolomics Research Center as
described previously.1® Briefly, blood samples were prepared by protein precipitation
(methanol), centrifugation (21,694 g for 10 minutes at 4°C), drying, and reconstitution.

The LC-MS/MS analyses were performed using an Agilent 1260 LC (Agilent Technologies)
with a SeQuant ZIC-cHILIC column (150 x 2.1 mm x particle size 3.0 ym, Merck KGaA),
which was coupled to an AB Sciex QTrap 5500 MS (AB Sciex) system equipped with a
standard electro-spray ionization source. Each sample was injected 2 times for analysis in
positive and negative ionization modes (2 4L and 10 gL respectively). The flow rate was

at 0.3 mL/min. Metabolites identities were determined by spiking pooled serum samples
with mixtures of standard compounds. Pooled serum samples were used as quality control
samples and were run after every 10 biological samples to monitor for instrument drift

and signal normalization if needed. A total of 4 isotope-labeled internal standards were
used to monitor sample preparation. A total of 88 metabolites were detected pre-OGTT and
post-OGTT. More details for sample preparation, sample collection times, and reagents have
been described earlier.14
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Statistical Analysis

Plasma metabolite data were available from 61 subjects at fasting and 2 hours postoral
glucose load. Raw metabolite data were converted to ratio of 2 hours postoral glucose

load and corresponding fasting values and checked for batch effect of the ratio values. All
clinical and metabolite data were checked for normality. To account for drift of sample
preparation batches, raw metabolite data were normalized using Systematic Error Removal
Using Random Forest (SERRF).16 To account for the correlation of measurements within
participants, we examined the fold changes associated with the OGTT procedure via a linear
mixed model with random intercepts, regressing the log-transformed SERRF-normalized
metabolite on the sample type (during OGTT vs. fasting sample), adjusting for age,

gender, race/ethnicity, body weight, and batch. To evaluate whether the effect of the oral
glucose challenge procedure differed between CKD and non-CKD participants, we used
linear mixed effect modeling with random intercepts where SERRF-normalized metabolites
were regressed on a sample type (OGTT vs. fasting), CKD status, and their interaction,
additionally adjusting for covariates listed above. Data are presented as means + SD unless
otherwise indicated. Statistical analysis was performed using R 3.6.1 for windows release.1’
Pvalues were adjusted for multiple comparisons using the “Benjamini Hochberg” approach
and an adjusted Pvalue < .05 was considered significant for all analyses unless stated
otherwise.

Pathway-associated metabolite sets enrichment and metabolite pathway analysis were
performed using MetaboAnalystR v4.018 with the KEGG human metabolite database.?
Pathway analysis using SERRF-normalized pre-OGTT and post-OGTT metabolite level was
used to evaluate metabolic changes in response to OGTT in the entire cohort. Significantly
altered metabolic pathway by CKD status was determined by comparing the changes in
metabolite levels calculated by subtracting log-transformed post-OGTT SERRF-normalized
values to pre-OGTT time points.

Differences in insulin sensitivity (Matsuda index) between CKD and controls were evaluated
by Mann-Whitney U test using GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego,
California). Differences in plasma metabolites including guanosine diphosphate:guanosine
triphosphate (GTP:GDP) ratio and lactate:pyruvate (L:P) ratio and differences in insulin
secretion between fasting and 2 hours postoral glucose load were evaluated using analysis of
variance for multiple hypothesis testing (Bonferroni).

Metabolite data were checked for excessive missing values by using the R package
weighted gene co-expression network analysis (WGCNA)’s20 “goodSample-Genes” test.
The correlation between kidney biomarkers was determined by Spearman correlation.

The ratio of plasma metabolites postoral glucose to preglucose challenge was used for a
correlation network analysis using WGCNA R package. A soft threshold approach was
used with a power of 6 (based on scales-free topology) in a WGCNA default unsigned
network with dynamic tree cutting (deep split = 2) and a minimum module size = 3 as
parameters for the dynamic tree cut function.2! The module eigengene, defined as the first
principal component of a module’s metabolite concentration matrix, was used to calculate
the Spearman correlation between a metabolite module and kidney biomarkers.

J Ren Nutr. Author manuscript; available in PMC 2024 June 24.
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Results

Characteristics of the Study Participants

The study included 41 CKD participants with a mean eGFR of 38.9 + 12.7 mL/min per
1.73 m2 and 20 control subjects with a mean eGFR of 87.2 + 17.7 mL/min per 1.73 m2.
The mean age was 61.2 + 12.9 years, 44% were women, and 22% were self-reported Black
(Table 1). Compared with controls, participants with CKD had higher body weight, lower
fat-free mass, higher BMI, daily calorie intake, and greater plasma inflammatory markers.

Oral Glucose Challenge was Associated with a Significant Reduction in a Wide Range of
Metabolites Primarily Amino Acids, Purine Nucleotides, and Dicarboxylic Acids

After adjusting for age, gender, race/ethnicity, body weight, and LC-MS batch, 65% (58/88)
of the detected plasma metabolites were significantly altered postoral glucose challenge in
the overall cohort (Table 2 and Table S1). The largest reductions in individual metabolite
concentrations post-OGTT were observed for linoleic acid, adenosine diphosphate (ADP),
and nicotinamide with a percent change of —82%, —79%, and —63%, respectively (Table 2).
Only 6% (5/88) of the detected metabolites significantly increased post-OGTT compared to
fasting state. These metabolites included erythrose, glucose, and kynurenate with a percent
change of +53%, +28%, and +17%, respectively (Table S2).

Insulin Secretion and Sensitivity Measured During Oral Glucose Tolerance Testing did Not
Differ Among Participants with and Without Chronic Kidney Disease

We evaluated plasma insulin concentrations measured at 0, 10, 20, 30, 60,90,and120minutes
after glucose ingestion and found no significant differences between CKD and controls (Fig.
1A). Similarly, the Matsuda index estimation of insulin sensitivity was not significantly
different in CKD compared to controls (P value = .08) (Fig. 1B). The median Matsuda index
in CKD and controls was 3.93 (interquartile range [IQR] of 2.44, 5.63) and 3.70 (IQR of
2.30, 9.13), respectively.

Chronic Kidney Disease Attenuates the Plasma Metabolome Response to Glucose
Challenge in Metabolites from Predominantly the Vitamin B Family, TCA Cycle
Intermediates, and Purine Nucleotides

After adjustment, changes in 15% (13/88) of detected plasma metabolites were significantly
altered between CKD and controls post-OGTT (Table 3 and Table S2). Overall, CKD

was associated with higher plasma levels of these metabolites such as succinate, inositol,
nicotinamide, and glucose in response to OGTT compared to control. A notable exception
to this was kynurenate. These metabolic changes in response to OGT Tare not driven by
alterations in the fasting state concentrations of these metabolites in CKD versus controls
(Table S3). Except for inosine monophosphate (IMP), the rest of significantly altered
metabolites among CKD participants in response to OGTT were either similar or lower
during fasting compared to controls (Table S3). In general, controls had on average a
greater decline in plasma metabolites in response to the oral glucose challenge compared
to participants with CKD. The largest difference in response to the glucose challenge
comparing CKD and controls were observed in ADP, glycochenodeoxycholate, and IMP.
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The ratios in fold change comparing CKD to control for these metabolites were 3.7, 3.6, and
3.1, respectively (Table 3).

The Response to the Oral Glucose Challenge Demonstrates a Broad Disruption of Amino
Acid and Mitochondrial Energy Metabolism in Chronic Kidney Disease Patients

In the entire cohort, oral glucose challenge impacted alpha-Linoleic acid metabolism (P
value = 3.84 x 10731), aminoacyl-tRNA biosynthesis (Pvalue = 1.15 x 10726), and
arginine biosynthesis (Pvalue = 2.66 x 1072%) (Fig. 2A). In addition, metabolic pathways
involving amino acid metabolism such as branch chain amino acids (valine, leucine, and
isoleucine), phenylalanine, and histidine metabolism were also impacted. Compared to
controls, participants with CKD demonstrated significant aberrations in alpha-Linoleic acid
metabolism (Pvalue = 2.91 x 107°), nicotinamidemetabolism(~ value = 5.18 x 107°), and
arginine biosynthesis (Pvalue = 1.96 x 1074) (Fig. 2B).

CKD is Associated with Greater Lactate to Pyruvate (L:P) Ratio, an Indicator of
Mitochondrial Respiratory Chain Impairment

An elevated lactate to pyruvate ratio suggests respiratory chain dysfunction.22-24 L:P ratio at
fasting and post-OGTT was higher in participants with CKD compared to controls (Figure
S1A). The median L:P ratio at fasting was 28.9 (IQR of 26.2, 31.2) for controls compared to
36.7 (IQR of 29.3, 42.3) among participants with CKD (P value = .028). The high L:P ratio
was sustained post-OGTT with a median of 32.8 (IQR of 30.7, 37.2) in CKD in contrast to
29.5 (IQR of 27.8, 32.7) in controls (Pvalue = .77) (Figure S1A). The difference in L:P ratio
is mostly driven by an increase in pyruvate levels; however, lactate (fold change of 1.15 vs.
1.20) and pyruvate (fold change of 1.08 vs. 1.34) elevations were not meaningfully different
in CKD compared to controls during OGTT (Table S2).

CKD is Associated with Disruption of GTP:GDP Ratio Post-OGTT

The GTP:GDP ratio is known to reflect the ATP:ADP ratio.2>26 We looked at the GTP:GDP
ratio during fasting and OGTT separately. The median GTP:GDP ratio at fasting was similar
in CKD and controls (Pvalue = .767) (Figure S1B). After OGTT, it is expected that the
GTP and ATP levels will increase and ADP and GDP levels will decrease, thus resulting

in greater GTP:GDP and ATP:ADP ratios.2527 As expected, the GTP:GDP ratio increased
during OGTT compared to fasting in both groups with the median of 3.11 to 3.50 in controls
(Pvalue =.0236) and 3.01 to 3.13 in CKD (P value =.207); however, the ratio did not
increase meaningfully in participants with CKD compared to controls. Participants with
CKD had a significantly higher post-OGTT median GTP:GDP value of 3.13 (IQR of 2.77,
3.52) compared to 3.50 (IQR of 3.11, 3.89) in controls (P value = .039) (Figure S1B).

Changes in Plasma Metabolites in Response to OGTT is Associated with CKD Signature
and Inflammation Markers
We performed WGCNA to better understand how closely related metabolite groups
associate with CKD. We identified 8 metabolite modules in response to glucose load. Of
the total 8 metabolite modules, those indicated in blue and green modules were significantly
correlated with CKD signature and known CKD-associated inflammation markers (Fig. 3A,

J Ren Nutr. Author manuscript; available in PMC 2024 June 24.
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B, and C). Green module positively correlated with CKD status, plasma cystatin C, and
plasma creatinine and negatively correlated with eGFR (Fig. 3B). Some notable metabolites
from the green module include uric acid, kynurenate, and malonic acid (Table S4). The blue
module also positively correlated with plasma cystatin C and plasma creatinine (Fig. 3C).
Both modules also positively correlated with plasma TNF-a (Fig. 3C).

Discussion

Using targeted metabolic profiling, we identified several attenuated biological and metabolic
pathways in response to an oral glucose challenge in the overall cohort with evidence of
marked heterogeneity by CKD status. First, we observed that compared to the fasting state
OGTTresulted in a significant decrease in a wide range of metabolites including purine
nucleotides and amino acids in the overall cohort. Second, patients with CKD demonstrate
an attenuated plasma metabolome response to OGTT compared to controls independent

of alterations in the fasting state. We observed an attenuated plasma response to OGTT
particularly in vitamin B family members, mitochondrial energy metabolism, and purine
metabolism. Together, our findings suggest CKD is associated with a suppressed anabolic
response to glucose challenge consistent with prior findings of impaired anabolic response to
insulin in this population.14

The application of metabolomics to the OGTT demonstrated several insights into the
metabolic response to a glucose challenge. Consistent with previous studies, our cross-
sectional data on 2-hour changes pre-OGTT and post-OGTT supports the known anabolic
actions of insulin in promoting glycolysis and oxidative phosphorylation while suppressing
proteolysis.2829 |n addition to tricarboxylic acid (TCA) cycle intermediates, we observed
a decrease in all detected amino acids and their metabolites suggesting suppression of
proteolysis and cataplerosis in the overall cohort that was comparable in magnitude to
high-dose insulin clamp testing in a prior study (Table 2).

We observed significant heterogeneity by CKD status in the plasma metabolome response

to glucose load revealing broad disruption in energy metabolism. In animal models, CKD
leads to a postinsulin receptor defect in insulin signaling®C contributing to disruption of
lipid,3 carbohydrate,32 and protein metabolism33 impacting global energy metabolism.34
We identified CKD-associated disruptions in GDP, ADP, and succinate; all metabolites
involved in the TCA cycle. Despite equivalent levels at fasting compared to controls, these
metabolites were significantly higher in CKD compared to controls post-OGTT suggesting
an impaired insulin response to activate the TCA cycle (Table 3). These findings are also
consistent with previous study demonstrating diminished TCA cycle activity in patients with
nondiabetic CKD.35 Our findings underscore the importance of IR associated with metabolic
defects in CKD and its potential contribution to mitochondrial dysfunction. This association
is supported by a recent study suggesting that muscle-specific insulin receptor knockout in a
murine model impaired mitochondrial respiration, decreased ATP production, and increased
reactive oxygen species.36

One prominent finding suggesting mitochondrial dysfunction in CKD was an elevated L:P
ratio in CKD compared to controls. The L:P ratio is known to be in near equilibrium

J Ren Nutr. Author manuscript; available in PMC 2024 June 24.
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with the NADH/NAD™ ratio with an elevated L:P ratio serving as an indicator for

impaired mitochondrial function and TCA cycle disorder.22:37 An L:P ratio of > 30 has
been suggestive of respiratory chain dysfunction.24 Increased levels of pyruvate, lactate,
and L:P ratio have also been shown in patients with acute kidney failure.38 Glycolysis
products, lactate, and pyruvate were increased in both groups in response to OGTT signaling
glycolysis activation. Lactate and pyruvate however were also both more elevated in CKD
compared to the controls suggesting impaired TCA cycle and oxidative phosphorylation
upon glycolytic activation (Table S2). We also observed an elevated (L:P > 30) L:P ratio

in CKD compared to controls both at fasting and post-OGTT suggesting mitochondrial
metabolism dysfunction (Figure S1A). Taken together, our findings suggest persons with
CKD have impaired mitochondrial metabolism evidenced by metabolic profiles suggesting
blunted activation of TCA cycle, redox imbalance, and disruption in the mitochondrial
respiratory chain.

CKD was associated with disruption in purine and pyrimidine metabolism, a crucial source
of necessary energy and cofactors needed for bioenergetics and biomolecular demands of
metabolism.39 Purines are found in biomolecules such as ATP, GTP, cyclic AMP, NADH,
and coenzyme A.40 We noted several indicators of impairment in the purine nucleotide
cycle. First, 4 metabolites involved in purine nucleotide cycle GDP, ADP, adenylosuccinate,
and IMP all had an attenuated reduction in response to the glucose challenge in CKD
compared to controls (Table 3). Fluctuations in ATP, ADP, and AMP and corresponding
changes in GTPand GDPare regulated by purine nucleotide cycle, particularly in skeletal
muscle.#1:42 The purine cycle also enhances glycolysis and the TCA cycle via enhancing
the rate of glycolysis by activating phosphofructokinase and production of fumarate.43:44
Second, to broadly assess disruptions in its regulatory role of energy molecules during
glycolytic changes, we investigated changes in GTP:GDP ratios at fasting and during OGTT
in both groups. Despite similar fasting GTP:GDP ratios in CKD compared to controls,
CKD patients had lower GTP:GDP ratio post-OGTT suggesting an impairment in the
purine nucleotide cycle interfering with energy generation. These findings in the plasma are
hypothesis generating and motivate interrogation in human tissues to confirm a mechanistic
link between CKD and impaired energy metabolism specifically focusing on the impact of
CKD on ATP:ADP ratio and purine and pyrimidine metabolism.

CKD was also associated with disruption of metabolites in the vitamin B family with
OGTT. Vitamin B family members are essential for metabolism involved in major metabolic
pathways acting as cofactors in catabolic and anabolic pathways including carbohydrate,
protein, and fat metabolism.4> We found a decrease in vitamin B family derivatives in
response to OGTT in both groups. Among vitamin B family members, the most significant
decrease post-OGTT was observed in nicotinamide (a form of vitamin B3), important

in various oxidation/reduction reactions. Compared to controls where nicotinamide levels
profoundly decreased in response to OGTT, the levels of nicotinamide in participants with
CKD remained elevated (Table 3) consistent with our prior findings using insulin clamp
testing.1# Our data confirm findings from these other studies showing nicotinamide and
other NAD * catabolites accumulating in uremic patients suggesting an insulin-mediated
defect to use nicotinamide during anabolic reactions. Dynamic changes in other B vitamins
were also detected post-OGTT (Table S2). Together, the attenuated response of vitamin B
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family members post-OGTT in CKD versus controls points toward impairment in activating
insulin-mediated anabolic pathways involving accumulation of these cofactors in patients
with CKD.

There were several metabolic profile changes in response to the glucose challenge
characteristic of CKD*6 and levels of CKD-associated inflammation markers identified
using WGCNA analysis.*” A module consisting of malonate, leucic acid, IMP, kynurenate,
uric acid, and inositol had a significant positive correlation with plasma creatinine, plasma
cystatin C, CKD status, and a significant negative correlation with eGFR (Fig. 3B). This
module also had a significant positive correlation with TNF-a levels (Fig. 3C). Interestingly,
uremic retention solutes and uremic toxins including inositol, malonate, and uric acid make
up a considerable number of correlating metabolites in this module. Inositol is involved in
energy metabolism and considered a uremic retention solute. It was attenuated post-OGTT
in the CKD group compared to controls and part of the green module correlating with

CKD status and TNF-a levels. Serum inositol levels have been negatively correlated with
GFR#849 and implicated to have an adverse impact on renal progression particularly among
patients with type 2 diabetes where higher myo-inositol levels associates with greater
likelihood of progression to end-stage renal disease.>% In summary, WGCNA analysis
suggests uremic toxins are strongly associated with disruption in response to glucose
challenge in CKD compared to controls and linked to inflammatory markers in our cohort.

Our study has several notable strengths and limitations. First, we assessed dynamic changes
in response to glucose challenge and accounted for several potential confounding factors

by adjusting for age, gender, race, body weight, and batch in our analysis. Second,

we applied targeted metabolic profiling to assess a broad range of attenuated metabolic
pathways impacted by physiological effects of insulin and identified its potential disturbed
mechanisms in CKD. Our study also had some notable limitations. First, we did not
investigate changes in human tissue relying instead on changes in the plasma metabolome.
Changes in the plasma metabolome may not correlate with tissue or organ-specific
metabolic alterations. Second, plasma ATP measurements were not available during fasting
and OGTT. We relied on GTP:GDP ratios as a reflection of the changes in ATP:ADP.
Third, we cannot rule out the potential impact of residual confounding by differences in
unmeasured characteristics between CKD and controls. Finally, we are unable to precisely
identify the potential differences in the incretin-induced secretion of insulin between our
two groups. Further studies are necessary to interrogate the association of reduced activation
of TCA cycle, redox imbalance, and electron transport chain efficiency in human tissues
especially in the skeletal muscle.

In summary, numerous plasma metabolites are altered in response to oral glucose challenge
in CKD. The response to glucose challenge in CKD is associated with disruption in plasma
levels of TCA cycle intermediates, purine nucleotide cycle metabolites, and vitamin B
family members relative to controls. These alterations highlight a remarkable overlap in

the metabolic pathways, the magnitude, and the pattern of changes in plasma metabolites
compared to our hyperinsulinemic-euglycemic clamp study among CKD. Both procedures
resulted in similar changes in vitamin B family including nicotinamide and biotin. In
addition, impairment in taurine metabolism was also replicated during glucose challenge.
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Overall, both studies highlight impairments in TCA cycle intermediates, amino acid
metabolism, purine metabolism, and vitamin B family as the consequence of blunted insulin
anabolic response in CKD. Together, our findings from response to OGTT and insulin
clamp point to abnormal mitochondrial energy metabolism as the main mechanism of the
impaired anabolic response to insulin in CKD. This abnormal metabolic profile in response
to glucose challenge adds to prior studies indicating the IR in CKD is predominantly
characterized by a depressed anabolic response and disruption in energy metabolism. Given
recent evidence for clinical benefits of insulin sensitizers, there is an urgent need for future
studies interrogating the pleotropic effects of insulin sensitizers on mitochondrial energy
metabolism and anabolism in CKD.

Practical Application

The current investigation applies plasma metabolomics to describing the metabolic changes
in response to a standard oral glucose tolerance testing comparing persons with nondiabetic
CKOD to controls. Our findings suggest that the response to oral glucose challenge in

CKD may be associated with disruption in both protein anabolic response to insulin and
mitochondrial energy metabolism. Uremic toxins may link inflammation with the disruption
of mitochondrial energy metabolism and the attenuated anabolic response to insulin in CKD.
These findings add an insight into potential mechanisms underlying IR and protein energy
wasting in persons living with nondiabetic CKD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Measurements of insulin secretion and insulin sensitivity comparing CKD (n = 40) and
controls (n = 20) during OGTT. (A) Plasma insulin concentration. Data points represent
means and error bars represent 95% CI. (B) Matsuda index. One-way ANOVA for multiple
comparison testing (A) and Mann-Whitney U test (B) were used.
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Pathway analysis of changes with oral glucose tolerance test (A) in the overall cohort (n
=61) and (B) comparing CKD (n = 41) with controls (n = 20). The size and color of the
nodes represent pathway impact value and Pvalue, respectively (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this

article).
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Figure 3.

Changes in the plasma metabolic profile due to an oral glucose load is associated with
kidney disease and inflammatory markers. (A) Identified metabolite modules. Correlation
between plasma metabolite modules and (B) plasma biomarkers of kidney disease and
(C) inflammation markers. Each row in the table corresponds to a module and each
column represents a kidney biomarker, as indicated. The correlation between kidney

and inflammatory biomarkers and metabolite modules were determined using spearman
correlation. The correlation coefficient is color-coded as indicated in the color key legend
(red = positive and green = negative correlation) “***” = Pvalue < .001, “**” = Pvalue
<.01, “*” = Pvalue < .05, “.” = Pvalue < .10. (D) The number of metabolites in each of

the metabolite module (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article).
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Table 2.
Differences in Plasma Metabolites During OGTT, Compared With the Fasting State

1duosnuey Joyiny
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Metabolite Fold Change Between the OGTT/Fasting States (95% CI) P Value
Linolenic acid 0.18 (0.15, 0.21) <.001
ADP 0.21 (0.14, 0.32) <.001
Niacinamide 0.37(0.29, 0.48) <.001
Malonic acid 0.38(0.28, 0.51) <.001
Taurine 0.49 (0.41, 0.58) <.001
Aspartic acid 0.51 (0.43, 0.6) <.001
Adenylosuccinate 0.53 (0.44, 0.65) <.001
iso-Leucine 0.55 (0.5, 0.6) <.001
Leucine 0.56 (0.51, 0.61) <.001
Citrulline 0.58 (0.53, 0.62) <.001
PGE 0.6 (0.53, 0.69) <.001
Succinate 0.61 (0.55, 0.68) <.001
Tyrosine 0.65 (0.61, 0.69) <.001
Sorbitol 0.66 (0.6, 0.72) <.001
Methionine 0.67 (0.62, 0.71) <.001
Cystathionine 0.7 (0.59, 0.84) <.001
Glutamic acid 0.7 (0.6, 0.82) <.001
2-Hydroxyglutarate 0.7 (0.62, 0.78) <.001
Serine 0.71 (0.66, 0.76) <.001
MethylSuccinate 0.72 (0.67,0.78) <.001

Top 20 based on Pvalue and fold change are shown in the table. Fold changes are adjusted to age, gender, race, body weight, and batch effect. The
fold changes are compared to the fasting state. For example, Nicotinamide has a fold change of 0.37 meaning it had a 63% reduction post OGTT
compared to the fasting state.
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