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Abstract

Acute kidney injury (AKI) is a complex disease associated with increased mortality that may be due to deleterious distant organ
effects. AKI associated with respiratory complications, in particular, has a poor outcome. In murine models, AKI is characterized
by increased circulating cytokines, lung chemokine upregulation, and neutrophilic infiltration, similar to other causes of indirect
acute lung injury (ALI; e.g., sepsis). Many causes of lung inflammation are associated with a lung metabolic profile characterized
by increased oxidative stress, a shift toward the use of other forms of energy production, and/or a depleted energy state. To our
knowledge, there are no studies that have evaluated pulmonary energy production and metabolism after AKI. We hypothesized
that based on the parallels between inflammatory acute lung injury and AKI-mediated lung injury, a similar metabolic profile
would be observed. Lung metabolomics and ATP levels were assessed 4 h, 24 h, and 7days after ischemic AKI in mice.
Numerous novel findings regarding the effect of AKI on the lung were observed including 1) increased oxidative stress, 2) a shift
toward alternate methods of energy production, and 3) depleted levels of ATP. The findings in this report bring to light novel
characteristics of AKI-mediated lung injury and provide new leads into the mechanisms by which AKI in patients predisposes to
pulmonary complications.
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INTRODUCTION

Acute kidney injury (AKI) is a common complication,
occurring in 20% of hospitalized patients (1) and 30%–50%
of admissions to the intensive care unit (ICU) (2). Although
previously thought to be a benign condition, AKI is now rec-
ognized to be independently associated with increased mor-
tality (3, 4) and associated with numerous adverse clinical
outcomes (5–9). Respiratory complications are particularly
common and assocaited with increased mortality (10).
Respiratory complications that are associated with AKI
include respiratory failure, prolonged mechanical ventila-
tion, and prolonged venilator weaning (11–15). The role AKI
plays in respiratory complications has been recognized for
over 100yr and is not sufficiently explained by traditional
complications of AKI such as fluid overload (16). Autopsy
studies have demonstrated that AKI is associated with lung
inflammation akin to that observed during acute respiratory
distress syndrome (ARDS) (17, 18). Inflammation is central to
the pathogenesis of ARDS and is characterized by increased cir-
culating proinflammatory cytokines, lung chemokine upregu-
lation, neutrophil accumulation, and neutrophil activation

(16). Similarly, animal studies in AKI have demonstrated that
AKI is associated with systemic inflammation and inflamma-
tory lung injury that is characterized by increased circulating
proinflammatory cytokines, lung chemokine upregulation,
lung neutrophil accumulation, and increased vascular per-
meability (17, 19–22).

The generation of reactive oxygen species (ROS) is a conse-
quence of living in an oxygen rich environment and elabo-
rate mechanisms to regulate both ROS production and
elimination exist. The role of the lung is to provide a large
surface area (�80–100m2) for gas exchange and oxygen
delivery for energy production; thus, the lungs are continu-
ously exposed to high partial pressures of oxygen, and �2%
of inhaled oxygen is oxidized to yield potentially harmful
ROS (23). Antioxidant defenses to keep ROS levels in check
are essential for lung health. Unchecked ROS production has
numerous consequences, including but not limited to,
upregulation of proinflammatory cytokines and adhesion
molecules, recruitment of neutrophils and macrophages,
direct and indirect endothelial and epithelial barrier dys-
function, inflammatory cell penetration and fluid extrava-
sation, irreversible modification of proteins and nucleic
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acids, mitochondrial dysfunction with impaired oxidative
phosphorylation, mitochondrial death, and cellular injury
and/or death (24). Increased ROS production and oxidative
stress are a consequence of inflammatory lung injury (25–28)
and central to the pathogenesis of ARDS (24). The effect of
AKI on lung oxidative stress has not previously been assessed.

Normally, lung tissue is a modest consumer of energy in
comparison to other working tissues in the body, e.g., car-
diac or skeletal tissue, but like other metabolically active tis-
sues, eighty percent of lung ATP generation is due to
mitochondrial respiration (oxidative phosphorylation) and
20% is due to other sources (29). When under stress, how-
ever, lung metabolism and energy consumption change.
Murine models of inflammatory lung injury are character-
ized bymetabolic profiles consistent with altered energy pro-
duction and reduced levels of ATP (30–32). The effect of AKI
on energy metabolism and ATP production in the lung has
not previously been assessed.

In the present study, metabolomics assessment and ATP
levels were determined in the lung at 4 and 24h as well as
7days after ischemic AKI in mice. To our knowledge, there
are no studies that have evaluated metabolomics and energy
production in the lung after AKI. We hypothesized that
based on the parallels between inflammatory acute lung
injury and AKI-mediated lung injury, there would be metab-
olomic patterns consistent with increased oxidative stress,
use of alternative energy sources, and reduced energy pro-
duction in the lung following AKI.

MATERIALS AND METHODS

Animals

Adult (8–10wk old), male C57B/6 mice (Jackson Labora-
tories, Bar Harbor, ME), weighing between 20–25g were
used. They were maintained on a standard diet and water
was freely available. All experiments were conducted in ad-
herence to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The animal protocol
was approved by the Animal Care and Use Committee of the
University of Colorado, Denver.

Surgical Protocol

To induce ischemic AKI (33), mice were anesthetized with
intraperitoneal avertin (2,2,2-tribromoethanol; Sigma Aldrich,
Milwaukee, WI), a laparotomy was performed, and both renal
pedicles were clamped for 22min. Mice received 500mL saline
with buprenex subcutaneous injection preceding surgery and
500mL saline was administered by subcutaneous injection
daily after surgery. The sham procedure is similar in all
respects—including laparotomy—except that renal pedicle
clamping is not performed.

Collection and Preparation of Plasma and Lung Samples

Blood was obtained via cardiac puncture and centrifuged
at 3,000 g at 4�C for ten minutes; plasma was collected and
centrifuged a second time at 3,000 g for 1 min. The lungs
were collected, weighed, snap frozen in liquid nitrogen, and
stored at �80�C. In this experiment, lung, heart, kidney and
liver were all rapidly collected and snap frozen for future
metabolomics assessment (34); in order to limit time to

freezing (and potential changes in metabolic phenotype due
to death), no additional processing of tissue occurred and
organs were not perfused before collection.

Metabolomics Analyses

Frozen lung tissue was milled withmortar and pestle in the
presence of liquid nitrogen and weighed to the nearest 0.1mg.
At a tissue concentration of 10mg/mL, the samples were
extracted in ice-cold lysis/extraction buffer (5:3:2 MeOH:
MeCN:water v/v/v) followed by agitation at 4�C for 30min
and centrifugation at 18,213g for 10min at 4�C. The superna-
tants (10 uL per injection) were immediately analyzed via
ultra-high-pressure liquid chromatography coupled to online
mass spectrometry (UHPLC-MS) on a Dionex UltiMate3000
and Thermo Q Exactive MS. Metabolites were resolved over a
Kinetex C18 column (Phenomenex, 2.1� 150mm, 1.7 mm) on a
3-min isocratic method in positive and negative ion modes
(separate runs) as previously described (35). Raw files were
converted to .mzXML using MassMatrix and metabolites
annotated and integrated using Maven (Princeton University)
in conjunction with the KEGG database and an in-house
standard library. Quality control was performed as previously
described (36). This untargeted UHPLC-MS-based metabolo-
mics analysis provided the measurement of 132 annotated
metabolites in the lung.

Creatinine and BUN Assay

Serum creatinine was determined using the Point creati-
nine assay (#C7548) according to the manufacturer’s direc-
tions; BUNwas determined using the Bioassay systems assay
(DIUR-500) according to themanufacturer’s directions.

ATP Assay

Preweighed lung tissue was processed for determination
of lung ATP content using commercially available reagents
as per manufacturer’s instructions (Abcam; ab833355).
Briefly, frozen lung tissue was homogenized in ATP assay
buffer using Dounce homogenizer. The lysate was centri-
fuged at 13,000g at 4�C, and supernatant subjected to depro-
teinization procedure via TCA precipitation (Abcam;
ab204708). The deproteinized samples were incubated with
necessary reaction components for 30min at room tempera-
ture protected from light. Fluorescence signals from samples
were then measured on a microplate reader at Ex/Em=535/
587nm. Serial dilutions of ATP were used to generate a
standard calibration curve. ATP concentrations were calcu-
lated from the standard curve data and normalized to corre-
sponding tissue weight.

Lung CXCL1

Lung CXCL1 was performed on whole lung homogenates
by ELISA (R&D Systems, Minneapolis, MN) and corrected for
protein (33). The detection limit is 1.0pg/mL. Supernatants
were analyzed for protein content using a Bio-Rad DC pro-
tein assay kit (Hercules, CA).

Lung Myeloperoxidase Activity

To determine myeloperoxidase (MPO) activity, lung tissue
was homogenized in 1 mL of cold hexadecyltrimethylammo-
nium bromide buffer, sonicated on ice for 10 s, and
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centrifuged at 14,000 g for 30min at 4�C. Twenty microliters
of supernatant was transferred into a 96-well plate, and
200mL of 37�. Odianisidine hydrochloride solution was
added immediately before the optical density was read at
450nm and again 30s later, as previously described (37).

Statistical Analysis

Median fold change was determined for metabolites based
on raw values (peak area) after metabolite identification
comparing sham versus AKI for each time point. Then,
metabolite intensities were autoscaled using MetaboAnalyst
5.0 (available at http://www.metaboanalyst.ca) to allow for
homoscedastic statistical tests and to compare metabolites
based on correlations. Univariate ANOVA was performed on
autoscaled data followed by post hoc analysis with Sidak’s
multiple comparisons test (significant threshold for P <
0.05) using GraphPad Prism 9.0.0 comparing prespecified
groups: normal versus all time points and sham versus AKI
at identical time points (e.g., 24-h sham vs. 24-h AKI, but not
4-h sham vs. 24-h AKI). Principal component analysis was
performed on all metabolites using Metaboanalyst 5.0 on
all metabolites, and the first three principal components
were analyzed. Hierarchical clustering analysis was per-
formed on metabolites that were significant by ANOVA
usingMorpheus (https://software.broadinstitute.org/morpheus);
the correlation metric used was the Pearson (n � 1) correla-
tion with an average linkage method. Pathway enrichment
analysis was performed using Metaboanalyst 5.0 (38) using
Goeman’s global test for the prespecified groups. A path-
way was considered significant if the number of significant
metabolite hits was 2 or more and the Holm-adjusted P
value was less than 0.05.

ANOVA (using GraphPad Prism 9.0.0) was utilized to ana-
lyze serum creatinine and BUN, lung CXCL1, lung MPO ac-
tivity, and lung ATP levels. Data were assessed for normality
and distribution using the Shapiro-Wilk normality test and
the Brown-Forsythe test, respectively. Normally distributed
data were analyzed by one way ANOVA with Sidak correc-
tion for multiple comparison testing; for nonparametric
data, the ANOVA was performed with the Kruskal–Wallis
test and Dunn’s correction for multiple comparison; for data
with unequal variance, Welch ANOVA with Dunnett’s cor-
rection for multiple comparison was performed.

RESULTS

Experimental Groups and Accounting for Mice Included
in Experiments and Analysis

We began with 10 mice per group for each of the seven ex-
perimental groups: 1) normal (no surgical procedure), 2) 4-h
sham, 3) 4-h AKI, 4) 24-h sham, 5) 24-h AKI, 6) 7-day sham,
and 7) 7-day AKI for a total of 70 mice. However, one mouse
in the 7-day sham group died, and 4 mice in the 7-day AKI
group died. Thus, the numbers of animals included in the
final data analysis are as follows: 1) normal: n = 10, 2) 4-h
sham: n = 10, 3) 4-h AKI: n = 10, 4) 24-h sham: n = 10, 5) 24-h
AKI: n = 10, 6) 7-day sham: n = 9, and 7) 7-day AKI: n = 6.

All of the data reported below were obtained from samples
using this cohort of mice and can be found at the National

Institute of Health’s (NIH) Metabolomics Workbench (study
ID: ST001747).

Time Course of Acute Kidney Injury, Lung Inflammation,
and Lung Energy Production

To assess kidney function after AKI, serum creatinine and
BUNwere determined in normal mice and at 4 h, 24 h, and 7
days after sham and AKI procedures. As shown in Fig. 1A, se-
rum creatinine was significantly increased at 4 and 24h post
AKI versus sham. There was no significant difference in se-
rum creatinine at 7days. BUN was significantly increased in
AKI at all three time points (Fig. 1B). [The serum creatinine
and BUN data in this cohort of mice has been previously
published (34)]. We have previously demonstrated that this
level of creatinine BUN rise is associated with histologic tu-
bular injury (39) and loss of kidney function as judged by
measured glomerular filtration rate (39). Although the BUN
and creatinine are higher at 24h versus 4h, it is important to
note that creatinine and BUN are not at steady state at the
4-h time point and the rate of rise lags behind the fall in kid-
ney function; in fact, the loss of kidney function as deter-
mined by measured glomerular filtration rate is actually
similar at 4 and 24h after ischemic AKI (39, 40).

To assess lung inflammation after AKI, lung CXCL1 and
MPO activity were determined in the same cohorts. As
shown in Fig. 1, C and D, lung inflammation peaked at 4h
post-AKI: both lung CXCL1 and lung MPO activity were
increased 4h post-AKI with reduced levels at 24h and
7days. We have previously demonstrated the lung MPO ac-
tivity correlates well with lung neutrophil accumulation as
judged by flow cytometry (41) and histology (37). We have
previously demonstrated that lung inflammation peaks by
4h after AKI, and progressively declines at 24h and 7days
(33, 42). Although there was drop-out due to mortality at
7days post-AKI, the markers of lung inflammation (as well
as kidney function) are similar to that observed 7days post
AKI in cohorts without significant mortality (42)—thus, it is
expected that the findings in the lungs 7days post-AKI in
this cohort represent changes due to the aftereffects of AKI
and not another confounding effect.

To assess lung energy production after AKI, lung ATP lev-
els were determined in normal mice and at 4h, 24h, and
7days after sham and AKI procedures. As shown in Fig. 2,
lung ATP levels were significantly decreased 4 and 24h after
AKI versus sham at the same time point. There was no signif-
icant difference in lung ATP levels at 7days. The group num-
ber is reduced for some groups due to sample loss from to
repeated testing.

Metabolomics Analysis

Untargeted UHPLC-MS-based metabolomics analysis of
the lung provided the measurement of 132 annotated metab-
olites as shown in Supplemental Table S1 (all Supplemental
Material is available at https://doi.org/10.6084/m9.figshare.
13299593).

To identify and visualize overall trends among experi-
mental groups, principal component analysis (PCA) was
performed on the autoscaled values (via Metaboanalyst)
of these 132 metabolites. As shown in Fig. 3, PC1 largely
illustrates the differences among replicates within each
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biological group. Biological differences among groups are
apparent via PC3 (9% variance) and PC2 (11.3% variance),
illustrating the emergence of substantial differences in
metabolic composition at 24h post-AKI (sham in pink, AKI
in yellow). At 7 days, the two groups cluster closer together
(sham in red, AKI in green) though with a metabolic phe-
notype distinct from the other timepoints studied.

To further characterize the data set, univariate ANOVA
(without post hoc testing) was performed for the 132 metabo-
lites and 95 were found to be significantly different among
experimental groups; these 95 metabolites are presented via
hierarchical clustering analysis (HCA; Fig. 4). Broadly speak-
ing, the HCA heat map demonstrates the following 1) 4-h
sham was associated with relative increases (identified in
red) in numerous metabolites compared to the other groups,
and 2) 24-h AKI is characterized by metabolites that are both
relatively decreased versus sham (in blue, upper portion of
heat map) as well as increased versus sham (in red, lower
portion of heatmap).

With a global overview of the metabolic changes estab-
lished, we next evaluated in detail the metabolic intermedi-
ates and pathways impacted by sham and AKI over time.

Effect of Sham and AKI on Individual Metabolite Levels

Sham versus normal.
Surgery, such as that performed in our sham cohort, is a
physiologic stress that is expected to induce a specific
metabolomic profile, as suggested by the HCA heat map
demonstrating that 4-h sham was one of the most distinct
groups. Therefore, to identify metabolites that were spe-
cifically affected by the surgical procedure itself, we com-
pared the effect of sham at 4 h, 24 h, and 7 days to normal
(ANOVA with Sidak post hoc correction). We observed the
greatest sham effect at 4 h where 35 out of 95 metabolites
(37%) were increased compared to normal, consistent
with the results from the HCA analysis. Of these metabo-
lites, 18 participate in amino acid metabolism suggestive
of a catabolic state, shifting sources of energy, or
increased protein synthesis; 12 are involved in energy
production (glycolysis, TCA cycle, pentose phosphate
pathway and purine/pyrimidine metabolism); and three
are involved in oxidative stress regulation. Five metabo-
lites were increased at 24 h, and five were increased at 7
days (Supplemental Table S2).
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Figure 1. Time course of acute kidney injury and lung inflammation. Serum creatinine (A) and BUN (B) were determined in unmanipulated wild-type male
mice (“Normal”) and in wild-type male mice at 4 h, 24h, and 7days after surgery for Sham (surgery alone) and ischemic acute kidney injury (AKI). [The se-
rum creatinine and BUN data from this cohort of mice have been previously published; 34)]. Lung CXCL1 (C) and lung MPO activity (D) were determined
in normal controls and at 4 h, 24h, and 7days after Sham and AKI. Mean ± SD; one-way ANOVA comparing sham versus AKI at each time point. n repre-
sents number of mice. Normal: n = 10, 4-h Sham: n = 10, 4-h AKI: n = 10, 24-h sham: n = 10, 24-h AKI: n = 10, 7-day sham: n =9, and 7-day AKI: n =6. BUN,
blood urea nitrogen; MPO, myeloperoxidase; NS, not significant.
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AKI versus normal.
To identify metabolites affected by AKI relative to normal,
we compared the effect of 4-h, 24-h, and 7-day AKI versus
normal (ANOVA with Sidak post hoc correction). We deter-
mined 48 metabolites out of 95 that were increased in AKI
versus normal. Thirteen of those were increased 4h after
AKI versus normal. We observed the greatest AKI affect at
24h where 20 of the 48 metabolites were increased com-
pared to normal. At 7days, 15 of 48 metabolites were
increased (Supplemental Table S3).

4-h sham and 4-h AKI.
Since 4-h sham demonstrated numerous metabolite differ-
ences that were not observed 4h after AKI, we sought to bet-
ter visualize and characterize the changes between sham
and AKI at this time point. As shown in Supplemental Fig.
S1, of the 35 metabolites that were significantly increased 4h
after sham versus normal, only 11 were also increased 4h af-
ter AKI versus normal. Since lung ATP levels were normal
4h after sham and reduced 4h after AKI, we conclude that
the increase in metabolites 4h after sham is an appropriate
metabolic response after surgical stress that is impaired dur-
ing AKI.

Sham versus AKI, Time Course of Metabolite Changes in
the Lung

To further assess whether the metabolic response to surgi-
cal stress after AKI is appropriate and assess this effect over
time the following groups were compared: 1) 4-h sham ver-
sus 4-h AKI, 2) 24-h sham versus 24-h AKI, and 3) 7-day
sham versus 7-day AKI (by ANOVA with Sidak post hoc cor-
rection). Normalized values for significant metabolites are
presented in Figs. 5–9. The metabolites are grouped into the
following broad ontologies: antioxidants (e.g., glutathione)
and metabolites involved in the oxidative stress response
(Fig. 5); amino acid and related metabolites (Figs. 6 and 7);
energy related metabolites which include carbohydrates and

related carbohydrate alcohols (Fig. 8) and purine and pyrimi-
dine metabolites (Fig. 9). Tables 1 and 2 offer a tabulated ver-
sion of metabolite changes in AKI versus sham as arranged
by time: 4h, 24h, and 7days. Below we describe the analytes
and relative changes in the patterns of each ontological
group over time.

Increased Oxidative Stress in AKI

Evidence of increased oxidative stress was present after
AKI as judged by significantly reduced levels of the antioxi-
dants glutathione and thioredoxin disulfide 24h after AKI.
Furthermore, numerous metabolites involved in glutathione
metabolism and synthesis were reduced after AKI (Fig. 5).
Specifically, glutamate (Fig. 6), Cys-Gly (Figs. 5 and 6), and
glutathione disulfide (Fig. 5) were lower in AKI levels com-
pared to sham. 5-Oxoproline, gamma-L-glutamyl-D-alanine,
and 5-L-glutamyl-glutamine (Fig. 6), demonstrated similar
reduced metabolite trends compared to sham but did not
reach statistical significance.

Alternative Energy Production

As in other tissues, oxidative phosphorylation is the pre-
dominant and preferred pathway for energy production in
the lung. Numerous stresses and injuries may interfere with
or inhibit oxidative phosphorylation, requiring alternative
sources of energy production (e.g., anerobic glycolysis, pu-
rine metabolism). In addition, alternative mechanisms of
energy metabolism may need to be employed to support
ongoing oxidative phosphorylation (e.g., anaplerosis to
replenish TCA cycle intermediates). As shown in Figs. 6–9,
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Figure 3. Differential lung metabolic phenotypes represented by principal
component analysis. Metabolites (132) were identified in the lung following
untargeted UHPLC-MS-based metabolomics analysis in unmanipulated wild-
type male mice (“Normal”) and in wild-type male mice at 4h, 24h, and 7days
after surgery for Sham (surgery alone) and ischemic acute kidney injury (AKI).
Principal component analysis was performed on these metabolites using the
Pearson (n � 1) correlation following autoscaling of the raw data in Metabo-
Analyst 5.0. PC1 largely illustrates the differences among replicates within
each biological group. Biological differences among groups are apparent via
PC3 (9% variance) and PC2 (11.3% variance), illustrating the emergence of sub-
stantial differences in metabolic composition at 24h post-AKI (sham in pink,
AKI in yellow). At 7days, the two groups cluster closer together (sham in red,
AKI in green) though with a metabolic phenotype distinct from the other time
points studied. n represents number of mice. Normal: n=5, 4-h sham: n=8, 4-
h AKI: n=9, 24-h sham: n=4, 24-h AKI: n=5, 7-day sham: n=6, and 7-day AKI:
n=5. PC, principal component; UHPLC-MS, ultra-high-pressure liquid chroma-
tography coupled to onlinemass spectrometry.
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Figure 2. ATP levels are reduced in the lung at 4 and 24h after acute kidney
injury (AKI). ATP levels were determined in the lung in unmanipulated wild-
type male mice (“Normal”) and in wild-type male mice at 4h, 24h, and 7days
after surgery for Sham (surgery alone) and ischemic acute kidney injury.
Mean ± SD; one-way ANOVA comparing Sham versus AKI at each time point,
and all groups vs. normal; �P <0.05 vs. Normal. n represents number of
mice. Normal: n=5, 4-h Sham: n=8, 4-h AKI: n=9, 24-h Sham: n=4, 24-h AKI:
n=5, 7-day Sham: n=6, and 7-day AKI: n=5. NS, not significant.
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changes in metabolite levels suggest that AKI is associated
with numerous alternative mechanisms of energy produc-
tion including increased amino acidmetabolism and anaple-
rosis; energy shifts associated with glycolysis, the TCA cycle
and pentose phosphate pathway; and increased nucleotide
metabolism.

Alternative Energy Production: Amino Acid Catabolism

At all time points, we observed altered levels of amino acids
and their metabolites. We interpret these findings as evidence
of increased metabolism and/or upregulated anaplerotic ac-
tivity to maintain ATP production through replenishing TCA

Figure 4. Hierarchical clustering analysis (HCA) of lung metabolites. HCA, with predefined sample clusters, was performed for the 95 lung metabolites
that were significantly different among groups as judged by ANOVA (without post hoc testing) to determine trends for individual metabolites among ex-
perimental groups. Each column cluster represents an experimental cohort as labeled (Normal, 4-h sham, 4-h AKI, 24-h sham, 24 -h AKI, 7-day sham, and
7-day AKI), whereas each individual column represents an experimental mouse subject (Normal: n = 10, 4-h sham: n = 10, 4-h AKI: n = 10, 24-h sham: n = 10,
24-h AKI: n = 10, 7-day sham: n =9, and 7-day AKI: n =6). Each row represents a metabolite. To the right of each row is the corresponding metabolite
name and general category. Red represents increasing metabolites whereas blue represents decreasing metabolites. The correlation metric used was
the Pearson (n� 1) correlation with an average linkage method. Two major effects are observed: 1) 4-h sham is associated with relative increases (identi-
fied in red) of numerous metabolites compared to the other groups, and 2) 24-h AKI is characterized by metabolites that are both relatively decreased
versus sham (in blue, upper portion of heat map) as well as increased versus sham (in red, lower portion of heat map). AKI, acute kidney injury.
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cycle intermediates and supporting oxidative phosphoryla-
tion. At 4h, homocarnosine was increased and S-adenosyl-L-
methionine was decreased, both are associated with amino
acid catabolism.

Strikingly, 18 of the 30 significant metabolites at 24h com-
pared to sham were amino acids or amino acid derivatives
(Tables 1 and 2). Of those, 11 were decreased compared to
sham at 24h (Figs. 6 and 7), including amino acids lysine, al-
anine, aspartate, valine and glutamate (also a glutathione
precursor), and amino acidmetabolites Cys-Gly (also a gluta-
thione precursor), phosophoserine, adrenaline, carnitine,
propanoylcarnitine, and hypotaurine.

Conversely, seven amino acid metabolites were increased
at 24h in AKI compared to sham. This included 2-aminoapi-
date, homocarnosine, putrescine, N-6-methyl-lysine, and N-
amidino-L-aspartate. Specifically, alterations in 2-aminoapi-
date and N-6-methyl-lysine, coupled with reduced lysine
metabolite levels, suggests lysine catabolism, which yields
CoA and glutamate available to enter the TCA cycle.
Increased levels of N-amidino-L-aspartate, homocarnosine
and putrescine are representative of protein catabolism.

At 7days, the amino acid metabolite N-6-methyl-L-lysine
was increased.

Alternative Energy Production: Glycolysis, TCA, and
PPP

Additional support for the upregulation of alternative and
supplemental energy metabolism was evidenced by metabo-
lite alterations in glycolysis, TCA and PPP pathways.

At 4 h, 2-hydroxyglutarate/citralamate and malate (TCA
cycle), lactate (glycolysis), D-ribitol-5-phosphate (PPP) were
reduced.

At 24h, upregulation of alternate sources of ATP were
evidenced by increased levels of D-glucose (intermediate
in glycolysis) and D-ribose and L-arabinose (intermediates
in PPP). Vitamin B6 is an essential cofactor in multiple
energy-related reactions. Two vitamin B6 metabolites
were altered at 24h compared to sham. Specifically, 4-pyr-
idoxate (pyridoxic acid) was increased, and pyridoxamine
was decreased. Higher pyridoxic acid and lower pyridox-
amine measurements are indicative of vitamin B6
catabolism.
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increased oxidative stress. Data are metabolites detected by untargeted UHPLC-MS-based metabolomics analysis that were determined in unmanipu-
lated male wild-type mice (“Normal”) and in wild-type male mice at 4 h, 24h, and 7days after surgery for sham (surgery alone) and ischemic acute kidney
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At 7days, D-ribose and L-arabinose (PPP metabolites) and
pantothenate (vitamin B5 metabolite essential in synthesis
of CoA for TCA cycle) were increased.

Alternative Energy Production: Nucleotide Metabolism

Nucleotide metabolism can be associated with ATP deple-
tion and efforts to replenish it through alternate routes. At 4
and 24h, allantoin, an end product of purine metabolism
and known marker of oxidative stress, was increased.
Additionally, known constituents of ATP, adenine and aden-
osine, were decreased at 4h. We interpret decreased adenine
and adenosine values to be evidence of their depletion due
to ATP regeneration. Finally, 5, 6-dihydrothymine (a pyrimi-
dine metabolite) was increased at 24h and 7days compared
to sham.

Pathway Analysis

In further support of upregulated utilization of alternative
energy sources, pathway analysis demonstrated PPP enrich-
ment at all time points in AKI compared to sham. Lysine
degradation pathways, supportive of anaplerotic reactions
for upregulated TCA activity, were enriched at 24 h. Finally,
starch and sucrose metabolism were enriched 7days post
AKI (Table 3).

Comparison of Lung Metabolic Findings to the Kidney,
Plasma, and Heart

Metabolite analysis of kidney, plasma, and heart from this
cohort was previously determined and those data have been
published (34). Therefore, we assessed whether there were
similarities between the metabolomics findings in the lung

compared to the kidney, plasma, or heart. Globally, there
were some similarities and evidence of increased oxidative
stress and a shift to alternative energy production were also
present in the kidney, plasma, and heart. That said, the
derangements in specific metabolites had minimal overlap,
as shown in Supplemental Tables S4–S7 in which signifi-
cantly changed metabolites in the lung, kidney, plasma, and
heart are compared. As an example, 24h after AKI, 24metab-
olites were increased in the heart and 14 were increased in
the lung, but only five of these metabolites were common to
both organs. Thus, although AKI is associated with global
systemic metabolic effects that are similar among organs,
the metabolic phenotype of each organ is distinct.

DISCUSSION

Clinically, AKI is associated with numerous respiratory
complications that includes increased risk of respiratory fail-
ure requiring mechanical ventilation and prolonged weaning
(10). Animal models of AKI have provided substantial insight
into the effects of AKI on the lungs and demonstrated that
AKI-mediated lung injury is characterized by lung inflamma-
tion, apoptosis, increased capillary leak, and dysregulation of
salt and water channels (10). To date, however, the effect of
AKI on oxidative stress, metabolism, and energy production
had not been examined. In the present report, we performed
lung metabolomics assessment and examined lung energy
production after ischemic AKI in mice. Numerous novel find-
ings regarding the effect of AKI on the lung were observed
including 1) increased oxidative stress, 2) evidence of a shift
toward alternate methods of energy production, and 3)
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depleted levels of ATP. The findings in this report bring to
light novel characteristics of AKI-mediated lung injury, pro-
vide new leads into the mechanisms by which AKI in patients
predisposes to pulmonary complications, and lend additional
insight into the complex systemic nature of AKI in general.

The effects of AKI on the lungs have been widely studied in
animal models (8, 43, 44) and like other causes of indirect
lung injury, AKI-mediated lung injury is associated with lung
inflammation and characterized by increased levels of lung
cytokines, chemokines, and neutrophils (33, 37, 45, 46) that
are present by 4h post-AKI. 24h after AKI, T cell accumula-
tion (47) and various forms of cell death including necroptosis
(48), parthanatos (48), and apoptosis (49) are present. In the
present study, the inflammatory nature of lung injury after
AKI was confirmed by assessing levels of the neutrophil

chemokine CXCL1 as well as lung MPO activity (a marker of
lung neutrophils) which were increased by 4h post-AKI.
Unlike models of direct lung injury, AKI-mediated lung injury
is not characterized by significant epithelial injury and the al-
veolar space (as judged by histology and analysis of BAL fluid)
is relatively devoid of inflammatory cytokines and neutro-
phils, which is similar to other indirect models of lung injury;
pulmonary edema is generally present, and elevated levels of
BAL fluid protein are variably reported.

Whether the increased oxidative stress, changes in energy
metabolism, and reduced ATP production observed in the
present study are due to the inflammatory nature of AKI-
mediated lung injury is unresolved. A variety of models of
lung inflammation are also associated with increased oxida-
tive stress and reduced ATP levels and includes the direct
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injury models of intratracheal (IT) TNF-a, IT lipopolysaccha-
ride (LPS), influenza, cigarette, and smoke exposure and
indirect models of sepsis (e.g., cecal ligation and puncture),
intraperitoneal LPS, and intestinal ischemia reperfusion
injury. Since neutrophil accumulation and activation is a
major source of ROS and ROS accumulation can directly in-
hibit mitochondrial function (50), future investigation of the
role of neutrophil accumulation on ROS, energy metabolism,
and ATP production levels merits investigation.

AKI is associated with an increase in numerous circulat-
ing factors which could potentially play a role in affecting
lung energy metabolism. In particular, we have demon-
strated that the proinflammatory cytokine IL-6 is a major
mediator of lung inflammation post-AKI. The rise in IL-6
post-AKI is multifactorial and related to surgical stress,
increased renal and extra-renal production, increased pro-
duction by macrophages, and decreased renal clearance
(51, 52).

IL-6 is increased in the plasma as early as 2h after AKI in
patients (11) andmice (37) andmethods to inhibit IL-6 inmu-
rine models result in reduced lung inflammation post-AKI
(41, 53). Specifically, we have shown that IL-6 mediates up-
regulation of the neutrophil chemokine CXCL1 which

promotes lung neutrophil accumulation; methods to inhibit
IL-6 are associated with reduced lung CXCL1 and lung neu-
trophils (33); inhibition of CXCL1 function using CXCR2-defi-
cient mice and anti-CXCL1 antibodies protected against lung
neutrophil accumulation (54), highlighting the role of CXCL1
in mediating lung inflammation after AKI (CXCR2 is a recep-
tor for CXCL1). In addition to its role inmediating inflamma-
tion, IL-6 plays a role in energy metabolism by promoting
glucose metabolism (55). Other systemic consequences of
AKI besides proinflammatory effects might explain the
change in energy metabolism post-AKI. Although not
assessed, tubular injury and necrosis associated with renal
ischemia reperfusion leads to the elaboration and release of
numerous danger-associated molecular patterns (DAMPs)
such as histones which are knownmediators of AKI-induced
lung injury (48). In addition, AKI is characterized by the
accumulation of numerous metabolites and uremic toxins
which could potentially have deleterious effects on lung
energymetabolism.

In a previously published study, we reported the metabo-
lomics findings in this same cohort of mice in the kidney,
plasma, and heart (34) and found evidence of increased oxi-
dative stress, and evidence of alternative energy production
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in the kidney, plasma, and heart. Notably, amino acid defi-
ciency was present in all three compartments, and lower lev-
els of glutathione were noted in the plasma and heart; in the
present study, we found that certain amino acids and gluta-
thione were also reduced in the lung. Lower levels of ATP
were also noted in the heart after AKI. Thus, it is possible
that energy substrate deficiency and increased oxidative
stress lead to impaired ATP production in both the lung and
heart after AKI. Regardless of the cause, it may be said that
AKI is systemically associated with increased oxidative
stress, amino acid depletion, and altered energy production
which is associated with reduced levels of ATP in both the
heart and lung. Of note, even though certain overall changes
in energy metabolism were similar between the heart and
lung, it is important to note the specific changes in metabo-
lites in these organs was distinct, thus highlighting the com-
plex systemic effects of AKI in general, and on energy
metabolism in particular.

In the present study, the evidence of increased oxidative
stress in the lung after AKI was most notably apparent with
regard to the lower levels of cellular glutathione pools.
Glutathione depletion is a hallmark of increased oxidative
stress. As a potent ROS scavenger, glutathione is critically im-
portant in normal lung homeostasis and protection against
ROS mediated lung injury. Whether glutathione depletion is a
result of increased glutathione utilization (e.g., glutathionyla-
tion of proteins, which is used as amechanism to protect redox
sensitive protein cysteine from being irreversibly overoxidized)
or impaired synthesis or another mechanism is unknown, and
a future line of investigation. Regardless of cause, glutathione
depletion is a well-described consequence of numerous lung
injuries that includes sepsis, IT LPS, cigarette smoke, and infec-
tions. In patients, lung glutathione depletion has been associ-
ated with increased susceptibility to and severity of ARDS. For
example, patients who chronically abuse alcohol have reduced
levels of lung glutathione and have both increased incidence
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Figure 9. Purine and pyrimidine metabolites are affected in the lung after acute kidney injury (AKI). Metabolites involved in purine and pyrimidine metabo-
lism including the purine nucleobases guanine (A) and adenine (B), purine metabolites (C–F), and pyrimidine metabolites (G and H) were affected in the
lung at 4h, 24h, and/or 7days after sham and/or AKI. Data are metabolites detected by untargeted UHPLC-MS-based metabolomics analysis that were
determined in unmanipulated male wild-type mice (“Normal”) and in wild-type male mice at 4h, 24h, and 7days after surgery for Sham (surgery alone) and
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and severity of ARDS (56). Thus, depletion of lung glutathione
levels during AKI is a biologically plausible mechanism to
explain the increased susceptibility and severity of pulmonary
complications in patients with AKI.

In the present study, evidence of the upregulation of alterna-
tive energy sources was substantial and included changes in
amino acid levels, the TCA cycle, glycolysis, PPP and nucleo-
tide metabolism. AKI is often described as a hypercatabolic
state, which is particularly evident in our study since the
depletion of amino acids and changes in amino acid metabo-
lites was observed in the lung at all time points. Amino acid
depletion may be a result increased metabolism in order to
supply nitrogen, which is known to be affected in AKI (57).
Altered amino acids andmetabolite levelsmay also suggest up-
regulation of anaplerosis, which provides carbons from amino
acids to the TCA cycle to replenish or maintain ATP levels.
Pathway enrichment analysis demonstrating lysine degrada-
tion further supports the notion of increased TCA cycle activity
and upregulation of alternative sources of ATP generation dur-
ing AKI. Lysine degradation itself yields glutamate and termi-
nates into acetyl-CoA, of which both are primary contributors
to the TCA cycle. Pathway enrichment analysis also demon-
strated that the PPP was upregulated at all time points after
AKI. Although not nearly as efficient as oxidative phosphoryla-
tion, the pentose phosphate pathway does lead to the genera-
tion of ATP. Of note, activation of the PPP could also be an
effort to increase reducing equivalents in the form of NADPH

to increase supply of reduced glutathione. Conversion of oxi-
dized glutathione (GSSG) to the reduced form (GSH) requires
NADPH, a cofactor for glutathione reductase which facilitates
this reaction. The reduced form of glutathione (GSH) is the
form that functions as an antioxidant. Thus, activation of the
PPPmarks a response to cellular oxidation as is known in other
cell types (58). Finally, increased nucleotide metabolism is
commonly associated with ATP depletion and efforts to
replenish it via alternate energy pathways. As known constitu-
ents of ATP, we hypothesize adenosine and adenine were
depleted as a result of their use in ATP regeneration. In sum,
the effect of AKI on energy metabolism suggest that AKI has
an adverse effect on oxidative phosphorylation resulting in the
use of other energy pathways to generate ATP.

Limitations

Although our study has several strengths, including the
sample size (n = 10) which is within the accepted group size
based on recent peer literature of animal-based metabolo-
mics studies (59–62), there are a number of limitations that
are important to mention. First, drop-out was observed in
the 7-day sham and 7-day AKI groups. However, in this pres-
ent study, we consider this to be a minor limitation, as we
focus the majority of our conclusions and discussion on the
changes at 4 and 24 h. Second, the study design was explora-
tory in nature to identify metabolites that are altered in
response to AKI. Third, metabolite levels reported reflect

Table 1. Metabolites decreased in AKI compared to sham at 4 h and 24 h

Metabolites Decreased in AKI Associated Metabolic Pathway Fold Change� Sham vs. AKI P Value��

4h
2-Hydroxyglutarate/citralmalate TCA 0.69 <0.0001
D-Ribitol 5-phosphate Pentose phosphate pathway 0.53 0.003
S-adenosyl-L-methionine Amino acid metabolite 0.58 0.006
Lactate Glycolysis 0.71 0.01
Adenine Purine derivative 0.83 0.02
Adenosine Purine derivative 0.69 0.03
Malate TCA cycle 0.65 0.04
Glutathione disulfide Glutathione homeostasis 0.44 0.05
Gamma-L-glutamyl-D-alanine Glutathione homeostasis 0.42 0.05
Leucine/Isoleucine Amino acid 0.62 0.06
Nicotinamide Purine metabolite 0.68 0.07
Guanine Purine nucleobase 0.67 0.07
5-Oxoproline Glutathione homeostasis 0.70 0.08
5-L-glutamyl-glutamine Glutathione homeostasis 0.63 0.09
Uracil Pyrimidine metabolism 0.75 0.09

24h
Adrenaline Amino acid metabolite 0.50 0.0005
Glutamate Amino acid 0.56 0.0005
Thioredoxin disulfide Thioredoxin metabolism/Antioxidant 0.78 0.0006
Carnitine Organic acid/Amino acid detoxification 0.55 0.002
Lysine Amino acid 0.69 0.003
Alanine Amino acid 0.57 0.004
Glutathione (GSH) Glutathione homeostasis/Antioxidant 0.53 0.005
Valine Amino acid 0.53 0.005
Aspartate Amino acid 0.60 0.006
Hypotaurine Amino acid metabolite 0.41 0.006
Phopshoserine Amino acid metabolite 0.45 0.02
Cys-Gly Glutathione synthesis 0.59 0.02
Propanoylcarnitine Organic acid/Amino acid catabolism 0.54 0.02
Tyrosine Amino acid 0.57 0.03
Pyridoxamine Vitamin B6 metabolism 0.74 0.04
Guanine Purine nucleobase 0.72 0.07
Guanosine Purine metabolite 0.59 0.08

AKI, acute kidney injury. �Based on median value for peak area. ��ANOVA with Sidak multiple comparison test of autoscaled data.
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steady state levels that are the cumulative effect of numer-
ous interconnected pathways. Therefore, definitive assess-
ment of substrate sources for key metabolites and metabolic
pathways requires additional focused experimentation.
Finally, since whole lung was examined, the contribution of
individual cell types to changes in energy metabolism is
unknown and blood contamination might potentially affect
results (although the distinct energy phenotype of the lung
versus the kidney and heart argues against this possibility).
Thus, these studies are hypothesis generating, serving as a
platform for future inquiry. Raw datasets are available for
review upon request.

Conclusions

AKI is a complex, systemic disease associatedwith increased
mortality that is likely a consequence of deleterious multi-
organ effects. The effect of AKI on the lung is particularly con-
sequential. This is the first study of energy metabolism in the

lung after AKI and our findings demonstrate evidence of
increased oxidative stress, the use of alternative energy sour-
ces, and ATP depletion. We suggest that these metabolic dis-
turbances are plausible mechanisms to explain the increased
incidence of pulmonary complications that occur in patients
with AKI. The data in this report add novel information to the
growing literature demonstrating the adverse effects of AKI on
the lung.
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