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Abstract

Recent studies suggest that the accumulation of atypical, 1-deoxysphingolipids that lack the C1
hydroxyl group may be associated with diabetic neuropathy (DN). We hypothesized that specific
plasma 1-deoxysphingolipids associate with DN severity, and that alterations in plasma serine and
alanine associate with 1-deoxysphingolipid elevation in patients with type 2 diabetes (T2D). We
examined individual 1-deoxysphingolipid species using LC/MS/MS in plasma samples from 75
individuals including lean controls (LC, n = 19), those with obesity (n = 19), obesity with T2D
without DN (ob/T2D, n = 18), and obesity with T2D with DN (Ob/T2D/DN, n = 19). We observed
a step wise increase in 1-deoxydihydroceramides across these four groups (spearman correlation
coefficient r = 0.41, p = 0.0002). Mean total concentrations of 1-deoxydihydroceramides, and most
individual 1-deoxydihydroceramide species, were higher in ob/T2D/DN versus LC group (8.939
vs. 5.195 pmol/100 pL for total 1-deoxydihydroceramides p = 0.005). No significant differences in
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1-deoxydihydroceramides were observed between the ob/T2D and ob/T2D/DN groups. L-alanine
was higher and L-serine lower in ob/T2D/DN versus LC groups (326.2 vs. 248.0 uM, p = 0.0086
and 70.2 vs. 89.8 uM, p = 0.0110), consistent with a potential contribution of these changes to the
observed 1-deoxysphingolipids profiles. 1-deoxydihydroceramides correlated inversely with leg
intraepidermal nerve fiber density (CC -0.40, p = 0.003). These findings indicate that 1-
deoxydihydroceramides may be important biomarkers and/or mediators of DN.
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Sphingolipids; Neuropathy; Obesity; Type 2 diabetes; Mass spectrometry; Metabolomics

1. Introduction

There are currently no disease modifying treatments available for DN and even stringent
glycemic control often fails to prevent the progression of neuropathy in individuals with type
2 diabetes.! Recent studies have suggested that 1-deoxysphingolipids may have a pathogenic
relationship with diabetes and DN and could therefore serve as a novel therapeutic target.
Increased plasma 1-deoxysphingolipids have been observed in individuals with metabolic
syndrome, diabetes (with more pronounced elevations in type 2 diabetes than type 1
diabetes), and DN.2-7 Moreover, 1-deoxysphingolipids were disproportionately elevated in
individuals with type 1 diabetes and DN versus those without DN among a subset of study
participants from The Diabetes Control and Complications Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT/EDIC; n = 80).8

The hypothesis that 1-deoxysphingolipids may contribute to the development of diabetic
neuropathy (DN) has emerged from studying Hereditary Sensory Autonomic Neuropathy
Type 1 (HSANL). HSANL1 is a rare, inherited peripheral neuropathy that shares several
clinical features with DN, including disproportionate injury to sensory axons, neuropathic
pain, and a propensity to limb ulceration.® HSAN1 results from missense mutations in serine
palmitoyltransferase (SPT), which catalyzes the first and rate-limiting step in sphingolipid
formation.10 Dominant mutations to SPTLC1 or SPTLC2 shift the enzyme’s substrate
preference from serine to alanine and glycine, thereby generating 1-deoxysphingolipids. 1-
deoxysphingolipids lack the hydroxyl head group of typical sphingolipids and, therefore,
cannot be metabolized to more complex sphingolipids or degraded by canonical cellular
pathways.10 The cytotoxicity of 1-deoxysphingolipids is established, particularly to neurons
and cells of neuronal origin, including B-cells and retinal cells.10-14

The reason that 1-deoxysphingolipids are elevated in diabetes, or the specific 1-
deoxysphingolipid molecules that correlate with DN severity are unknown. Prior studies
have shown that plasma L-serine (referred to as serine from here on) is reduced in
individuals with type 2 diabetes?15-19 and that serine deficiency, regardless of the cause, can
result in 1-deoxysphingolipid formation (Fig. 1A).11:17.20 |t has, therefore, been postulated
that serine deficiency contributes to 1-deoxysphingolipid accumulation in diabetes.
Importantly, serine supplementation suppressed 1-deoxysphingolipid formation and
improved neuropathic symptoms in a preclinical type | diabetes rat model,2! and in both
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preclinical and clinical HSAN1 studies,17-22 suggesting that the sphingolipid pathway can be
targeted to prevent nerve degeneration.

In this study, we tested the hypotheses that specific 1-deoxysphingolipids are elevated in
people with obesity and type 2 diabetes, with further elevations in those with neuropathy. We
also hypothesized that 1-deoxysphingolipids associate with DN severity, and, that alterations
in serine and alanine concentrations predict 1-deoxysphingolipid elevation in people with
obesity and type 2 diabetes. To examine this question, we employed state of the art lipidomic
and amino acid analysis on plasma from individuals who were previously formally assessed
for neuropathy. We examined four groups including 1) lean controls, 2) individuals with
obesity without diabetes or DN, 3) individuals with obesity and type 2 diabetes without DN,
and 4) individuals with obesity, type 2 diabetes and clinically defined DN. Specifically, we
evaluated 1-deoxysphingolipid and amino acid concentrations across these four groups,
compared concentrations between those with obesity, type 2 diabetes and DN to those
without DN, and looked at correlations between concentrations and neuropathy severity.

2. Material and methods

2.1. Subjects and study overview

Our study involved a secondary analysis of plasma from an established cohort from the
University of Michigan’s bariatric surgery clinic.23 The study was approved by the
University of Michigan Institutional Review Board and all participants provided written
informed consent. De-identified plasma samples were collected between November 2010
and December 2014. All samples were collected prior to participants having bariatric
surgery. Inclusion criteria were age 18 years or older, and a body mass index (BMI) = 35
kg/mZ2. Exclusion criteria were BMI >70 (bariatric surgery clinic criterion), anticoagulant
therapy, current tobacco, marijuana, or nicotine use, active cancer within the last year,
suicide attempt in the last year or multiple suicide attempts, reliance on a wheelchair or
scooter, high dose steroids, cardiac stent within the last year, history of open Nissen surgery
or esophagectomy, and cirrhosis of the liver. Plasma samples from lean controls recruited
from a research website (no metabolic syndrome components as defined by the NCEP/
ATPIII criteria including no medication for blood pressure, cholesterol, diabetes, or
triglycerides) were also collected at the University of Michigan. The presence of neuropathy
was determined by the Toronto consensus definition of probable polyneuropathy, which
requires two or more of the following: neuropathy symptoms, abnormal sensory
examination, and abnormal reflexes as determined by one of four neuromuscular specialists.
24 Diabetes was defined according to the Expert Committee on the diagnosis and
classification of diabetes mellitus.2>

2.2. Clinical and neuropathy assessments

Blood pressure, height, weight, BMI, and lipid panels were available for all participants.
HbALc was available for all participants other than the lean controls. All participants
without a pre-existing history of diabetes had glucose tolerance testing. Validated
neuropathy measures included, (i) the Michigan Neuropathy Screening Instrument
Questionnaire (MNSI-Q), a 15 point “yes or no” questionnaire, with higher scores indicating
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increased DN severity2%; (ii) the Michigan Neuropathy Screening Instrument Examination
Score (MNSI-E), an 8 point score based on a brief clinical examination; (iii) routine sensory
nerve conduction studies of the sural nerve; and (iv) intraepidermal nerve fiber density
(IENFD) on skin biopsy at the distal leg and thigh, analyzed by bright field
immunohistochemistry.27

2.3. Lipidomics

Sphingolipids were analyzed by the lipidomics core of the Nutrition Obesity Research
Center at the University of Colorado. Sphingolipids were extracted from plasma (100 pL)
and typical sphingolipids were detected and quantitated by liquid chromatography tandem
mass spectrometry (LC-MS/MS), as previously described.?8 A cocktail of internal standards
for each sphingolipid subclass was added to the samples to evaluate extraction recovery and
enable quantitation. Comprehensive 1-deoxysphingolipid analysis was conducted as
previously described”-2% with some modifications, as stated below. C12-deoxyceramide,
C12-deoxyDHceramide, C12-deoxyMeceramide, and C12-deoxyMeDHceramide were
added as internal standards (1 pmol each). LC was performed on a Kinetex C18, 50 x 3 mm,
2.6 um column (Phenomenex) at 300 pL/min with a gradient from 50% solvent B
(isopropanol/acetonitrile/5 mM ammonium formate in formic acid, v/ v/v, 32.5/66.5/1) to
98% in 1.5 min, held at 98% for 12.5 min, and reequilibrated at 50% for 3 min (solvent A
was methanol/water/5 mM ammonium formate in formic acid, v/v/v, 58/41/1). MS/MS was
performed on a Sciex QTRAP 5500 Triple Quad mass spectrometer using positive ionization
in the MRM mode. Standard curves were built using C16-deoxyDHceramide reference
standards to quantitate C16-, C18-, and C20-deoxyDHceramides, and C24:1-
deoxyDHceramide reference standards to quantitate C22-, C24:1-, and C24-
deoxyDHceramides. Prior studies evaluating 1-deoxysphingolipids in human plasma have
varied in their methodology, with some studies measuring 1-deoxysphingolipid
concentrations after total hydrolysis and reporting elevations in deoxysphinganine and
deoxymethylsphinganine (the sum of free 1-deoxysphinganine or 1-deoxysphingosine and 1-
deoxysphinganine or 1-deoxysphingosine derived from hydrolysis of 1-
deoxydihydroceramide species). Analysis of non-hydrolyzed plasma samples was performed
in this study in order to distinguish between specific 1-deoxysphingolipid molecules.

2.4. Amino acid determination

Plasma serine and alanine concentrations were measured by the Metabolomics Core Facility
at the University of Colorado. Plasma samples (20 uL) were thawed on ice and extracted
with 480 uL of ice-cold lysis/extraction buffer (methanol/acetonitrile/water, v/viv, 5/3/2)
containing 1 uM of stable isotope labeled amino acid mix (13C-, 1°N-labeled; Cambridge
Isotope Laboratories, cat no MSK-A2-1.2). Samples were extracted and analyzed on a
Vanquish ultrahigh performance LC (UHPLC) coupled online to a Q Exactive mass
spectrometer (Thermo Scientific) with data analyzed by the software Maven, exactly as
previously described.30

2.5. Statistical methods

Means for 1-deoxysphingolipids, typical sphingolipids, amino acids, and neuropathy
measures were compared by ANOVA type models among the groups: lean, obese, obese
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with T2D (ob/T2D), and obese with T2D and DN (ob/T2D/DN). Different residual variances
were allowed for different groups. Overall F tests and Tukey-Kramer adjustments of the
pair-wise comparisons were performed. 1-deoxyshigolipids were also analyzed with
ANCOVA type models, with the differences between groups adjusted for ordinary
sphingolipids. Correlations between the different variables were investigated. Spearman
correlations were used for correlating the ordinal groups with other variables. The threshold
for statistical significance was alpha = 0.05. The mediation of the relationship between
amino acids and neuropathy by 1-deoxyshigolipids was studied by comparing unadjusted
correlations between amino acids and neuropathy measures with partial correlations adjusted
for 1-deoxysphingolipids. For the obese group, without diabetes or neuropathy, leg NFD was
classified as either normal or abnormal, according to the standards for each age group and
sex, and 1-deoxyshingolipids were compared between the normal and abnormal groups with
a ttest.

2.6. Data and resource availability

Data not provided in the article because of space limitations as well as the statistical analysis
will be shared at the request of any qualified investigator for purposes of replicating
procedures and results.

3. Results

We analyzed plasma from 75 subjects including those who were obese (n = 19), ob/T2D (n =
18), and ob/T2D/DN (n = 19), and from lean controls (n = 19) (Table 1). Subjects had a
mean age of 50.5 years (SD = 8.1) and were 63.2% (n = 48) female and 36.8% (n = 28)
male. Subjects in the four groups were similar in sex and age, and those with diabetes with
and without DN were similar in BMI (p value = 0.800) and %HbAlc (p value = 0.643).
Individuals in the obese, ob/T2D, and ob/T2D/DN groups had reduced IENFD in both the
leg and thigh as compared to lean controls (Table 1), suggesting that participants who did
not yet meet clinical criteria for DN already demonstrated evidence of subclinical
neuropathy.

3.1. 1-deoxysphingolipid profiles differ in individuals with obesity, T2D, and DN

We evaluated plasma samples from all subjects using LC-MS/MS for 1-deoxysphingolipid
species (deoxysphinganine, deoxysphingosine, 1-deoxyceramides, 1-
deoxydihydroceramides, 1-deoxymethylceramides, and 1-deoxymethyldihydroceramides),
but only detected 1-deoxydihydroceramides. An increase in 1-deoxydihydroceramides was
observed across the four ordinal groups (lean, obese, ob/T2D, ob/T2D/DN), with a
Spearman correlation coefficient (CC) of rg = 0.41 and p = 0.0002 for total 1-
deoxydihydroceramides (Fig. 1B—H, Supplemental Table 1). Adjusting for pair-wise
comparisons, mean total 1-deoxydihydroceramide concentrations, as well as most individual
1-deoxydihydroceramide species, were higher in ob/T2D/DN versus lean control group
(8.939 vs. 5.195 pmol/100 uL for total 1-deoxydihydroceramides, p = 0.005) (Fig. 1B-H).
No significant differences in 1-deoxydihydroceramides were observed between the ob/T2D
and ob/T2D/DN groups (p = 0.8127 for total 1-deoxydihydroceramides). 1-
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deoxydihydroceramides positively correlated with triglyceride levels (CC of 0.42, p =
0.0001, for total 1-deoxydihydroceramides), data not shown.

3.2.  Amino acid levels differ in individuals with obesity, T2D, and DN

Plasma serine, alanine, and glycine concentrations were determined (Fig. 2A-C).
Participants in the ob/T2D/DN group had lower serine levels than lean controls (70.3 vs.
89.9 uM, p = 0.0110). Plasma alanine and alanine:serine ratios were higher in ob/T2D/DN
versus lean controls (p = 0.0086 for alanine and p = 0.0003 for alanine:serine ratio). No
significant differences in serine, alanine or alanine:serine ratios were observed between the
ob/T2D and ob/T2D/DN groups (3.88 vs. 4.81, p = 0.052 for alanine:serine ratio). Glycine,
the other amino acid that SPT can metabolize to 1-deoxysphingolipids, was not detected, so,
we could not evaluate differences between the groups.

To examine the relationship between amino acid profiles and 1-deoxysphingolipids across
the spectrum of disease we examined the entire cohort. We observed a negative correlation
between serine and all the 1-deoxydihydroceramide species (CC —0.332, p = 0.0037, for
total 1-deoxydihydroceramides) (Fig. 2D, Supplemental Table 2). In contrast, alanine
concentration and alanine:serine ratios correlated positively with total 1-
deoxydihydroceramides (CC 0.447, p < 0.001, for alanine; CC 0.543, p < 0.001, for
alanine:serine ratio) (Fig. 2E-F, Supplemental Table 2).

3.3. Relationship between amino acids, 1-deoxydihydroceramides, and DN severity

3.3.1. 1-deoxydihydroceramides and DN severity—To test the relationship
between amino acid profiles, 1-deoxysphingolipids, and DN severity, we evaluated a series
of well-established DN outcomes, clinical and objective (Fig. 3, Supplemental Table 3). One
participant did not have data for IENFD leg and two participants did not have sural
amplitudes. Given that individuals in the obese and ob/T2D groups had evidence of
subclinical neuropathy as assessed by IENFD, we first evaluated molecular-clinical
correlations across all groups. All 1-deoxydihydroceramide species except for C24 1-
deoxydihydroceramide correlated with DN severity as defined by MNSI-Q, sural amplitude,
and leg IENFD [for total 1-deoxydihydroceramides: CC 0.28, p = 0.016 for MNSI-Q; CC
-0.28, p = 0.02 for sural amplitude; CC —0.34, p < 0.003 for leg IENFD (Fig. 3D-F,
Supplemental Table 3)]. Several 1-deoxydihydroceramide species also negatively correlated
with the IENFD in the thigh, though the correlation of total 1-deoxydihydroceramides and
IENFD in the thigh did not reach statistical significance (CC -0.21, P = 0.070). No
correlation was appreciated between 1-deoxydihydroceramides and the MNSI-E
(Supplemental Table 3).

3.4. Amino acids and DN severity

We observed a positive correlation between alanine and alanine:serine ratios with DN
severity as measured by the MNSI-Q (CC 0.32, p = 0.006; CC 0.38, p = 0.0009;
respectively), MNSI-E (CC 0.23, p = 0.04; CC 0.27, p = 0.0173; respectively), and sural
sensory amplitudes (CC —0.25, p = 0.033; CC —-0.23, p = 0.0493; respectively) (Fig. 3A-C).
Alanine correlated negatively with IENFD leg (CC -0.26, p = 0.026), but did not show a
significant correlation with IENFD thigh (=0.22, p = 0.057). Alanine:serine ratios also
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correlated negatively with both leg and thigh IENFDs (CC -0.32, p = 0.0056 and CC -0.26,
p = 0.0218 respectively). Serine concentrations did not show a significant correlation with
DN severity. A mediation analysis revealed that controlling for 1-deoxydihydroceramides
attenuated the correlation of alanine:serine ratios and DN severity (CC -0.32, p = 0.006
versus CC -0.17, p = 0.157 for IENFD leg), supporting their role in the causal pathway.

3.5. Molecular-clinical correlations in individuals with obesity, T2D and DN

In order to minimize skewing of the data resulting from the inclusion of lean controls, we
next examined only those individuals at risk for DN (obese, ob/T2D, and ob/T2D/DN). We
observed a negative correlation between total 1-deoxydihydroceramide concentrations and
alanine:serine ratios and distal leg IENFD only (CC -0.40, p = 0.003; CC -0.27, p = 0.04,
respectively). No correlation was evident between either 1-deoxydihydroceramides or
alanine: serine ratios and IENFD in the thigh, MNSI-Q, MNSI-E or sural amplitudes (NS P-
values). It is worth noting that although prior studies and our findings demonstrate a positive
correlation between 1-deoxydihydroceramide and triglycerides (CC 0.42, p-0.0001), the
relationship between 1-deoxydihydroceramides and distal leg IENFD persisted after
adjusting for triglycerides in this cohort (CC -0.35, p = 0.010).

Given that obesity alone is an increasingly recognized driver of neuropathy,31-33 we also
compared 1-deoxydihydroceramides in participants with obesity only and normal versus
abnormal IENFD leg, as previously defined.34 We found that total 1-deoxydihydroceramies
were increased in those with reduced IENFD (n = 7) as opposed to those with normal values
(n =11), (8.626 versus 4.353 pmol/100 uL, p = 0.021) (Fig. 3G).

3.6. Alterations in typical ceramides in individuals with obesity, T2D, and DN

To garner a better sense of the overall plasma sphingolipid distribution, we evaluated typical
ceramide, glucosylceramide, lactosylceramide, and dihydroceramide species, (Table 1, Fig.
4). No differences in ceramide concentrations were observed between the four groups in our
cohort. Estimate mean lactosylceramides decreased with each ordinal group, from lean, to
obese, to ob/T2D, to ob/T2D/DN, with significant reductions observed in the latter three
groups as compared to lean controls (ob/T2D/DN vs. lean: 274.04 vs. 573.15 pmol/100 pL,
p < 0.0001). (FIG. 4). Adjusting for lactosylceramides, in ANCOVA type models, also
increased the observed differences in mean total 1-deoxydihydroceramides between the
groups (Supplemental Table 4).

4. Discussion

Our study revealed an increase in specific 1-deoxydihydroceramides across the four groups,
from lean controls, to obesity only, to obesity and type 2 diabetes without DN, to obesity,
type 2 diabetes and clinically defined DN. It also uncovered a previously unknown
relationship between increased alanine:serine ratios with 1-deoxydihydroceramide elevation
in T2D. This study adds to our current knowledge by examining the relationship of the 1-
deoxysphingolipid pathway and objective DN biomarkers, including intraepidermal nerve
fiber density (IENFD). We identified a correlation between 1-deoxydihydroceramide
concentrations and multiple markers of DN severity, consistent with the potential
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pathogenicity of these molecules in DN. Plasma 1-deoxydihydroceramide concentrations did
not differ between individuals with diabetes with and without clinical DN in this cohort.

Taken together, our results provide evidence supporting the importance of 1-
deoxydihydroceramides in DN and longitudinal studies are needed to verify these results.
Given that similar alterations in the sphingolipid pathway have been observed in other
neuropathic conditions, and that 1-deoxysphingolipids have been effectively targeted to
improve neuropathy outcomes, our findings may have implications for the development of
future DN treatments.

Emerging evidence reveals that 1-deoxysphingolipids are elevated in a number of
neuropathic conditions. In addition to HSAN1, 1-deoxysphingolipids are associated with
paclitaxel- and mitochondrial disease-induced neuropathy.20:35 Additionally, Ganter et al.
recently demonstrated elevated 1-deoxysphingolipids in individuals with macular
telangiectasia type 2, with and without peripheral neuropathy.1! 1-deoxysphingolipids are
not universally elevated in neuropathies, but rather appear to be disease-specific.* The
observation that 1-deoxysphingolipids correlate with objectively measured DN in this study
is consistent with a potential pathogenic role as reported in other neuropathies.

Prior reports examining 1-deoxysphingolipids have employed varied technical methods.
Herein, we have employed targeted sphingolipid analysis of non-hydrolyzed plasma in order
to enable the identification of specific 1-deoxydihydroceramide species in individuals with
obesity, type 2 diabetes, and DN. This is a useful strategy as specific species may be
responsible for pathological events, e.g., the 1-deoxydihydroceramides identified in this
study are known to disrupt the cytoskeletal stability of cultured sensory neurons!3 and are
the predominant species responsible for neurotoxic effects in macular telangiectasia type
2.11 Due to the use of different lipidomics methods, we cannot directly compare our study
results to previously reported levels of 1-deoxysphingolipids in diabetes or other
neuropathies. However, the sum of all 1-deoxydihydroceramides herein are comparable to
deoxysphinganine concentrations in HSAN1 and MacTel type 21117 and exceed the levels
required for neurotoxic effects in vitro.3%:36 The 1-deoxydihydroceramide species we
detected in our cohort are distinct from the C24:0 and C24:1 deoxyceramides observed in
individuals with self-reported symptoms of DN in the DCCT/EDIC type 1 diabetes study.®
These unique lipidomic profiles may reflect the varied ways in which DN was assessed in
the two studies, and/or the distinct pathophysiology of DN in type 1 and type 2 diabetes.

The use of validated clinical DN outcome assessments in this study is unique and
demonstrates a negative relationship between 1-deoxydihydroceramides and IENFD in the
distal leg. Dhorn et al. previously demonstrated elevations in 1-deoxysphinganine and 1-
deoxysphingosine in individuals with type 2 diabetes and DN compared to age-matched
healthy controls, but did not observe a correlation between these molecules and the clinical
stage of DN as defined by the Dyck classification.# The discrepancy in these findings may
be attributable to the use of non-hydrolyzed plasma samples and skin biopsy IENFD in our
study. IENFD is increasingly used as a DN outcome measure because many people with
early DN experience isolated small fiber neuropathy, which is not detected by nerve
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conduction studies.3” The molecular-clinical correlations in our study are modest and will
need to be validated in larger studies of similarly phenotyped individuals with DN.

DN in this report was defined by clinical examination according to the Toronto consensus
definition of probable neuropathy. Interestingly, we found that 7 of the 18 subjects with
obesity and no diabetes that did not meet our neuropathy definition had an abnormal IENFD
leg, and that these subjects had higher levels of 1-deoxydihydroceramides that those with
normal IENFD (p = 0.02). This finding is consistent with prior observations that 1-
deoxysphingolipids are elevated in metabolic syndrome,” and supports the possibility that 1-
deoxydihydroceramides are associated with the development of neuropathy related to
obesity, independently of glycemic status. Given the mounting evidence that obesity is an
independent risk factor for neuropathy,31-33 and the pathological evidence for neuropathy in
our obese only cohort, we cannot say with certainty that the neuropathy examined in our
study is purely DN, rather than an obesity related or “metabolic” neuropathy.

As outlined in Fig. 1A, 1-deoxyshingolipids are known to increase under conditions of L-
serine depletion, and lower serine and higher alanine concentrations have been reported in
diabetic and normoglycemic obese individuals.218 Similarly, we found that serine was
lowest and alanine highest in obese, type 2 diabetes and DN subjects. Consistent with prior
findings in macular telangiectasia type 2,11 we also found that 1-deoxydihydroceramides
negatively correlated with serine and positively correlated with alanine in this type 2
diabetes cohort. Our findings also demonstrate a novel relationship between alanine:serine
ratios and DN severity, as defined by IENFD, which may have clinical use as a biomarker.
Furthermore, mediation analysis showed an attenuated correlation between alanine:serine
ratios and IENFD when controlling for 1-deoxydihydroceramines, supporting their role in
the causal pathway.

The observation that alanine:serine ratios may be contributing to elevated 1-
deoxysphingolipids in DN is supported in interventional studies. Preclinical studies in
HSAN1, macular telangiectasia type 2, and animal models of insulin resistant and insulin
deficient diabetes with DN have demonstrated that the 1-deoxysphingolipid pathway can be
manipulated to affect neuropathy and glycemic outcomes.11:17:21.38 |n g clinical trial of
HSAN1, we demonstrated that serine supplementation reduced 1-deoxysphingolipid levels
and improved neuropathy severity without significant adverse effects.?? These findings
suggest that the sphingolipid pathway can be targeted, and that serine supplementation could
potentially be used to reduce 1-deoxysphingolipids and ameliorate clinical symptoms in DN.

In addition to evaluating atypical 1-deoxysphingolipds, we also analyzed typical plasma
sphingolipids. We examined a series of glycosphingolipids, which are composed of a
ceramide and sugar moiety. Plasma lactosylceramides were significantly lower in obese, ob/
T2D, and ob/T2D/DN participants compared to lean controls. To our knowledge, this is the
first time that reduced plasma lactosylceramides have been observed in T2D and DN;
however, lowered plasma lactosylceramides have been shown to predict macroalbuminuria
in diabetic individuals, a separate but frequent microvascular complication.3?
Lactosylceramides are upstream of ganglioside formation, which is required to support
axon-myelin interactions. It is therefore conceivable that reductions in lactosylceramides

J Diabetes Complications. Author manuscript; available in PMC 2022 April 01.
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prevent the formation of select gangliosides, resulting in nerve injury or, alternatively, that
an increase in ganglioside formation in individuals with obesity and type 2 diabetes depletes
plasma lactosylceramides.

Our study is limited by small sample size and, perhaps owing to that, we did not detect
significant differences in 1-deoxysphingolipids between type 2 diabetes participants with
and without DN. However, the objective increase observed across the groups and the
correlations with DN severity align with a potential pathogenic contribution of 1-
deoxysphingolipids to DN. Furthermore, DN is known to occur over a continuum and 1-
deoxysphingolipid accumulation could precede the onset of clinical DN. Importantly, our
study also only examined 1-deoxydihydroceramide concentrations in plasma, which may not
reflect that found in neurons.1:17 Our analysis of amino acids was limited by our inability to
detect plasma glycine, or to account for dietary amino acid intake. Another consideration is
that the use of a morbidly obese population (BMI > 40) in this study may limit
generalizability to individuals with diabetes with overweight or stage 1 obesity, as well as to
lean diabetics. Our study included individuals who had undergone extensive clinical
outcome assessments for neuropathy and sets the stage for larger studies evaluating the
deoxysphingolipid pathway in DN.

5. Conclusion

In summary, our findings indicate that 1-deoxydihydroceramides may be important
biomarkers and/or mediators of DN. The correlations between plasma 1-deoxysphingolipids,
circulating serine and alanine levels, and DN severity are also intriguing in the context of
other “serineopathies”. Furthermore, the selective vulnerability of peripheral nerves in
numerous nerve disorders and retinal cells in Macular Telangiectasia Type 2 to low serine
concentrations and elevations in 1-deoxydihydroceramides makes a compelling case for
their potential role in these microvascular complications of type 2 diabetes. Future
mechanistic studies will be needed to determine whether these atypical molecules are truly
pathogenic in DN, and to further evaluate their potential utility as biomarkers and
therapeutic targets.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic of key steps in the sphingolipid pathway & plasma 1-deoxydihydroceramide
concentrations (A) Incorporating alanine instead of serine in the first step of de novo
sphingolipid synthesis by SPT generates atypical 1-deoxysphingolipids that cannot be
metabolized to downstream endogenous sphingolipids. (B-H) Quantification of plasma
concentrations of individual 1-deoxydihydroceramide species in in lean (n = 19, blue), obese
(n =19, green), ob/T2D (n = 18, orange), and ob/T2D/DN (n = 19, red) participants: (B)
C16:0 1-deoxydihydroceramide, (C) C18:0 1-deoxydihydroceramide, (D) C20:0 1-
deoxydihydroceramide, (E) C22:0 1-deoxydihydroceramide, (F) C24:1 1-
deoxydihydroceramide, and (G) C24:0 1-deoxydihydroceramide. Panel (H) shows total 1-
deoxydihydroceramide concentrations for the four groups. Values are expressed as mean +
standard deviation (SD). *p < 0.05, **p < 0.01, ***p < 0.001. Spearman correlation
coefficient (rs) for 1-deoxydihydroceramides across the four groups (lean, obese, ob/T2D,
ob/T2D/DN) was 0.41, p = 0.0002.
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Fig. 2.

Plgsma amino acid concentrations and correlations of amino acid and 1-
deoxydihydroceramide concentrations (A-C) Quantification of plasma concentrations of
amino acids: (A) serine, (B) alanine, and (C) alanine:serine in lean (n = 19, blue), obese (n =
19, green), ob/T2D (n = 18, orange), and ob/T2D/DN (n = 19, red). Values are expressed as
mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. (D-F) Correlation plots of amino acid with
total plasma 1-deoxydihydroceramide concentrations: (D) serine, (E) alanine, and (F)
alanine:serine within lean (n = 19, blue), obese (n = 19, green), ob/T2D (n = 18, orange),
and ob/T2D/DN (n = 19, red). 1-deoxyDHcer = 1-deoxydihydroceramides.
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Plgsma concentrations of typical ceramide species Quantification of plasma concentrations
of: (A) total ceramides, (B) glucosylceramides, (C) lactosylceramides, and (D)
dihydroceramides, in lean (n = 19, blue), obese (n = 19, green), ob/T2D (n = 18, orange),
and ob/T2D/DN (n = 19, red). Values are expressed as mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001.
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