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Background: Animal studies suggest sphingolipids as an early marker of impaired glucose metabolism; however,
research in humans is limited. We evaluated whether individual sphingolipid species were associated with
fasting plasma glucose and incident impaired fasting glucose in a longitudinal cohort study.
Methods: Wemeasured 15 sphingolipid species from blood samples collected in 2001–2003 from 2145 partici-
pants without prevalent diabetes in the Strong Heart Family Study. Fasting plasma glucose was measured in
blood samples collected at baseline and follow-up (mean 5.5 years after baseline).
Findings: The average age of study participants was 38 years; 41% were men. Ceramide, sphingomyelin,
and glucosylceramide species levels were higher in older participants; lactosyl-ceramide levels were higher in
participants with lower BMIs. In adjusted analyses, greater concentrations of most ceramide species and lower
lactosyl-ceramide with palmitic acid (LC-16) were associated with higher glucose levels at baseline. We did
not observe associations of sphingomyelin species or glucosyl-ceramide species with glucose levels. Associations
of sphingolipid levels with fasting glucose levels at follow-up were similar but had greater uncertainty than as-
sociations with baseline glucose. Although no statistically significant associations of sphingolipids with incident
impaired fasting glucose were present, results were similar to glucose analyses.
Interpretation: We identified several ceramide species associated with higher fasting glucose levels and one
sphingolipid, LC-16, that was associated with lower fasting glucose levels. These findings compliment previous
research, which linked these sphingolipids with fasting insulin levels, and suggest that higher levels of these
ceramides and lower LC-16 may be an early marker of impaired glucose metabolism.
Fund: US National Institutes Health.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diabetes is an important global health problem, afflicting over 435
million people worldwide [1]. Among adults, approximately 95% of dia-
betes cases are Type 2, and the discovery of early metabolite markers of
Type 2 diabetes may lead to specific targets for novel therapies to help
reduce this high burden [2].
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Sphingolipids, a family of cellular and circulating lipids that include
ceramides and sphingomyelins, may be such a marker. Very long
chain saturated fatty acids (with 20 or more carbons) are an important
component of sphingolipids, and previous research has reported that
higher levels of the circulating fatty acid 16:0 are associated with an in-
creased risk of diabetes, while higher levels of very long chain saturated
fatty acids are associated with lower risk of diabetes [3]. Although cell
culture studies have demonstrated that ceramides block translocation
of the GLUT4 glucose transporter and inhibit insulin-stimulated glucose
uptake [4], human subjects research is limited, and the role that
sphingolipids play in glucose homeostasis remains uncertain. Recent
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Animal studies have suggested that sphingolipids play a role in in-
sulin resistance and glucosemetabolism,which are important fac-
tors in the development of diabetes. Human research in this area is
limited; previouswork in the StrongHeart Family study linked sev-
eral ceramides with fasting plasma insulin levels; but associations
of sphingolipids with markers of glucose metabolism in humans
remain underexplored.

Added value of this study

We identified several ceramide species (Cer-18, Cer-22) that were
associatedwith higher fasting glucose levels andone sphingolipid,
LC-16, that was associated with lower fasting glucose levels.

Implications of all the available evidence

Combinedwith existing evidence, our findings suggest that higher
levels of these ceramides and lower LC-16may be an early marker
of impaired glucose metabolism. These sphingolipid species may
provide a useful target for therapeutic interventions among people
at risk of diabetes.
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population-level research has linked levels of several ceramideswith in-
sulin levels; however, it is uncertain whether sphingolipids are associ-
ated with later markers of metabolic abnormalities, such as glucose
intolerance, or with diabetes incidence itself [5–8].

American Indians (AIs) experience a higher incidence of diabetes
than many other ethnic groups, making diabetes prevention a public
health priority in these communities [9]. The goal of this study was to
examine associations of plasma ceramide and sphingomyelin species
containing different saturated fatty acids with early metabolic markers
of progression to diabetes, including fasting glucose and impaired
fasting glucose, among participants in the Strong Heart Family Study
(SHFS), a population-based cohort study comprised of AIs from 12
communities.

2. Methods

2.1. Study design and setting

The SHFS is a population-based longitudinal study of the genetics
and risk factors for cardiovascular disease in several American Indian
communities in Arizona, North Dakota, South Dakota and Oklahoma.
Details of the study design have been described previously [10]. Briefly,
2768 men and women from 92 large families completed a baseline
examination between 2001 and 2003. A follow-up examination was
conducted in 2006–2009, during which 91% of those who completed
the baseline examination also participated. Each examination included
a personal interview, physical examination, medication review, and
extensive laboratory work-up. The institutional review board from
each IndianHealth Service region and each of the included communities
approved the study, and written informed consent was obtained from
all participants at each exam.

2.2. Sphingolipid measurement

Blood samples were collected at baseline and follow-up exams after
a 12-hour fast and were stored at −70 °C until analyzed. The same
collection protocols were used at baseline and follow-up exams. A
detailed description of the sphingolipid measurement was previously
reported [5]; briefly, lipids were extracted from baseline blood samples
using organic protein precipitation in a mixture of methyl tert-butyl
ether, methanol, and isopropanol. Ten microlitres of each sample was
mixedwith 190 μL of precipitation solvent in a polypropylenemicrotiter
plate. The samples were filtered, then mixed with 450 μL of 65% meth-
anol/25% isopropanol (v:v). A volume of 5 μL was injected using an
autosampler and resolved using reversed-phase chromatography
at 50 °C on an Acquity BEH 300 C4 1.7 μ 2.1 × 50 analytical column
(Waters, Cat.No 186004495) equipped with a VanGuard BEH 300 C4
1.7 μm guard column (Waters, Cat. No. 186004623). The resolved
analytes were then introduced to the mass spectrometer (Sciex 6500)
and analyzed using optimized mass spectrometric parameters for each
compound. Internal standards were included in the precipitation sol-
vent at a concentration of 19.4 nM (Ceramide/Sphingolipid Internal
Standard Mixture I, 25 μM, Avanti Polar Lipids, LM-6002), to control
for variability in extraction efficiency, pipetting, and ion suppression.

Wemeasured 22 sphingolipids that carry a saturated fatty acid acyl-
ated to the sphingoïd backbone, including palmitic acid (16:0 [16 car-
bons, 0 double bonds]), stearic acid (18:0), arachidic acid (20:0),
behenic acid (22:0) and lignoceric acid (24:0). Measured levels for
fifteen species had coefficients of variation of 20% or less and were in-
cluded in the analysis. These included six ceramides: ceramide with
16:0 (Cer-16), ceramide with 18:0 (Cer-18), ceramide with 20:0 (Cer-
20), ceramide with 22:0 (Cer-22), and a composite concentration of
Cer-24 computed as the sum of the concentrations of two species of
ceramides with 24:0 having the distinct “d181” and “d182” sphingoïd
backbones. Also included were six sphingomyelins: SM-14, SM-16,
SM-18, SM-20, SM-22, SM-24; three glucosyl-ceramides (GC): GC-16,
GC-22, and GC-24; and one lactosyl-ceramide (LC): LC-16.

2.3. Plasma glucose measurement and impaired fasting glucose
classification

The blood samples for glucose measurement were drawn into NaF-
EDTA tubes, mixed gently, placed on ice, spun, and then aliquoted
within 1 h for most samples, but within 2 h for every sample. The
same enzymatic methods were used to measure glucose from baseline
and follow-up plasma samples [9]. Impaired fasting glucose (IFG) was
classified as a fasting plasma glucose level of between 100 and
125 mg/dL [11].

2.4. Assessment of other covariates

The baseline examination included a physical examination, labora-
tory testing, medication review, a 1-week pedometer log, and an in-
person interview to collect information on physical characteristics,
medical conditions, education, smoking, and alcohol consumption.
Diabetes was defined as use of insulin or oral anti-diabetic medication
or a fasting plasma glucose concentration ≥ 126 mg/dL [11]. Body
mass index (BMI) was calculated as body weight divided by height
squared (kg/m2). Waist circumference was measured at the umbilicus
while supine. Smoking was classified as never, ever, or current. Steps
per day were calculated from the 1-week pedometer log, and body fat
was measured using a Quantum II Impedence Meter.

2.5. Statistical analysis

Analyses were limited to participants without prevalent diabetes at
baseline. Associations of sphingolipid levels with fasting glucose levels
were assessed using linear mixed models that included a family-
specific random-effect to account for familial aggregation and a
subject-specific random-effect with covariance among family members
proportional to the kinship coefficient, to account for genetic similarity
among family members. We evaluated three main outcomes: fasting
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glucose at baseline, fasting glucose at follow-up, and the change in
fasting glucose level from between to follow-up. Due to potential high
influence of very large values, fasting glucose levels at follow-up ex-
ceeding 200 mg/dL (n = 36; 98th percentile) were Winsorized at
200mg/dL [12].Modelswere adjusted for age, sex, study site, education,
BMI, waist circumference, smoking, andphysical activity;models of glu-
cose change also adjusted for baseline glucose level. Results are pre-
sented per two-fold higher concentration of each sphingolipid, which
is comparable to the difference between the 90th and 10th percentiles
of each sphingolipid species [5].

As secondary analyses, we evaluated associations of sphingolipids
with incident IFG at follow-up. These secondary analyses were limited
to participants with normal fasting glucose levels (b100mg/dL) at base-
line who did not have diabetes at follow-up, and used generalized esti-
mating equations with a Poisson distribution, log link, robust standard
errors, and a family specific random effect. Included adjustment terms
were identical to those included in the primary analyses of glucose
levels.

Missing values of baseline physical activity measures (n = 177)
were multiply imputed using information on age, sex, education,
body fat, and triglycerides, in models that accounted for possible fam-
ily effects. The Fully Conditional Expectation method implemented by
the MICE package in R was used with the predictive mean matching
method [13]. Variables included in the imputation were selected by
minimizing the Bayesian Information Criterion (BIC) in models
predicting physical activity in the complete-case data. Twenty im-
puted datasets were generated and model fitting results were pooled
using standard methods [14]. To correct for multiple comparisons, we
assessed statistical significance at a p b 0.0033 (0.05/15 sphingolipid
species) threshold.

Because glucose levels at follow-upwould be influencedby use of in-
sulin or hypoglycemic agents that were initiated after baseline, in sensi-
tivity analyseswe evaluated additionalmodels of follow-up glucose and
glucose change that added a constant (60 mg/dL) to participants who
reported use of insulin or hypoglycemic agents at follow-up, andmodels
that excluded 206 participants with diabetes at follow-up. To assess
whether associations with follow-up glucose differed with length of
follow-up time, we evaluated models that included an interaction
term with follow-up time. We also examined models that included in-
teraction terms with BMI, age, and sex to assess whether these factors
modified associations of sphingolipids with baseline glucose levels,
and models that included further adjustment for LDL to verify that
results represent associations of sphingolipids with glucose levels are
independent of LDL levels. Finally, because previous studies of cardio-
vascular disease outcomes have reported divergent effects of Cer-16
and Cer-18 relative to Cer-24 [15,16], we assessed whether Cer-16
and Cer-18 associations with glucose levels may be independent of
Cer-24 by evaluating models that included the ceramide ratios Cer-16/
Cer-24 and Cer-18/Cer-24 as exposures, and models of log(Cer-16)
and log(Cer-18) that included adjustment for log(Cer-24).
2.6. Data statement

Due to privacy agreements with the tribal communities involved in
this study, access to study data are restricted. Further information can
be found at https://strongheartstudy.org/.
2.7. Role of the funding source

The study sponsors did not have any role in the study design; the
collection, analysis, or interpretation of data; the writing of the report;
or the decision to submit the paper for publication. PNJ had full access
to all the data in the study and had final responsibility for the decision
to submit for publication.
3. Results

Of the 2713 SHFS participants with available sphingolipid measures,
510 had prevalent diabetes at baseline, 6 were missing fasting glucose
measures, and 52 were missing adjustment covariate information and
were excluded. Of these 2145 participants eligible for baseline analyses,
1860 participants completed the follow-up exam, which occurred an
average of 5.5 years after baseline (range: 2.8–8.5 years).

Baseline participant characteristics and unadjusted trends of these
characteristics across quartiles of Cer-18, SM-18, GC-16, and LC-16 are
presented in Fig. 1 (and across quartiles of each of the measured
sphingolipids in Supplemental Figs. 1–3). Overall, the average age of
participants was 38 years, 41% were male, and the average BMI was
30, with 23% having a BMI of 35 or greater. High-levels of physical activ-
ity were uncommon; only 14% of participants walked at least 10000
steps per day, and 25%walked fewer than 3500 steps per day. The aver-
age fasting plasma glucose was 94 mg/dL at baseline and 100 mg/dL at
follow-up.

In univariate analyses, presented as trend lines in Fig. 1, participants
with higher Cer-18 and SM-18 concentrations were older, with higher
BMIs, body fat percentages, and larger waist circumferences, walked
fewer steps per day, were more likely to have prevalent hypertension,
and had higher total cholesterol, LDL, and fibrinogen levels than those
with lower Cer-18 and SM-18 concentrations. Those with higher Cer-
18 also had lower HDL levels and were also more likely to be former
smokers and less likely to have never smoked, while those with higher
SM-18 had higher HDL levels. Participants with higher GC-16 were
older and were more likely to have prevalent hypertension and higher
total cholesterol, LDL, and fibrinogen levels than those with lower GC-
16 concentrations, and participants with higher LC-16 had lower BMIs,
smaller waist circumferences, higher total cholesterol, HDL, LDL, and fi-
brinogen levels and lower triglycerides than those with lower LC-16
concentrations.

Results from adjusted models evaluating associations between
sphingolipids and plasma fasting glucose levels at baseline, at the
follow-up exam, and change in glucose between baseline and follow-
up exam are presented in Fig. 2 in blue, orange, and red, respectively
(and Supplemental Table 1). We observed that two-fold higher Cer-18
and Cer-22 levels were associated with 1.2–1.4 mg/dL higher fasting
glucose levels at baseline, among people with similar covariate values.
Among the remaining ceramides (Cer-16, Cer-20, and Cer-24),
we observed similar associations with baseline fasting glucose; how-
ever, none of these met the Bonferroni corrected p-value threshold of
p b .0033. Analyses of follow-up glucose levels resulted in similar
point estimates (1.3–2.0mg/dL) but with less precision.We did not ob-
serve associations of ceramides with change in glucose levels between
baseline and follow-up.

There was no evidence of associations of any of the sphingomyelin
species with fasting glucose levels at baseline or follow-up, or with
change in glucose levels between baseline and follow-up. Likewise,
glucosyl-ceramides were not associated with any of the glucose mea-
sures. However, LC-16, the only lactosyl ceramide species measured,
was associated with lower glucose levels at both baseline and follow-
up exams, and with lower rate of change in glucose between the two
exams. After adjustment for covariates, a two-fold higher LC-16 level
at baseline was associated with a 1.7 mg/dL lower fasting glucose level
at baseline and a 4.2 mg/dL lower fasting glucose at follow-up. The dif-
ference between baseline and follow-up fasting glucose per two-fold
higher LC-16 at baseline was −4.0 mg/dL, but this did not reach the
pre-specified threshold of significance.

Models that added a constant to glucose levels among participants
using insulin or hypoglycemic agents at follow-up resulted in larger
point estimates but greater uncertainty. Associations of Cer-18, Cer-22,
and LC-16 were not significant after excluding participants with preva-
lent diabetes at follow-up, nor were any new associations detected
(Supplemental Table 2). There was no evidence to suggest that BMI,

https://strongheartstudy.org/


Fig. 1. Participant characteristics, overall and according to Cer-18, SM-18, GC-16, and LC-16 (N = 2145). The colored graphics show means or percentages of each characteristic across
quartiles of Cer-18, SM-18, GC-16, and LC-16. Unadjusted linear and logistic regression models were used to assess statistically significant (p b .0026; 0.05/19 characteristics)
associations of log-transformed Cer-18, SM-18, GC-16, and LC-16 with each characteristic; statistically significant positive trends are colored in blue, statistically significant negative
trends are in red, grey indicates p N .0026.
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age, sex, or length of time from baseline to follow-up modified associa-
tions of sphingolipidswith fastingglucose levels (Supplemental Tables 3
and 4). Neither of the ceramide ratios Cer-16/Cer-24 or Cer-18/Cer-24
were associated with fasting glucose levels, and results from models of
Cer-16 and Cer-18 that included adjustment for Cer-24 were similar to
the primary analysis (Supplemental Tables 5 and 6).

Among the 1381 participants with normal fasting glucose levels at
baseline who also had glucose measures at follow-up, 18% (n = 250)
had incident IFG at follow-up. We did not see evidence in multivariable
adjusted models that any of the measured sphingomyelins, glucosyl-
ceramides, or lactosyl-ceramides were associated with incident IFG at
follow-up (Table 1). Although it did not meet the pre-specified signifi-
cance threshold, there was a suggestion that a two-fold higher Cer-24
level is associated with a 45% higher relative risk of incident IFG (RR:
1.45; 95% CI: 1.13, 1.88).
Fig. 2. Associations* of two-fold higher circulating plasma sphingolipids with fasting
glucose (mg/dL) at baseline (phase 4), follow-up (phase 5), and change in fasting
glucose from baseline to follow-up. Markers represent point estimates; lines represent
95% confidence intervals. *Adjusted for baseline age, sex, BMI, site, education, smoking,
physical activity, and waist circumference; change model also includes adjustment for
baseline glucose.
4. Discussion

Among 2145 American Indians without prevalent diabetes, greater
concentrations of circulating ceramides and lower lactosyl-ceramide
with 16:0 were associated with higher fasting plasma glucose levels at
baseline. We did not find evidence that sphingomyelins or glucosyl-
ceramides were associated with fasting glucose levels. Associations of
sphingolipids with fasting glucose levels at follow-up were similar but
had greater uncertainty than associations with baseline glucose, and
no associations were seen with change in glucose. No associations
with incident IFG at follow-up reached statistical significance.

Our findings complement recent work that suggests ceramides as
potential early metabolic markers of progression to diabetes. Insulin re-
sistance, beta cell dysfunction, and hyperglycemia are all interrelated in
the pathogenesis of type 2 diabetes, andwhile the relationship between
these three states is complex, insulin resistance and beta cell dysfunc-
tion can induce impaired glucose tolerance [17]. Animal studies have
provided a strong link between ceramides and insulin resistance; lean
mice that were infused with LDL containing ceramides showed reduced
insulin-stimulated glucose uptake [18,19]. In humans, small, cross-
sectional studies have reported that circulating plasma ceramides are
elevated in subjects with type II diabetes and indicate severity of insulin
Table 1
Relative risk of incident IFG at follow-up per two-fold higher sphingolipid level among
1381 participants with normal fasting glucose levels at baselinea.

Incident IFG

RR 95 CI p-Value

Cer-16 1.29 (1.01, 1.65) 0.043
Cer-18 1.25 (1.05, 1.48) 0.011
Cer-20 1.24 (1.03, 1.49) 0.021
Cer-22 1.34 (1.08, 1.66) 0.008
Cer-24 1.45 (1.13, 1.88) 0.004
SM-14 1.22 (0.97, 1.53) 0.088
SM-16 1.55 (0.99, 2.41) 0.054
SM-18 1.18 (0.86, 1.61) 0.306
SM-20 1.00 (0.72, 1.39) 0.999
SM-22 1.15 (0.80, 1.65) 0.455
SM-24 1.29 (0.89, 1.87) 0.185
GC-16 1.21 (0.98, 1.50) 0.080
GC-22 1.07 (0.81, 1.41) 0.634
GC-24 1.22 (0.92, 1.62) 0.161
LC-16 1.09 (0.80, 1.49) 0.602

a Adjusted for baseline age, sex, BMI, site, education, smoking, physical activity, and
waist circumference.
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resistance [20]. A recent analysis in the SHFS identified several ceramide
species that were associated with fasting insulin levels, HOMA-IR, and
HOMA-B at baseline and at the followup exam [5]. Among these, we ob-
served that Cer-18 and Cer-22were also associated with fasting glucose
levels at baseline, indicating that these ceramides are associated with
sequential markers in the progression to type-2 diabetes.

The role of sphingomyelins in the progression to diabetes, through
insulin resistance and glucose tolerance, has not been well established
[21–23]. Previous work in the SHFS reported associations of
sphingomyelins with fasting insulin, HOMA-IR, and HOMA-B levels
were modified by BMI, with higher SM-18, -20, -22, and -24 species
being associated with lower insulin, HOMA-IR, and HOMA-B levels at
baseline and follow-up for normal BMIs but associated with higher
levels at higher BMIs [5]. In our analysis, we did not find evidence of as-
sociations of sphingomyelins with glucose levels, or evidence of similar
interactions.

Glucosyl and lactosyl ceramide are both precursors to larger
glycosphingolipids such as gangliosides, but their individual biological
properties are not well understood. Mouse studies have shown that
when glucosylceramide synthase is inhibited, gangliosides appear to in-
terfere with insulin action in adipocytes, but not in myotubes, where
they promote insulin sensitivity [24,25]. In contrast with Cer-18 and
SM-18, lower levels of LC-16 were found in those with higher BMIs,
larger waist circumferences, and higher triglyceride levels. Although
no associations were observed with glucosyl ceramides, higher levels
of the lactosyl ceramide LacCer-16 were associated with lower fasting
glucose.

Although we did not observe statistically significant associations of
any of the measured sphingolipids with incident IFG, results were con-
sistent with the primary analysis, and there was evidence to suggest
that ceramides may provide an early marker of impaired glucose toler-
ance. However, there are several reasons why we were less able to de-
tect associations of sphingolipids with incident IFG than with glucose
levels. First, our IFG analyses had a smaller sample size than glucose
level analyses, because models of IFG were limited to participants
with normal fasting glucose levels at baseline who did not develop dia-
betes. Secondly, IFG is a binary outcome, which would result in dimin-
ished statistical power when compared to the outcome of glucose
levels, which is a continuous measure. Therefore, further research is
needed to replicate and further investigate these findings.

In univariate analyses, which may reflect underlying associations
with age or other characteristics, none of the sphingolipids were associ-
ated with sex or caloric or saturated fat intake, but ceramides were
lower in those with greater level of physical activity and who did not
smoke. In addition, all of the sphingolipids were correlated with total
cholesterol and LDL levels, and results were not changedwith the inclu-
sion of LDL as an adjustment variable in our models. Ceramides and
sphingomyelins in the blood circulate in lipoproteins, likely explaining
the associations with LDL [26]. However, ceramides and LC-16 show di-
vergent associations with triglycerides, measures of adiposity and HDL.

There are a number of reasons why follow-up results differed
slightly from baseline results. Participants who at baseline had fasting
glucose levels ≥126 mg/dL or were using insulin were excluded from
all analyses, but participants with high glucose levels or diabetes medi-
cation use at the follow-up examwere included in the longitudinal anal-
yses. This resulted in greater variability of follow-up glucose levels,
which corresponded with more uncertain estimates in the longitudinal
models. Sensitivity analyses restricted to participants without prevalent
diabetes at follow-up produced more precise point estimates, but those
point estimates are conservative due to their exclusion of those with
highest glucose values at follow-up; further studies are needed to inves-
tigate associations of sphingolipids with diabetes risk. While
sphingolipids and baseline glucose were measured from the same
blood samples, and thus reflect dietary and behavioral patterns from
the same period of time, the interval between baseline and follow-up
blood samples varied between individual participants. Although we
did not detect effectmodification by length of follow-up time, some par-
ticipants hadmore time than others to advance in diabetes progression,
which may have diluted observed associations of sphingolipids with
follow-up glucose levels.

Strengths of this study include the large sample size, a study popula-
tion with a high underlying risk of diabetes, objective laboratory mea-
surements, and the assessment and control of multiple potential
confounders. This study also has a number of limitations. The ethnically
homogenous study population may impair generalizability to
other populations, and the observational nature of the study prohibits
assessments of causality. Although underivatized ceramides and
sphingomyelins with saturated fatty acids weremeasured with enough
precision, some ceramide species containing saturated fatty acids, such
as lactosyl and glucosyl ceramides, were not included in this analysis
due to high laboratory assay measurement error. Finally, the average
length of time between baseline and follow-up was 5.5 years, which
may not have been a long enough period of time for detectable changes
in glucose tolerance to occur in this relatively young population.

5. Conclusions

We identified several ceramide species associated with higher
fasting glucose levels and one sphingolipid, LC-16, that was associated
with lower fasting glucose levels. These findings compliment previous
research, which linked these sphingolipids with fasting insulin levels,
and suggest that higher levels of these ceramides and lower LC-16
may be an early marker of impaired glucose metabolism.
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