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Abstract

Ceramides and cardiorespiratory (CR) fitness are both related to cardiovascular diseases. The
associations of three blood plasma ceramides (C16:0, C22:0, and C24:0) with CR fitness in

the population-based Study of Health in Pomerania (SHIP-START-1; n = 1,102; mean age 50.3
years, 51.5% women) are investigated. In addition, subgroup analysis according to age (</=54
years) and sex (female/male) is performed. Ceramides are quantified by liquid chromatography/
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mass spectrometry (LC/MS). CR fitness is assessed by a cardiopulmonary exercise test. Sex and
age independent associations are found for higher levels of C24:0 and C24:0/C16:0 ratio with
higher maximal oxygen consumption (VO,peak) kg~1 and oxygen consumption at the anaerobic
threshold (VO,@AT) as well as for the relation of C24:0/C16:0 with maximum workload
(Wattmax kg™1). In contrast, age/sex subgroup specific inverse associations with Wattmax kg~
are found in women <54 years for C22:0, while a positive association in men =54 years. Higher
levels of C24:0 are associated with higher Wattmax kg™, except for women <54 years, where
no significant association can be found. The findings suggest that the use of single ceramides as
cardiovascular biomarkers may be inferior, compared to ceramide ratio C24:0/C16:0. Therefore
C24:0/C16:0 ratio may be a more suitable and robust cardiovascular biomarker and should be
preferred over single ceramides.

Keywords
cardiopulmonary exercise test; cardiorespiratory fitness; cardiovascular risk factors; ceramides

1. Introduction

According to the World Health Organization 17.9 million people die due to cardiovascular
diseases (CVD) each year.[1] With that, CVD is the leading cause of death (31%) worldwide.
[1] The incidence of cardiovascular events increases markedly, especially after the 5th decade
of life. In the last two decades increasing evidence revealed an association between CVD
and blood plasma ceramides, a group of sphingophospholipids.[2-111 These lipid molecules
play an important role in cellular stress response, atherogenesis, inflammation, apoptosis,
and fibrosis.[3:9:10.12] Fyrthermore, certain ceramides like C16:0 are related with major
adverse cardiac events, stroke, and incident heart failure.[3:589] Therefore, ceramides might
be promising new biomarkers to assess cardiovascular risk. In a previous study based on
5776 participants of the Study of Health in Pomerania (SHIP) and the Framingham Heart
Study!®] we could demonstrate, that very long-chain ceramides like C24:0 and the ratio to
the long-chain ceramide C16:0 (i.e., C24:0/C16:0) are associated with better cardiovascular
health, lower cardiovascular event rates as well as lower all-cause mortality. Hence, one may
assume that depending on the chain length, some ceramides may be detrimental, whereas
others may be beneficial.[35:8.10]

Low cardiorespiratory (CR) fitness is an equally important risk factor of higher
cardiovascular event rates.[13] CR fitness provides information about pulmonary and cardiac
function, the circulatory system, and muscle metabolism.[*4-161 |n summary, the current
literature shows that both low CR fitness[!3-171 and specific ceramides,[3°:8.9] are associated
with the incidence of CVD, major adverse cardiac events, sudden cardiac deaths, and
all-cause mortality.

So far, however, only limited information is available regarding the link between plasma
ceramides and CR fitness. In 443 participants, aged 54 years and older, of the Baltimore
Longitudinal Study of Aging (BLSA), ceramides were inversely related with CR fitness
with men having stronger associations compared to women.[18] In addition, in a longitudinal
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study of 100 patients with coronary artery disease, an increase in CR fitness, due to aerobic
and resistance training over 6 months, was associated with a decrease of certain ceramides
such as C16:0.[29]

To gain further insight into the role of ceramides in the pathogenesis of CVD, we evaluated
in a large population-based cohort the association of the most abundant ceramides in blood
plasma C16:0, C22:0, C24:0, and their respective ratios, C24:0/C16:0, and C22:0/C16:0,
with CR fitness parameters: peak oxygen consumption (VO,peak), oxygen consumption

at the anaerobic threshold (VO,@AT;), and maximum exhibited workload (Wattmax). We
expected that plasma levels of very long chain ceramides are positively associated with

CR fitness, whilst long-chain ceramides are inversely associated. To make our results
comparable with BLSA, we stratified our sample cohort by age (< and = 54 years). We

also included sex and age interaction analyses to check for potential modifying effects on the
association between ceramides and CR fitness.

2. Experimental Section

2.1. Study Design and Participants

Our data and blood plasma samples were based on the first follow-up examination of the
Study of Health in Pomerania (SHIP-START-1), a community-based study in the northeast
of Germany. The study was approved by the Ethics Committee of the University Medicine
of Greifswald and meets the requirements of the Declaration of Helsinki. All participants
provided informed written consent. SHIP has the aim of developing an epidemiological
health profile based on risk factors, health resources, diseases, and their prevalence. Further
details of sampling, recruitment, and cohort profile are published elsewhere.[20-22] \/ja
www.community-medicine.de data usage can be applied for.

SHIP-START-0, the baseline examination, was performed with 4308 participants between
1997 and 2001. A total of 3300 (76,6%) of these subjects attended the first follow-up
examination, SHIP-START-1, between 2002 and 2006. Of these participants 1764 subjects
were excluded due to non-participation in the voluntary cardiopulmonary exercise test
(CPET), non-evaluable measurements, or missing ceramide values. Additionally, 267
participants were excluded due to missing covariables. After exclusion of participants with
a history of cancer (n = 62), bronchial asthma and/or chronic lung diseases (1= 22),
impaired cardiac and renal function (left ventricular ejection fraction [LVEF] < 40%, n=
29; estimated glomerular filtration rate [eGFR CKD-EPI] < 60 mL per min per 1.73 m2, n
= 36), BMI < 18.5 kg m™2 (= 10), or alcohol abuse (> 68.4 g d™1 [99th Py,], 7= 8) the
final analysis sample size was 7= 1102. For a detailed sample flow chart see Figure S1
(Supporting Information).

2.2. Ceramide Quantification and Cardiopulmonary Exercise Test

Non-fasting blood plasma samples were drawn from the cubital vein in supine position.
A fully validated liquid chromatography/tandem mass spectrometry assay was performed
to quantify C24:0, C22:0, and C16:0 ceramide levels in frozen non-fasting blood plasma
samples. For further details see elsewhere.[8:23]
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A symptom-limited CPET was performed to assess CR fitness on an electromagnetically-
braked cycle ergometer (Ergoselect 100, Ergoline, Blitz, Germany) using a modified Jones
protocol.[24.25] Blood pressure, twelve lead electrocardiogram (ECG), and pulse oximetry
were monitored during rest, testing, and early recovery period. After a three-minute resting
period the first stage started with unloaded cycling, 20 Watt (W). Every minute the workload
was increased by 16 W. The test ended either due to exhaustion, chest-pain, or abnormalities
during ECG or blood pressure measurement. Heart rate was averaged over 10 s intervals.
The highest interval defined the peak heart rate. Maximum exhibited workload (Wattmax)
specified the highest workload the participant could withstand. An Oxycon Pro with a
Rudolf’s mask (JAGER/VIASYS Healthcare System, Hoechberg, Germany) was used to
determine oxygen consumption (VO,) and carbon dioxide production (VCO>) on a breath-
by-breath basis. Each of these parameters were averaged over 10 s intervals. The highest
interval of VO, was specified as the peak oxygen consumption (VOypeak). The oxygen
uptake at the first ventilatory threshold (VO,@AT,) was defined by the V-slope method as
described elsewhere.[26]

2.3. Covariables

Socio-demographics, medical history, and medication were asked during a computer-
assisted personal interview. Education years were divided into three groups based on

the general distinctions in the German school system (< 10 years, = 10 years, > 10

years). Physical activity was assessed based on the Baecke score,[27] which is a well-
established questionnaire validated with the doubly labeled water method.[28:29] We only
used leisure time and sports related physical activity, since work-related physical activity is
not associated with CR fitness.[30]

We used the WHO Anatomical Therapeutic Chemical (ATC) classification system (https://
www.who.int/tools/atc-ddd-toolkit/atc-classification) to define the use of beta-blockers,
lipid-lowering medication, antihypertensive and antidiabetic medication including insulin
therapy. The ATC divides drugs in different groups depending on which organ or system
they act upon. Beta-blockers were defined as ATC CO07. Lipid-lowering medication

was defined as ATC C10. Somatometry (height, weight, body mass index) as well as
blood pressure were assessed during medical examinations. Blood pressure was measured
according to WHO guidelines with three consecutive measurements and taking the mean
value of the second/third measurement. Arterial hypertension was defined as self-reported
physician diagnosis, or measured systolic blood pressure > 140 mmHg, or measured
diastolic blood pressure > 90 mmHg, or the intake of antihypertensive medication (self-
report and ATC C02).

Blood plasma samples were analyzed immediately or stored at ~80°C.[31] Triglycerides,
total cholesterol, low density lipoprotein cholesterol (LDL-c), and high-density lipoprotein
cholesterol (HDL-c) levels were measured at the Institute of Clinical Chemistry and
Laboratory Medicine of the University Medicine Greifswald. Non-HDL-c was calculated
as total cholesterol minus HDL-c. Type 2 diabetes mellitus (T2DM) was defined as self-
reported physician diagnosis, or HbAlc > 6.5%, or intake of antidiabetic medication/insulin
(ATC A10).
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2.4. Statistics

For sample characteristics in Table 1, continuous data were expressed as mean and standard
deviation (SD). Nominal data were expressed as numbers and percentages. Differences
between sexes were calculated using #test (continuous variables) or y2 test (nominal
variables), respectively.

For explorative purposes, we first calculated sex-specific associations of ceramides with
age adjusted for smoking, T2DM, intake of lipid-lowering medication, beta-blockers, and
education years. The same was done for CR fitness parameters (see Figures S3 and S4,
Supporting Information). We used fractional polynomialst32] to check for potential non-
linear associations of ceramides with age in our cohort sample.

For the main analyses, we used multivariable linear regression models to assess the
association of C16:0, C22:0, and C24:0 ceramide levels as well as their ratios, C24:0/C16:0
and C22:0/C16:0, with CR fitness parameters. The former were defined as exposures, the
latter as outcomes. Recent studies could show that ceramide ratios, especially C24:0/C16:0,
have a better predictive value for CVD events than specific single ceramide levels.[310] |n

a previous cooperation between SHIP and the Framingham heart study we were already
able to demonstrate similar findings.[8] Additionally, C16:0/C24:0 ratio is an important
component of the CERT1 CVD risk score.[] However, in order to be consistent with our
previous work, we used the C24:0/C16:0 ratio as well in the present analysis instead of

the inversed ratio used by Hilvo and colleagues in the CERT1 score. VO,peak, VO,@AT 1,
and Wattmax were used as crude CR fitness parameters, and respectively indexed per kg
total body weight as normalized parameters. Furthermore, we generated a directed acyclic
graph (see supplementary material, Figure S2, Supporting Information) to identify potential
confounding on the association between ceramides and CR fitness. The DAG was used

to determine then the minimal sufficient adjustment set. Based on that, three adjustment
sets: simple, full;, and full,were created. The simple set included: continuous age (linear
spline with knot at 54 years), sex, BMI (except for normalized CR fitness parameters),
physical activity (leisure time index, sports index), and current smoking status. In full; we
additionally added arterial hypertension, T2DM, blood lipids (i.e., triglycerides, and total
cholesterol/LDL-c ratio), intake of beta-blockers and lipid-lowering medication, as well as
education years. So far, there is no agreed-upon way to adjust for different lipid levels in
the context of ceramide-outcome associations. Results are still inconclusive at the moment
how different lipids and lipid levels influence those ceramide-outcome associations.[6-8.18]
Therefore, we generated an alternative model: 7u//5 where we used non-HDL-c instead

of total cholesterol/LDL-c ratio. We calculated all three regression models (simple, full,
full,) for each ceramide or ceramide ratio separately without using any combinations of our
ceramides in the same model to avoid collinearity issues.

In a second step, we categorized age (</= 54 years) to investigate subgroups reflecting the
BLSA cohort analysis by Fabbri et al. Categorized age (AGE®3t[</>54]) was only used in
combination with sex to generate the according four subgroups, we wanted to investigate:
men or women, younger or older than 54 years, respectively. However, to avoid reduction of
power we did not do this subgroup stratification by creating a priori subsamples and running
all models separately within each subsample again, but instead introduced the interaction
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term SEX*AGE A [<|>54]* ceramide’ into our set of models. By doing this, it was possible
to simultaneously calculate within one model four subgroup-specific slope estimates for the
particular ceramide-CR fitness association utilizing the whole sample of 1102 participants
(instead of the particular subgroup sample only). We report only subgroup results where the
interaction term SEX*AGEeL [<[>54]* ceramide’ was statistically significant. Additionally,
this approach enabled us to search post-hoc for possible subgroup differences as well. To
address potential confounding by age and sex in that second set of models as well, again
main effects of age and sex were also included in all interactive models. Main effect of age
was included again in a continuous fashion using a linear spline with one knot at 54 years.
Detailed results regarding effect estimates etc. are provided in Tables S1 and S2 (Supporting
Information). For potential sole age-only or sex-only interactions please refer to those tables
as well.

Continuous variables included in linear regression models (ceramides, BMI, physical
activity, blood lipids) were z-transformed separately for men and women (sex-specific: mean
=0, and SD = 1). Hence, reported effect estimates (5-estimates [95% confidence limits])
reflect the change in CR fitness parameters corresponding to a sex-specific 1-SD change in
ceramide levels.

Moreover, in sensitivity analyses we investigated whether the intake of beta-blockers, or
lipid-lowering medication modify the association of ceramides with CR fitness by including
appropriate interaction terms into our initial global model set as well.

Normality and homoscedasticity of residuals were ensured by visually checking QQ-plots,
kernel-density plots as well as residuals-versus-fitted plots for each regression model.
Significance level was set to alpha = 0.05. No adjustments for multiplicity were done in
accordance with Rothman[33] as the study is rather exploratory in nature than confirmatory.
All statistical analyses were done with Stata statistical software (17.0, StataCorp LLC,
College Station, TX).

2.5. Ethics Approval Statement

The study was reviewed and approved by the Ethics Committee of the University
Medicine of Greifswald and meets the requirements of the Declaration of

Helsinki (https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/) and
Taipei (https://www.wma.net/what-we-do/medical-ethics/declaration-of-taipei/) in its latest
form.

3. Results

3.1. Sample Cohort Characteristics

Table 1 summarizes the main characteristics of the study population in total and sex-
stratified groups (51.5% women). The age of the total sample ranged from 25 to 84 years
(mean age (SD) =50.3 (12.9) years). Approximately 29% of the study participants had
arterial hypertension, 26% were current smokers, and 8% had T2DM. Men and women
differed significantly in BMI, systolic and diastolic blood pressure, the presence of arterial
hypertension and TD2M, blood lipids, the intake of lipid-lowering medication, as well as in
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leisure time related physical activity. Furthermore, women had significantly lower levels of
ceramide C22:0, C24:0, C22:0/16:0 ratio, and C24:0/C16:0 ratio as well as lower values of
all CR fitness parameters.

3.2. Sex-Specific Associations of Ceramides with Age

The association between ceramides and age varied greatly depending on the ceramide
species and sex (for further details see Figure S3, Supporting Information). In men, we
found always significant (p < 0.01) non-linear associations with age for all three single
ceramide species (i.e., C16:0, C22:0, and C24:0) with a maximum ceramide plasma level for
all of them at =40 years. In women, a significant (o < 0.001) positive linear association for
C16:0 was found, while even more pronounced non-linear associations (p < 0.001) for C22:0
and C24:0, with a maximum ceramide plasma level at an age of 60 — 70 years for the latter
two ceramide species. The two ceramide ratios C22:0/C16:0, and C24:0/C16:0 revealed only
non-significant (p > 0.2) linear associations with age in both sexes.

3.3. Sex-Specific Association of CR Fitness Parameters with Age

Apart from Wattmax in men all assessed crude CR fitness parameter and VO,peak,
VO,@AT, and Wattmax in women, showed an inverse linear association with age (p <
0.001). Wattmax showed a non-linear inverse association in men (p < 0.001, see Figure S4
A, Supporting Information).

As with the crude CR fitness parameters, normalized CR fitness parameters were inversely
and linear associated with age (p < 0.001), too (see Figure S4B, Supporting Information).
Only VO,@AT1 kg~ in women showed a non-linear inverse association with age (p <
0.001).

3.4. Association Between Ceramides and Crude CR Fitness Parameters

Only the ceramide C16:0 was significantly inversely associated with crude CR fitness
parameter maximum oxygen consumption (VOypeak) in younger men < 54 years (per 1-SD
ceramide increase: Simple: Pinteraction = 0.012; =72.89 mL min~1 [-118.53; —27.26], full;:
Pinteraction = 0.034, —=72.80 mL min™1 [-117.41; —28.19], fulls: Pinteraction = 0.029, =70.81
mL min~1 [-118.38; —23.24]. No other significant associations of ceramides with crude CR
parameters could be detected (see Figure 1 and see further details in Table S1, Supporting
Information).

3.5. Association Between Ceramides and Normalized CR Fitness Parameters

In the whole sample higher levels of ceramide C24:0, and C24:0/C16:0 ratio were in

general associated with greater CR fitness, even after extended adjustments to address
potential confounding (see Figure 2C,E and see further details in Table S2, Supporting
Information). For ceramide C24:0 those significant associations were visible only in the two
fully adjusted models (per 1-SD ceramide increase: VOypeak kg-: simple: 0.15 mL per min
per kg [-0.15;0.45], full;: 0.49 mL per min per kg [0.16;0.82], fulls 0.67 mL per min per kg
[0.29;1.05]; VO,@AT; kg~L: simple: 0.16 mL per min per kg [-0.03;0.35], fullz: 0.35 mL
per min per kg [0.14;0.56], fu/l5 0.55 mL per min per kg [0.30;0.79]; and Wattmax kg~
simple: 0.01 W kg~1 [-0.02;0.03], full;: 0.05 W kg~2 [0.02; 0.07], fulls 0.06 W kg1 [0.03;
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0.09]; see further details Table S2, Supporting Information). Furthermore, one can see that
for oxygen consumption parameters those associations were more pronounced in models
adjusting for non-HDL-c (full,) instead of total cholesterol/LDL-c ratio (fully).

A larger C24:0/C16:0 ceramide ratio was always related to greater values of every measured
normalized CR fitness parameter independent of the adjustment set applied (per 1-SD ratio
increase: VO,peak kg™1: simple: 0.34 mL per min per kg [0.05;0.62], full;: 0.42 mL per min
per kg [0.14;0.69], fu/l5 0.40 mL per min per kg [0.12;0.68]; VO,@AT1 kg™L: simple: 0.26
mL per min per kg [0.06;0.46], full;: 0.30 mL per min per kg [0.10;0.49], fulls: 0.29 mL per
min per kg [0.09;0.49]; and Wattmax kg~1: simp/e: 0.03 W kg1 [0.00;0.06], fu/l;; 0.04 W
kg1 [0.01; 0.06], fu/l5 0.04 W kg~ [0.01; 0.06]; see further details in Table S2, Supporting
Information).

Higher levels of ceramide C16:0 were only significantly associated with lower VO,peak/kg
in the simple adjustment set, whereas this association was no longer significant after
extended adjustments (per 1-SD ceramide increase: VOopeak kg™1: simple: —=0.14 mL per
min per kg [-0.45;-0.17], full;: 0.06 mL per min per kg [-0.27;0.40], full5 0.10 mL per
min per kg [-0.28;0.48]; see further details in Table S2, Supporting Information). The same
was true for C22:0 (per 1-SD ceramide increase: VO,peak kg™1: simple: =0.29 mL per min
per kg [-0.58; —0.01], fu/l;: 0.13 mL per min per kg [-0.21;0.48], full; 0.15 mL per min
per kg [-0.22;0.52]; see further details in Table S2, Supporting Information). The ceramide
ratio C22:0/C16:0 was significantly inversely associated with Wattmax kg~1 only in the
simple adjustment set as well (per 1-SD ceramide increase: Wattmax kg=1: simple: —0.04 W
kg~ [-0.06; —0.01], full;; —0.01 W kg~1 [-0.03;0.02], fu/ls —0.01 W kg~1 [-0.03;0.01]; see
further details in Table S2, Supporting Information).

With regard to the age/sex dependent effects, we refer in the following to the fully adjusted
models full; and full,. We found age/sex modifying effects primarily for the association

of single ceramides C22:0 (fully: Pinteraction = 0.003, fulls: Pinteraction = 0.001) and C24:0
(full: Pinteraction = 0.002, full5 Pinteraction = 0-001) with Wattmax/kg (see Figure 2B,C

and further details in Table S2, Supporting Information): namely for C22:0, an inverse
association in younger women < 54 years (fu/ly: =0.05 W kg1 [-0.10;-0.01]; fu/l» —0.06
W kg~1 [-0.10;-0.02]), while a positive association in older men > 54 years fu/l;: 0.08

W kg1 [0.01;0.14]; full 0.08 W kg~ [0.01;014]). In contrast, higher levels of C24:0
were instead always associated with higher Wattmax kg1, except for younger women < 54
years, where no association at all could be found (fu//z: <54/men: 0.05 W kg1 [0.01;0.10],
<54/women: —0.01 [-0.05;0.03], 54/men: 0.12 W kg~1 [0.05;0.18], =54/women: 0.06 W
kg™1 [0.01;0.10]; fulls <54/men: 0.07 W kg1 [0.02;0.12], <54/women: 0.00 [-0.04;0.04],
>54/men: 0.13 W kg~ [0.07;0.20], =54/women: 0.07 W kg1 [0.02;0.12]; see further details
in Table S2, Supporting Information)

There were no significant interactions (p > 0.05) with the intake of beta-blockers, or lipid-
lowering medication detectable.
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4. Discussion

CVD is one of the leading global causes of death and also a major financial burden.[!] As
described in literature, blood plasma ceramides!2-10] as well as low CR fitness!13-17] are
closely related to the development of CVVD. However, whether ceramides are related to CR
fitness was heretofore unclear.

Based on a large sample from a population-based cohort, this study assessed the association
of three of the most abundant blood plasma ceramides and their respective ratios with CR
fitness. We found that in general higher levels of ceramide C24:0, and C24:0/C16:0 ratio
were associated with greater CR fitness independent of age or sex. Higher levels of ceramide
C16:0 were inversely associated with CR fitness only in men below 54 years. These findings
confirm previously published data showing ceramides might be beneficial or detrimental
with respect to cardiovascular health depending on their chain length.[3-58.91 |n addition, we
found sex and age modifying effects on the association of single ceramides with CR fitness
parameters. Ceramides C22:0 and C24:0 showed age/sex subgroup specific associations
with body weight normalized maximum exhibited workload: an inverse association in
younger women below 54 years for C22:0, while a positive association in men greater

or equal 54 years. Higher levels of C24:0 were always associated with higher maximum
exhibited workload, except for younger women below 54 years, where no association could
be found. As already mentioned, the ceramide C16:0 was only (inversely) associated with
maximum oxygen consumption in younger men below 54 years. Thus, our results show
that, in addition to the chain length, sex and age of participants may be important in
determining whether a single ceramide species are associated with good or poor CR fitness.
This means that while a particular ceramide could be associated with poor CR fitness, e.g.,
in the younger population, it could also be associated with greater CR fitness in the older
population. On the other hand, beta estimates describing the association of ceramide ratio
C24:0/C16:0 with CR fitness were robust against any modifying effects of age or sex. In
addition, this ratio was found to have the most significant positive associations with all
measured CR fitness parameters.

Similar to our findings men also had higher blood plasma levels of ceramides compared to
women in 443 participants of BLSA.[*8] Additionally, like in BLSA, in SHIP men reached
greater CR fitness than women. In BLSA ceramides were inversely associated with CR
fitness. In addition, to assessing the relationship between specific single ceramides and CR
fitness, we also explored in the present study the relation between ceramide ratios and CR
fitness. Here, we found that a higher C24:0/C16:0 ceramide ratio was associated with greater
CR fitness. Moreover, in BLSA the effect estimates were stronger for men compared to
women. We found significant age/sex differences only for single ceramides and their relation
with CR fitness. That supporting, in an exploratory cross-sectional age analysis, we were
able to show that ceramides differ not only in their plasma concentration between the sexes,
but over the age range of the same sex (see Figure S3, Supporting Information).

A biomarker for cardiovascular risk should be preferably widely applicable and robust
against confounders. We found that the association of single ceramides may be significantly
influenced by sex and age. Furthermore, as shown sex and age affected not only the strength
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of the association but also its direction. Age and sex modifying effects could also be relevant
to the association of ceramides with cardiovascular events. Thus, this could limit the use

of ceramides as cardiovascular biomarkers. To use single ceramides in the clinical practice
age/sex-specific reference values may then be needed. On the other hand, we found that

the associations of ceramide ratio C24:0/C16:0 with CR fitness were robust against many
confounders, including effect modifications by age and sex. Thus, C24:0/C16:0 ceramide
ratio may be a better candidate as biomarker for the cardiovascular risk prediction than
single ceramides and should be favored in our opinion.

Consistent with our findings many other studies also found age and sex differences in

the distribution of ceramides or lipid profiles.[7:8:34-37] The exact mechanisms leading to
sex and age differences are currently unclear. One may speculate that endocrinological
influences play a role. Hormone levels change with increasing age and differ between the
sexes. A previous study demonstrated that the supply of estradiol to cells with estrogen
receptors reduces the synthesis of individual ceramides in vitro.[38! It is tempting to
speculate that this may be related to the finding that premenopausal women have less
cardiovascular events than postmenopausal women.[3%-411 Supporting this idea, we found
differences between younger and older women in the association of ceramides C22:0,
C24:0, and C22:0/C16:0 ratio with maximum exhibited workload. However, unlike the other
ceramides, C24:0/C16:0 ceramide ratio was robust to any modifying effects of sex or age.

Ceramides are known to be closely associated with a wide range of CVVD such as coronary
heart disease, stroke, or heart failure.[2-10] _ow CR fitness also increases the risk of CVD.
[13.14,16.17] More importantly, CR fitness increases the predictive value of a cardiovascular
risk profile if added to established risk parameters like arterial hypertension, T2DM, or
obesity.[16:42] To date, there is no mechanistic pre-clinical study that specifically links
ceramides and CR fitness in the general population. But there is a study based on 100
CAD patients (mean age (SD) = 64 (6) years, 85% male), which shows that after a six
month cardiac rehabilitation program an increase in CR Fitness was associated with a
decrease in ceramides like C16:0.11%] Furthermore, recent research shows that ceramides
have a strong influence on the vascular system, cardiac function, and muscle metabolism,
being important determinants of CR fitness.[2:3.9] Therefore, a causal relationship between
ceramides and CR fitness seems likely. Ceramides inhibit the production of nitric oxide
by promoting the formation of reactive oxygen species and dephosphorylation of the
endothelial nitric oxide synthase.[343] Thus, they promote vasoconstriction and inhibit
vasorelaxation, thereby inhibiting muscle blood perfusion. Furthermore, high levels of
circulating ceramides damage the cardiac endothelium and induce fibrosis which may limit
CR fitness.[2:3.9.1244] On the cellular level, ceramides inhibit the utilization of glucose

as a quick energy supply during high intensity physical activity.[23:9] In addition, C16:0
ceramide inhibits the mitochondrial respiratory chain, which is an important component of
CR fitness and could lower the performance during CPET.[2:3.945] New findings suggest
very-long chain ceramides could be involved in cellular respiration blockade, too.[4¢] The
latter might be a possible explanation (besides residual confounding) for ceramides C22:0
and C22:0/C16:0 being associated with poor CR fitness in our analysis, though only in the
simple adjustment set.
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Due to the observational nature of the study, we cannot definitively establish a causal

link between ceramides and CR fitness. However, as stated above, it can be assumed that
there might be a causal relation. Future (longitudinal and prospective) investigations are
needed to find out whether a causality exists and, if so, whether it can be influenced, e.g.,
by exercise training or medical treatment. Longitudinal intervention studies with a control
group are needed to determine whether changes in ceramide concentrations, e.g., caused by
medication, have an effect on CR fitness. Based on our results, we have shown that statins
or other common lipid-lowering drugs (ATC C10) have no effect on the association between
ceramides and CR fitness. On the other hand, recent literature shows that an increase in

CR fitness based on physical activity in CAD patients!1% is associated with a decrease

in specific ceramides, which are associated with higher cardiovascular risk. In addition,
molecular researchl47:48] based on measuring ceramide levels immediately before and after
physical activity has shown that specific ceramide levels such as C16:0 increase and then
quickly return to baseline. This suggests that in addition to CR fitness, ceramides are also
associated with physical activity. So, in total, further work needs to be done to investigate,
if physical activity is another target to influence circulating ceramide levels in addition to
medication.

Taken together, our findings indicate that specific ceramides could influence CR fitness and
thereby the related cardiovascular risk as well. Sex and age modifying effects could limit
the use of single ceramides as cardiovascular biomarkers. C24:0/C16:0 ceramide ratio was
robust against those effects and should be preferred. Future longitudinal studies need to
investigate the potential causal relationship between ceramides and CR fitness and its effects
on CVD prognosis as well as should look deeper into potential modifying effects of age and
sex.

4.1. Strengths and Limitations

Our study has several strengths but also limitations. One of the strengths of our study is the
large number of study participants (n = 1102) from the population-based Study of Health
in Pomerania (SHIP-START-1). The sample was well and deeply phenotyped, so we could
address many covariables and use multivariable adjustment sets to address confounding
issues and assess the association between ceramides and CR fitness. However, residual
confounding could not be fully ruled out. Furthermore, we used objectively measurable
exposure-, outcome-, and covariables. To assess CR fitness, we used the gold standard, a
symptom limited maximal CPET. Ceramides were quantified by a fully validated, robust,
and reproducible targeted liquid chromatography/tandem mass spectrometry assay.

Our study also has some limitations. The study sample was primarily of Caucasian descent.
Both, ceramide levels and CR fitness differ between distinct ethnic groups.[3549-521 Thus,
results cannot be readily applied to other ethnicities. In SHIP-START-1 non-fasting blood
plasma samples were drawn. The European Heart Journal published 2016 a statement from
the European Atherosclerosis Society and European Federation of Clinical Chemistry and
Laboratory Medicine,[33] which proclaimed that fasting blood plasma levels are not required
for assessing cardiovascular risk. Because it is not known whether fasting samples have

an advantage over non-fasting samples, we consider the use of non-fasting samples is at
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most a minor limitation. Moreover, we were unable to include dietary information in our
analyses or a comprehensive lipid profile, since only C16:0, C22:0, and C24:0 ceramides
were quantified in SHIP-START-1 so far. Finally, this study is based on cross-sectional
epidemiological data. Therefore, we cannot clearly derive a causal relationship between
ceramides and CR fitness parameters. Furthermore, no adjustments for multiplicity were
done. This was done primarily as our study is exploratory mainly in nature instead of
confirmatory. We did not want to reduce the power of our study to detect potential new
effects between ceramides and CR fitness parameters.[33]

5. Conclusion

Summarizing, higher C24:0 and C24:0/C16:0 ratio were associated with greater values

of CR fitness in a large population-based study. Age and sex significantly influenced the
direction and strength of the associations of single ceramides with CR fitness, whereas
C24:0/C16:0 ceramide ratio was robust against these effect modifications. Based on our
results we were able to show that not solely the chain length, but also sex and age of a
subject may be important for potential beneficial or detrimental effects of single ceramides.
These findings suggest that the use of single ceramides as cardiovascular biomarkers may
be limited. In order to use single ceramides in the clinical practice age- and sex-specific
reference values may be needed. In contrast, ceramide ratio C24:0/C16:0 was stable
against any sex or age modifying effects. Therefore C24:0/C16:0 ratio may be a better
cardiovascular biomarker und should be preferred over single ceramides. Furthermore, the
strongest associations with CR fitness were found with this ratio.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Forest plots: effects (95% confidence interval) of each ceramide species on crude
cardiorespiratory fitness (CR fitness) parameters (VO2peak, VO2@AT1, Wattmax) stratified
by sex and age (</= 54 years): A) ceramide C16:0, B) ceramide C22:0, C) ceramide

C24:0, D) ceramide ratio C22:0/C16:0, E) ceramide ratio C24:0/C16:0. Significant

age/sex three-way interactions are marked with an asterisk. Adjustment models: simple
included age, sex, BMI, physical activity, and smoking; full, additionally included

arterial hypertension, T2DM, total cholesterol/LDL-c ratio, beta-blockers, lipid-lowering
medication, and education years, full, included non-HDL-c instead of total cholesterol/LDL-

¢ ratio.
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Figure2.
Forest plots: effects (95% confidence interval) of each ceramide species on normalized

cardiorespiratory fitness (CR fitness) parameters (VOopeak/kg, VOoAT1/kg, Wattmax/kg)
stratified by sex and age (</= 54 years): (A) ceramide C16:0, (B) ceramide C22:0,

(C) ceramide C24:0, (D) ceramide ratio C22:0/C16:0, (E) ceramide ratio C24:0/C16:0.
Significant age/sex three-way interactions are marked with an asterisk. Normalized CR
fitness parameters = indexed per kg total body weight, Adjustment models: simple included
age, sex, physical activity, and smoking; full; additionally included arterial hypertension,
T2DM, total cholesterol/LDL-c ratio, beta-blockers, lipid-lowering medication, and
education years, full, included non-HDL-c instead of total cholesterol/LDL-c ratio.
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