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Introduction: Mesoamerican nephropathy (MeN) is a chronic kidney disease (CKD) which may be caused

by recurrent acute kidney injury (AKI). We investigated urinary quinolinate-to-tryptophan ratio (Q/T), a

validated marker of nicotinamide adenine dinucleotide (NADþ) biosynthesis that is elevated during

ischemic and inflammatory AKI, in a sugarcane worker population in Nicaragua with high rates of MeN.

Methods: Among 693 male sugarcane workers studied, we identified 45 who developed AKI during the

harvest season. We matched them 1:1 based on age and job category with 2 comparison groups: (i) “no

kidney injury,” active sugarcane workers with serum creatinine (sCr) <1.1 mg/dl; and (ii) “CKD,” in-

dividuals no longer working in sugarcane due to their CKD, who had additional 1:1 matching for sCr. We

measured urine metabolites using liquid chromatography coupled tandem mass spectrometry (LC-MS/

MS) and compared Q/T and other metabolic features between the AKI and comparison groups.

Results: Urine Q/T was significantly higher in workers with AKI than in those with no kidney injury (median

interquartile Range [IQR]: 0.104 [0.074–0.167] vs. 0.060 [0.045–0.091], P < 0.0001) and marginally higher

than in workers with CKD (0.086 [0.063–0.142], P ¼ 0.059). Urine levels of the NADþ precursor nicotin-

amide were lower in the AKI group than in comparison groups.

Conclusion: Workers at risk for MeN who develop AKI demonstrate features of impaired NADþ biosyn-

thesis, thereby providing new insights into the metabolic mechanisms of injury in this population. Ther-

apeutic use of oral nicotinamide, which may ameliorate NADþ biosynthetic derangement and fortify

against kidney injury, should be investigated to prevent AKI in this setting.
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M
eN is a nondiabetic nonhypertensive syndrome
of CKD characterized by high familial concor-

dance, minimal proteinuria, hyperuricemia, and
nonspecific biopsy findings demonstrating tubular
injury with ischemic features and mononuclear cellular
inflammation.1-3 MeN is a subset of a broader category
of CKD epidemics in other regions around the world
variably termed CKD of uncertain cause or CKD of
nontraditional cause which share many epidemiologic
and histopathologic features. It is a devastating
Kidney International Reports (2024) 9, 2250–2259
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epidemic in Mesoamerica, with studies showing a
prevalence of disease as high as 40% in certain high
risk areas.4,5 Those at highest risk for MeN are typi-
cally men, aged 20 to 50 years, who do strenuous
agricultural work or other outdoor labor along the
Pacific coast of Mesoamerica; sugarcane workers appear
to be at particular risk for disease.5-9 Affected people
are frequently vulnerable: low income and from areas
with limited health care infrastructure.10

Research to date suggests that recurrent heat stress
contributes to the development and progression of
MeN.1,5,11-13 Heat stress may not be the only important
risk factor, and may potentiate other harmful expo-
sures such as agrichemicals, heavy metals, or envi-
ronmental nephrotoxins.4 The natural history of the
disease may involve repeated AKI episodes leading to
eventual development of chronic damage.14-17 Studies
have demonstrated that a dose response relationship
may exist between heat stress, AKI, and progressive
chronic disease development, with interventions to
reduce heat stress functioning to protect against both
AKI and subsequent MeN development.11,18

Our current understanding of injury mechanisms in
MeN development derives from biopsy data, animal
models, biochemical analysis, and limited metabolomic
data. Biopsies show features consistent with ischemic
injury and interstitial inflammation, which may
represent either a primary or reactive process.2,14 An-
imal models of heat stress induced kidney injury show
similar evidence of ischemic changes and kidney
interstitial inflammation.19,20 Increased markers of
systemic inflammation have been linked with kidney
injury in a population at high risk for MeN.21,22 Urine
metabolomics and serum proteomics of individuals
engaged in high risk sugarcane harvest and seed cut-
ting have identified features consistent with inflam-
mation and altered energy metabolism, possibly in the
context of increased gut permeability.23,24

Ischemic and/or inflammatory injury to the kidney
is characterized by deranged biosynthesis of NADþ,
which may play an important role in the pathophysi-
ology of injury.25-27 NADþ biosynthetic derangement
is also present in chemotoxic and crystalline AKI, and
in pathophysiologic processes related to CKD develop-
ment.28-30 NADþ is an essential coenzyme linking
glycolysis and the tricarboxylic acid cycle with the
mitochondrial electron transport chain. It participates
in cellular repair and immunomodulation. NADþ can
be rate limiting for normal oxidative metabolism, and
deficiency may impair organ function.27,31

Biosynthesis of NADþ occurs along 3 primary
pathways: the de novo, salvage, and Preiss-Handler
pathways. Flux along the de novo pathway of NADþ
Kidney International Reports (2024) 9, 2250–2259
biosynthesis may be particularly susceptible to
stressors that trigger AKI.26,32 Previous work has
shown that the ratio of quinolinate, a de novo pathway
intermediary, to its precursor tryptophan may serve as
a useful biomarker of NADþ biosynthetic derange-
ment. Because the only established metabolic fate for
quinolinate is subsequent conversion to NADþ, uri-
nary spillage of quinolinate constitutes a 1:1 molar loss
of NADþ forming equivalents from the body. Under
conditions of kidney stress, the ratio of Q/T increases,
initially as tryptophan is converted to quinolinate to
accelerate NADþ generation through the de novo
pathway, and then subsequently as quinolinate phos-
phoribosyltransferase activity is impaired due to
ischemic, inflammatory, or toxic signals.25,26,33 Altered
urinary Q/T has been validated as a reliable biomarker
of NADþ biosynthetic derangement and AKI in mul-
tiple contexts, including cardiac bypass surgery,
coronavirus-19 infection, and vascular surgery.26,34-36

In this study, we used targeted metabolomics to
evaluate the presence of NADþ biosynthetic derange-
ment among Nicaraguan sugarcane workers who
developed AKI during the harvest season. We hy-
pothesized as follows: that (i) urine Q/T would be
higher in workers who developed AKI than in those
who maintained intact kidney function, reflecting
NADþ biosynthetic derangement characteristic of
ischemic and/or inflammatory kidney tubular injury;
(ii) levels of other urine metabolites associated with
altered NADþ metabolism would differ, in a manner
complementary to Q/T findings, between individuals
developing or not developing AKI; and (iii) comparison
between workers with AKI and former workers with
established CKD matched on age and sCr would
demonstrate that differential metabolic features asso-
ciated with AKI were not solely a reflection of differ-
ences in kidney filtration.

METHODS

Ethics

This study was approved by the institutional review
boards at the Nicaraguan Ministry of Health and Bos-
ton University Medical Center (approval numbers NIC-
MINSA/Centro Nacional de Diagnóstico y Referencia
CIRE-17/02/14-048.ver2 and H-32414, respectively).
The work described here was carried out in accordance
with the Declaration of Helsinki. Individual informed
consent was obtained from all participants.

Study Population

This is a matched case control study nested within an
ongoing multiyear parent case control study designed
to investigate genetic factors driving the development
2251
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of MeN. The parent case control study recruited men
working in sugarcane agriculture in Nicaragua who
either had already developed (“cases,” n ¼ 366) or had
not developed (“controls,” n ¼ 327) CKD consistent
with MeN as of October 2014, the beginning of the
2014 to 2015 sugarcane harvest season. Briefly, these
were all men working in sugarcane in a high-MeN-
prevalence region of Nicaragua who did not have dia-
betes, essential hypertension, or other alternative po-
tential causes of CKD. Cases had sCr values $ 1.3 mg/dl
on repeated measures at least 6 months apart, whereas
controls had sCr values < 1.3 mg/dl. Case and control
status was further adjudicated by the parent study
principal investigator based on a review of the entire
medical record. Additional details of the parent study
from which this study was derived have been
described previously in the literature.17,23

Among the participants recruited as controls for the
original study who were visited between March and
April 2015 for laboratory value measurement, 45 in-
dividuals had developed a rise in sCr by >0.3 mg/dl
from their October 2014 value to a value $ 1.3 mg/dl,
which is consistent with a change in sCr meeting
Kidney Disease Improving Global Outcomes AKI
criteria.37 For this study, all 45 individuals were
designated as the “AKI” group. We next selected a
primary comparison group for this study, the “no
kidney injury (NoKI)” group, from among the controls
in the original study with sCr # 1.1 and no rise in sCr
sufficient to meet the criteria for the AKI group. In-
dividuals comprising the NoKI group were matched
1:1 with the AKI group on age and most recent sug-
arcane industry job function during the 2014 to 2015
harvest season, with matching for number of years
worked in sugarcane agriculture used as a tiebreaker
when necessary. We then selected a secondary com-
parison group for this study, the “CKD” group, from
among the cases in the parent study; these individuals
are former sugarcane workers who were no longer
working at the time of data collection because of their
CKD status. Individuals comprising the CKD group
were matched 1:1 with the AKI group on age and sCr,
with matching for the most recent type of job worked
within sugarcane used as a tiebreaker when necessary.
This group was chosen specifically to assess reverse
causality by providing a comparator with similar
kidney function but a different disease state, in order
to determine whether the association between metab-
olite levels and kidney disease state was driven by
altered clearance of metabolites or by actual metabolic
differences. Individuals with diabetes or other known
causes of CKD were excluded. A flow diagram
depicting study participant selection is shown in
Supplementary Figure S1.
2252
Data and Specimen Collection

SCr values from October 2014 were obtained from the
sugarcane company which employed and routinely
screened participating workers at the beginning of the
harvest season. These values were measured using a
modified alkaline picrate method (traceable to isotope-
dilution mass spectrometry reference standards; Dia-
lab, Austria). Subsequent sCr values used to determine
“AKI group” status were measured from blood speci-
mens collected from participants by our team between
March and April 2015. sCr and urine creatinine ana-
lyses for these specimens were conducted at the Centro
Nacional de Diagnóstico y Referencia, the central lab-
oratory of the Nicaraguan Ministry of Health, using a
rate blanked compensated kinetic alkaline picrate
method (traceable to isotope-dilution mass spectrom-
etry reference standards). Serum sodium and potassium
were measured using the Roche AVL 9180 electrolyte
analyzer. Additional laboratory testing, including
other serum electrolytes and uric acid, was done using
the Cobas Integra 400 Plus (Roche Diagnostics Inter-
national Ltd). Demographic, medical, and occupational
history data were obtained from questionnaires. Dia-
betes was defined by self-report or based on a non-
fasting serum glucose level > 200 mg/dl during
baseline laboratory assessment. Portions of blood and
urine specimens not analyzed immediately following
collection were designated for further biochemical
analysis and were stored at �80 oC at Beth Israel
Deaconess Medical Center until analysis for this study.

Targeted Mass Spectrometry

We analyzed the metabolite content of urine speci-
mens using LC-MS/MS at the mass spectrometry core
at Beth Israel Deaconess Medical Center. To prepare
each urine specimen for analysis,38 we added 800 ml
methanol to 200 ml urine and incubated the resulting
solution for 6 to 8 hours at �80 oC. Samples were then
dried using a SVC100H SpeedVac Concentrator
(Savant) and then resuspended in 20 ml HPLC grade
water. Five to 7 ml were injected and analyzed using a
hybrid 6500 QTRAP triple quadrupole mass spec-
trometer (AB/SCIEX) coupled to a Prominence UFLC
HPLC system (Shimadzu) via selected reaction moni-
toring of a total of 300 endogenous water soluble
metabolites for steady state analyses of samples. Some
metabolites were targeted in both positive and nega-
tive ion mode for a total of 311 selected reaction
monitoring transitions using positive/negative ion
polarity switching. ESI voltage was þ4950 V in posi-
tive ion mode and �4500 V in negative ion mode. The
dwell time was 3 ms per selected reaction monitoring
transition and the total cycle time was 1.55 seconds.
Approximately 9 to 12 data points were acquired per
Kidney International Reports (2024) 9, 2250–2259



Table 1. Primary and secondary hypotheses
Outcome AKI vs. NoKI AKI vs. CKD

Primary

Urine quinolinate-to-tryptophan ratio [

Secondary

Urine quinolinate-to-tryptophan ratio [

Urine nicotinamide Y Y

Urine methylnicotinamide Y Y

Urine kynurenic acid-to-tryptophan ratio [ [

Arrows indicate when values are hypothesized to be higher ([) or lower (Y) in the acute
kidney injury (AKI) group than in either the no kidney injury (NoKI) or chronic kidney
disease (CKD) comparison group.
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detected metabolite. Samples were delivered to the
mass spectrometer via hydrophilic interaction chro-
matography using a 4.6 mm i.d � 10 cm Amide
XBridge column (Waters) at 400 ml/min. Gradients
were run starting from 85% buffer B (HPLC grade
acetonitrile) to 42% B from 0 to 5 minutes, 42% B to
0% B from 5 to 16 minutes, 0% B was held from 16 to
24 minutes, 0% B to 85% B from 24 to 25 minutes, and
85% B was held for 7 minutes to re-equilibrate the
column. Buffer A was composed of 20 mm ammonium
hydroxide/20 mm ammonium acetate (pH ¼ 9.0) in
95:5 water:acetonitrile. Peak areas from the total ion
current for each metabolite selected reaction moni-
toring transition were integrated using MultiQuant
v3.0.2 software (AB/SCIEX). All paired specimens
were analyzed in the same batch. Levels of each
metabolite obtained were LC-MS/MS peak area under
curve values rather than absolute concentrations.

Data Processing and Statistical Analysis

Values for each metabolite were divided by the urine
creatinine value measured at Centro Nacional de Diag-
nóstico y Referencia to obtain a urine creatinine cor-
rected level. Two participants were missing Centro
Nacional de Diagnóstico y Referencia measured urine
creatinine values, so we imputed their urine creatinine
from their LC-MS/MS-based urine creatinine value us-
ing the equation: log (measured creatinine in mg/dl) ¼
8.043 � 10�10 � (LC-MS/MS creatinine in area under
curve) þ 0.1885, which in turn was derived from the
relationship between LC-MS/MS creatinine and
measured creatinine in the rest of the data set. Missing
values for individual metabolites were assumed to be
below the threshold of detection using our LC-MS/MS
protocol and imputed as one-fifth the minimum value,
after creatinine correction, for that feature across all
groups.39,40 The number of individuals in each group
with missing values for each metabolite studied is pre-
sented in Supplementary Table S1; no individuals were
missing quinolinate or tryptophan.

Primary and secondary outcome variables, along with
specific hypotheses for each comparison, are shown in
Table 1. For primary and secondary analyses, metabolite
levels were compared using the nonparametric Wil-
coxon Signed Rank Test due to nonnormal data distri-
butions; and 95% confidence intervals (CIs) calculated
reflect the median difference between a sample from the
AKI group and a sample from the comparison (either
NoKI or CKD) group. In order to identify broad patterns
of change in NADþ biosynthetic pathways, we subse-
quently compared levels of all measured metabolites
involved in the salvage, de novo, and Preiss-Handler
pathways using the Wilcoxon Signed Rank Test, with
statistical significance threshold set at P < 0.05. For
Kidney International Reports (2024) 9, 2250–2259
Table 2 analyses, we used a paired t test to compare
continuous variables between groups, and McNemar’s
test to compare job discordance between pairs with job
categorized as either sugarcane harvest cutter or any
other job. Analyses were conducted using R v. 4.3.0
(the R Foundation for Statistical Computing, version
4.3.0, https://www.r-project.org/).

RESULTS

Demographic and basic laboratory features of partici-
pants in each group are shown in Table 2. The differ-
ence in age between AKI and CKD groups was
statistically significant, but with a magnitude of less
than 1 year. Sugarcane harvest cutting was the most
recent occupation for a higher proportion of partici-
pants in the AKI group than the CKD group. The
number of years worked in sugarcane were similar
across groups. sCr and urea nitrogen levels were higher
in the AKI group than in the NoKI group and were
similar to levels in the CKD group. Serum uric acid
levels and urine protein-to-creatinine ratio were higher
in the AKI group than in the NoKI group, but lower
than in the CKD group.

Primary Outcome: Urine Q/T Between AKI and

NoKI Groups

Urine Q/T ratio was significantly higher in the AKI
than in the NoKI group (Median [IQR] ¼ 0.104 [0.074–
0.167] vs. 0.060 [0.045–0.091], P < 0.0001, 95% CI of
difference ¼ 0.030–0.082; Figure 1).

Secondary Outcome: Comparison of

Preselected Urine Metabolites Between AKI and

NoKI or CKD Groups

Urine Q/T was marginally higher in the AKI group than
in the CKD group (Median [IQR] ¼ 0.104 [0.074–0.167]
vs. 0.086 [0.063–0.142], P ¼ 0.059, 95% CI of
difference ¼ �0.0005 to 0.054; Figure 1).

Comparison of other prespecified urine metabolite
levels between AKI and each of NoKI and CKD groups is
shown in Figure 2. Urine nicotinamide was lower in the
AKI group (median [IQR] ¼ 4.9 � 104 [4.2 � 104 – 6.1 �
2253
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Table 2. Demographic and baseline laboratory values of comparison groups
Variable AKI (n [ 45) NoKI (n [ 45) AKI -- NoKI P CKD (n [ 45) AKI -- CKD P

Age in yr, mean (SD) 37.0 (7.3) 37.0 (7.3) 0.0 (0.5) 0.74 36.1 (5.7) 0.9 (2.8) 0.044

Most recent job within sugarcane, n (%)

Harvest cutter 37 (82) 34 (76) 0.37 11 (24) < 0.0001

Seed cutter 5 (11) 6 (13) 6 (13)

Weeder 2 (4) 0 (0) 8 (18)

Pesticide applicator 0 (0) 1 (2) 1 (2)

Irrigator 1 (2) 4 (9) 11 (24)

Other 0 (0) 0 (0) 8 (18)

Years worked in sugar cane, mean (SD) 12.8 (6.7) 13.2 (5.1) �0.4 (5.5) 0.59 12.0 (4.9) 0.8 (5.9) 0.37

Serum creatinine in mg/dl, mean (SD) 1.68 (0.38) 0.87 (0.13) 0.81 (0.41) < 0.0001 1.68 (0.38) 0.00 (0.022) 0.95

Serum urea nitrogen in mg/dl, mean (SD) 35.6 (7.1) 22.1 (6.2) 13.5 (9.4) < 0.0001 36.0 (9.5) �0.3 (1.3) 0.81

Serum uric acid in mg/dl, mean (SD) 7.84 (1.41) 5.68 (1.11) 2.15 (1.70) < 0.0001 8.65 (1.78) �0.81 (2.26) 0.02

Serum sodium in mEq/l, mean (SD) 134.7 (3.7) 135.2 (2.8) �0.5 (4.1) 0.43 135.3 (2.5) �0.7 (4.4) 0.30

Serum potassium in mEq/l, mean (SD) 4.3 (0.5) 4.1 (0.5) 0.2 (0.7) 0.035 4.6 (1.0) �0.3 (1.3) 0.10

Serum chloride in mEq/l, mean (SD) 99.9 (3.7) 100.5 (2.7) �0.6 (4.6) 0.39 103.3 (2.8) �3.4 (4.4) < 0.0001

Serum calcium in mg/dl, mean (SD) 9.15 (0.46) 9.17 (0.47) �0.03 (0.52) 0.72 9.46 (0.53) �0.31 (0.74) 0.007

Serum magnesium in mg/dl, mean (SD) 1.88 (0.24) 1.96 (0.20) �0.08 (0.33) 0.09 1.80 (0.27) 0.08 (0.38) 0.18

Serum phosphate in mg/dl, mean (SD) 3.35 (0.55) 3.29 (0.46) 0.06 (0.75) 0.59 3.57 (0.59) �0.21 (0.90) 0.12

Urine protein-to-creatinine ratio in g/g, mean (SD) 0.087 (0.071) 0.061 (0.048) 0.026 (0.074) 0.02 0.30 (0.55) �0.21 (0.56) 0.02

Data shown are values for each of the acute kidney injury (AKI), no kidney injury (NoKI), and chronic kidney disease (CKD) groups. The “AKI – NoKI and “AKI – CKD” columns represent
the mean difference in values for continuous variables or the number (and percentage) of discordant pairs for categorical variables between AKI and NoKI or CKD groups, respectively.
P values describe the comparison between the AKI and each of the NoKI and CKD groups.
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104]) than in either of the NoKI (median [IQR] ¼ 6.7 �
104 [5.5 � 104 – 10.6 � 104], P ¼ 0.0002, 95% CI of
difference ¼ �3.6 � 104 to �1.0 � 104) and CKD (me-
dian [IQR] ¼ 8.9 � 104 (5.9 � 104–12.2 � 104), P <
0.0001, 95% CI of difference ¼ �6.0 � 104 to �2.1 �
104) groups. Urine methylnicotinamide was lower in the
AKI group (median [IQR] ¼ 12.8 � 103 [9.6 � 103–
34.6 � 103]) than either of the NoKI (median [IQR] ¼
35.1 � 103 [18.0 � 103–77.1 � 103], P ¼ 0.018, 95% CI
of difference ¼ �41.2 � 103 to �3.8 � 103) and CKD
(median [IQR] ¼ 33.2 � 103 [17.9 � 103–67.0 � 103],
Figure 1. Urine quinolinate to tryptophan (Q/T) ratio among kidney
injury groups. Q and T are expressed in units of liquid chromatog-
raphy - tandem mass spectrometry peak area under curve (AUC)
AKI, acute kidney injury group; CKD, chronic kidney disease; NoKI,
no kidney injury.

2254
P ¼ 0.021, 95% CI of difference ¼ �28.2 � 103

to �2.8 � 103) groups. Urine kynurenic acid-to-
tryptophan ratio (KynA/T) was higher in the AKI
group than the NoKI group (Median [IQR] ¼ 0.044
[0.032–0.060] vs. 0.034 [0.022–0.047], P ¼ 0.035, 95% CI
of difference ¼ 0.0007–0.022). Urine KynA/T did not
differ between AKI and CKD groups (median [IQR] ¼
0.044 [0.032–0.060] vs. 0.043 [0.029–0.068], P ¼ 0.75,
95% CI of difference ¼ �0.018 to 0.012).

Secondary Outcome: Comparison of Other

NADþ Related Metabolites

In Figure 3 and Supplementary Table S1, we show
relative differences in metabolites related to NADþ
biosynthesis along the de novo, salvage, and Preiss-
Handler pathways between the AKI group and each
matched comparison group. Levels of the precursor
metabolites, tryptophan and nicotinamide were lower
in the AKI group, and levels of NADþ were higher in
the AKI group, than in each comparison group. Levels
of the nicotinamide degradation product methyl-
nicotinamide were also lower in the AKI group than in
comparison groups. Levels of kynurenine and kynur-
enic acid were lower in the AKI group than the CKD
group, but did not differ between the AKI and NoKI
groups. Levels of quinolinate, nicotinamide riboside,
and nicotinic acid did not differ between AKI and
comparison groups (P > 0.05).

DISCUSSION

Nicaraguan sugarcane workers who developed AKI
during the harvest season had higher urine Q/T ratios,
Kidney International Reports (2024) 9, 2250–2259



Figure 2. Selected urine metabolites (a–c) among kidney injury
groups. Metabolites are expressed in units of liquid chromatography
tandem mass spectrometry peak area under curve (AUC). AKI, acute
kidney injury group; CKD, chronic kidney disease; NoKI, no kidney
injury.

Figure 3. Differences among kidney injury groups in urine metabo-
lites related to nicotinamide adenine dinucleotide (NADþ) biosyn-
thetic pathways. Upward and downward arrows respectively
indicate a significant increase or decrease in mass spectroscopy-
based area under curve (AUC) values in the acute kidney injury
(AKI) group compared with the no kidney injury (NoKI, red) and
chronic kidney disease (CKD, blue) groups. Grayed-out metabolites
were not measured. Kyn, kynurenine; KynA, kynurenic acid; MNA,
methylnicotinamide; NA, nicotinic acid; NaMN, nicotinate mono-
nucleotide; NMN, nicotinamide mononucleotide; NR, nicotinate
riboside; Quin, quinolinate; Trp, tryptophan;
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a validated marker of NADþ biosynthetic derange-
ment, than those who did not develop AKI. These
findings are consistent with, although not specific to,
ischemic and inflammatory kidney injury mechanisms
Kidney International Reports (2024) 9, 2250–2259
driving AKI in this population. Recurrent AKI leading
to interstitial scarring and ultimately CKD is a leading
hypothesis for how MeN develops.14-17 Our observa-
tion of NADþ biosynthetic derangement as a charac-
teristic of AKI in individuals at high risk for MeN
indicates the presence of tissue injury occurring during
these AKI events. That these NADþ biosynthetic de-
rangements may arise among individuals who are
otherwise active and healthy with few comorbidities
other than kidney injury is a novel discovery. Our
findings therefore represent an important step in
further understanding the role and mechanisms of AKI
in the pathophysiology of MeN.

Urine nicotinamide and 1-methylnicotinamide were
lower in the AKI cohort than in the cohort without
kidney injury, further supporting the presence of
NADþ biosynthetic derangement during AKI in this
population. Nicotinamide is the main circulating NADþ
precursor in the body.41 The majority of dietary NADþ
precursors are converted in the liver to nicotinamide for
systemic use, although the kidneys also use circulating
tryptophan and nicotinic acid for NADþ synthesis.42

Under conditions of increased NADþ demand,
2255
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nicotinamide stores are depleted.41 Lower urine levels of
1-methylnicotinamide complement the finding of lower
nicotinamide in the AKI group. 1-methylnicotinamide is
generated by an irreversible methylation reaction that
removes nicotinamide from the cellular pool of pre-
cursors that can be converted to NADþ, and may be
excreted unchanged in the urine or as carboxamide
breakdown products.41,43 1-methylnicotinamide may
also play a role in kidney fibrogenesis.44

The lack of difference in nicotinic acid or nicotin-
amide riboside among groups is also likely related to
the specific role of nicotinamide, and not these other
compounds, as the primary circulating NADþ pre-
cursor. Our previous work identified increased urinary
KynA/T, consistent with inflammation and kidney
dysfunction,45,46 among sugarcane harvest and seed
cutters compared to occupational groups with lower
risk for MeN development.23 In this study, KynA/T
was higher in the AKI group than the NoKI group and
did not differ between AKI and CKD groups.

Urine Q/T and levels of other metabolites related to
NADþ synthesis showed similar directional differences
when compared between AKI and NoKI groups as well
as AKI and CKD groups. This similar directional rela-
tionship was present despite the fact that the CKD
group was no longer working in sugarcane, whereas
both the AKI and NoKI groups were sampled while
actively exposed to the stressors attending sugarcane
work. Previous work has established that NADþ
biosynthetic deficiency is characteristic of both AKI
and CKD states.34 That Q/T was elevated to a greater
extent in the AKI group than in the CKD group sug-
gests that the degree of NADþ biosynthetic derange-
ment was greater during the acute injury phase than
during chronic disease. Equally important, the com-
parison between AKI and CKD cohorts reduces the
likelihood that reverse causality may be occurring.
Because the CKD cohort was selected specifically to
have similar age, biological sex, and sCr to the AKI
cohort to ensure similar kidney function, our finding
that the directionality of differences in key NADþ-
related metabolites between the AKI and NoKI groups
persists between AKI and CKD groups is evidence that
these metabolites likely reflect metabolic features of
AKI, and not just differences in clearance of these
metabolites driven by decreased kidney function.

NADþ biosynthetic derangement in AKI is of
particular interest because it may be mitigated by the
administration of nutritional precursors such as nico-
tinamide or nicotinic acid. Therapy with these pre-
cursors to mitigate NADþ biosynthetic derangement
has in turn been shown to ameliorate the degree of
kidney injury and speed recovery in both preclinical
and clinical settings.25,26,28,33,47,48 Fibrosis after an
2256
acute insult to the kidneys may be reduced through
NADþ precursor therapy.28 Our findings of increased
urine Q/T consistent with NADþ biosynthetic
derangement, coupled with reduced urine nicotin-
amide levels, therefore suggest an exciting future di-
rection: a clinical trial of NADþ precursors as
renoprotective agents during high risk activities such
as sugarcane cutting. Oral Nicotinamide in particular
may be an excellent candidate because of its good
safety profile, low cost, and wide availability.49

This study has some important limitations. Data
reflect a single cross-sectional measurement of urine
metabolites. Further study should employ repeated
metabolomics measures over the course of a harvest
season. Because assessment of kidney function
occurred at only 2 time points approximately 5 months
apart, the precise acuity of kidney injury in the AKI
group is not known. Based on the Kidney Disease
Improving Global Outcomes criteria, these individuals
fit most closely with the classification “acute kidney
disease.”37,50 Metabolic findings in this population may
therefore not be representative of processes occurring
during Kidney Disease Improving Global Outcomes-
standard AKI. Our population was a select group of
male sugarcane cutters in Nicaragua and may not
represent AKI in other populations at risk for MeN or
CKD of nontraditional cause more broadly. Metabolites
were analyzed in a well-established LC-MS/MS core
using standard targeted techniques, and paired speci-
mens were analyzed in the same batch. However, we
did not use spiked samples. Therefore, although our
area under curve values have good internal comparison
validity, they cannot be reliably compared to other
metabolite data sources. Statistical significance thresh-
olds were set at P < 0.05 for all analyses; if applying a
Bonferroni adjustment for secondary analyses, then the
adjusted P value of < 0.007 would place analyses of
methylnicotinamide and KynA/T above the statistical
significance threshold. Despite our paired design, un-
measured confounding may have still existed and
introduced bias.

Urine Q/T is a validated and well-studied biomarker,
and our use of the CKD group as a second comparison
group allowed us to determine that differences in the
AKI and NoKI populations were unlikely to be driven
by differential clearance of metabolites alone. Never-
theless, urine levels of some of our other metabolites
related to NADþ biosynthesis including NADþ itself
are less well-validated, and may reflect both intracel-
lular and extracellular metabolic processes, movement
between intracellular and extracellular spaces, and
movement between blood and urine.51 Our findings
would be further strengthened by complementary tis-
sue metabolomics, as well as multiomics approaches.
Kidney International Reports (2024) 9, 2250–2259
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NADþ biosynthetic derangement, as evidenced by
increased urine Q/T ratio and alterations in other
NADþ precursor metabolites, is present during AKI in
male sugarcane workers at risk for MeN. Its presence
complements preexisting findings suggesting ischemic
and/or inflammatory processes are the underlying
mechanism for injury development in MeN. Nicotin-
amide stores are also depleted during AKI in this
population. Given that the administration of nicotin-
amide mitigates kidney damage associated with NADþ
metabolic derangement, our findings suggest a novel
therapeutic approach to prevent kidney injury in
populations at high risk for MeN.
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