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Abstract

Lipid perturbations contribute to detrimental outcomes in obesity. We previously demonstrated 

that nervonic acid, a C24:1 ω-9 fatty acid, predominantly acylated to sphingolipids, including 

ceramides, are selectively reduced in a mouse model of obesity. It is currently unknown if 

deficiency of nervonic acid-sphingolipid metabolites contribute to complications of obesity. Mice 

were fed a standard diet, a high fat diet, or these diets supplemented isocalorically with nervonic 

acid. The primary objective was to determine if dietary nervonic acid content alters the metabolic 

phenotype in mice fed a high fat diet. Furthermore, we investigated if nervonic acid alters markers 

of impaired fatty acid oxidation in the liver. We observed that a nervonic acid-enriched isocaloric 

diet reduced weight gain and adiposity in mice fed a high fat diet. The nervonic acid enrichment 

led to increased C24:1-ceramides and improved several metabolic parameters including blood 

glucose levels, and insulin and glucose tolerance. Mechanistically, nervonic acid supplementation 

increased PPARα and PGC1α expression and improved the acylcarnitine profile in liver. These 

alterations indicate improved energy metabolism through increased β-oxidation of fatty acids. 

Taken together, increasing dietary nervonic acid improves metabolic parameters in mice fed a high 

fat diet. Strategies that prevent deficiency of, or restore, nervonic acid may represent an effective 

strategy to treat obesity and obesity-related complications.
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1 | INTRODUCTION

The significance of changes in lipids, including specific fatty acids within specific lipid 

classes, in both normal metabolic homeostasis and in obesity, metabolic syndrome, and 

diabetes is gaining recognition.1–3 Obese individuals have excess circulating free fatty acids 

(FFAs), and lipid composition within most tissues is altered. These alterations have 

detrimental consequences contributing to insulin resistance, inflammation, and lipotoxicity. 

A particular lipid class of interest are the sphingolipids that have been implicated to 

contribute to metabolic dysfunction and insulin resistance4–7

A major type of sphingolipids are bioactive ceramides. Ceramides contain a sphingoid 

backbone coupled to fatty acyl-chains of different lengths through an amide linkage. A 

family of six known ceramide synthases (CerS) catalyze the fatty acid acylation step. CerS 

isoforms differ in tissue distribution and fatty acyl-CoA specificity.8 Emerging evidence 

suggests that the acyl-ceramide composition influences biological responses.8 Deletion of 

specific CerS in animals with consequent changes in ceramide and sphingolipid fatty acid 

composition leads to both biophysical and biochemical membrane perturbations. 

Specifically relevant to obesity, deletion of the C16 (palmitate)-ceramide generating CerS59 

or CerS610 protects against diet-induced obesity and associated complications. Furthermore, 

haploinsufficiency of the predominantly C22-C24-ceramide generating CerS2 lead to 

elevations in C16-ceramides and consequently increased susceptibility to diet-induced 

steatohepatitis and insulin resistance in mice.11 Surprisingly, the physiological or 

pathophysiological consequences of altering ceramide species other than C16-ceramides 

have not been rigorously investigated.

We previously published that C24:1(nervonate)-ceramides are reduced in various tissues in 

models of type 1 diabetes and in a diet-induced mouse model of obesity.12 Though the 

consequences of elevated C16-ceramides have received attention, the roles of reduced very-

long-chain ceramides, such as C24:1-ceramides, are largely unknown. A few studies in 

human demonstrating reduced circulating nervonic acid (NA) in obesity and metabolic 

syndrome supported our preclinical models.13–15 A negative correlation between circulating 

NA and obesity-related risk factors has been observed.13 Plasma NA was significantly lower 

in obese compared to lean participants and was inversely correlated with BMI.14 

Furthermore, a study with Japanese males found that subjects with metabolic syndrome 

demonstrated reduced NA in serum lipids compared to subjects without metabolic 

syndrome.15 To extend beyond these correlative studies, we herein describe studies 

investigating how restoration of NA through the diet affects obesity and related metabolic 

complications.

2 | RESEARCH DESIGN AND METHODS

2.1 | Animals

Animal experiments were approved by the Animal Care and Use Committee of the 

University of Virginia (Charlottesville, VA). C57Bl/6J mice were obtained from Jackson 

Laboratories (Bar Harbor, ME). Mice were group housed in standard cages with up to five 

mice/cage with a 12 hours dark/light cycle. All mice were weighed once per week. Weekly 
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food consumption was measured by averaging the amount consumed per cage among the 

mice in the cage. Body composition was determined using an EchoMRI-100H Body 

Composition Analyzer (EchoMRI LLC, Houston, TX).

2.2 | Diets

Diets were obtained from Research Diets (New Brunswick, NJ). The low-fat chow was 

D12450Ji (10 kcal% fat) and the high-fat chow was D12492 (60 kcal% fat). The two chows 

were reformulated, replacing a portion of dietary fat with an ethyl ester of nervonic acid 

from Nu-Chek Prep (Elysian, MN), to produce isocaloric diets with nervonic acid contents 

of 6 g/kg diet (0.6%). For the three most prevalent fatty acids in these diets: C16 comprised 

14.4%, 11.7%, 18.5%, and 18.1%; C18:1 comprised 27.4%, 22.8%, 32%, and 31.4%; and 

C18:2 comprised 39.6%, 36.2%, 26.9%, and 26.5% of the fatty acid composition of the Cnt, 

Cnt + NA, HFD, and HFD + NA diets, respectively. The full fatty acid profile is shown in 

Figure S1. Mice were started on diets at ~8 weeks of age and given ad libitum access.

2.3 | Insulin and glucose tolerance tests (ITT and GTT) and analysis of blood glucose and 
plasma insulin

ITT and GTT were performed as described previously.16 Blood glucose levels were 

determined by a glucometer (Contour Next EZ Blood Glucose Monitoring System, Bayer, 

Leverkusen, Germany) at indicated time points after injection. Plasma insulin levels were 

determined using a Stellux Chemi Rodent Insulin ELISA kit (Cat. No. 80-INSMR-CH01, 

APLCO, (Salem, NH)) or an Ultrasensitive Rat/Mouse Insulin ELISA kit low range (Cat. 

No. 90060, Crystal Chem, (Downers Grove, IL)). The luminescence assay was conducted 

using a Victor2 Plate Reader (Perkin Elmer, Waltham, MA).

2.4 | Determination of energy expenditure, respiratory exchange ratio, and locomotion

For determination of energy expenditure, respiratory exchange ratios, and activity, mice 

were placed in an Oxymax metabolic chamber system (Comprehensive Laboratory Animal 

Monitoring System, CLAMS, from Columbus Instruments (Columbus, OH)). Oxygen 

consumption (V̇O2), carbon dioxide production (V̇CO2), and ambulatory activity were 

determined for each mouse over 72 hours Only the last two complete light and dark cycles 

(spanning 48 hours) were used for data analysis. Feces were collected during the metabolic 

cage studies and shipped to the Mouse Metabolic Phenotyping Core at the University of 

Texas Southwestern for bomb calorimetry analysis using a Parr 6200 Isoperibol Calorimeter.

2.5 | Cell culture

HEK293 cells were grown in DMEM containing 10% of FBS. Cells were transfected with 

Silencer Select siRNA to CerS2 (s26789) or Silencer Select negative control No. 1 using 

Lipofectamine 3000 following the manufacturer’s protocol. All culture reagents were 

obtained from Thermo Fisher Scientific (Waltham, MA). 48 hours posttransfection, cells 

were treated with vehicle or 1 μM nervonic acid for 24 hours.
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2.6 | Transcript analysis

RNA was isolated from mouse liver using TRIzol reagent (Thermo Fisher Scientific) 

following the manufacturer’s instructions. Total RNA underwent DNase I treatment (New 

England Biolabs, Ipswich, MA) and cDNA was made using the iScript cDNA Synthesis Kit 

(Bio-Rad Laboratories, Hercules, CA). Quantitative real-time PCR was carried out using 

Bio-Rad SYBR green probes (PPARα qMmuCID0005156, SIRT1 qMmuCID0015511, 

PGC1α qMmuCID0006032). The TATA binding protein (qMmuCID0040542) gene was 

used to normalize target gene abundance. Biological samples were run in triplicate.

2.7 | Lipid measurements by liquid chromatography-mass spectrometry

Liver samples from rats fed a low- or high-fat diet were obtained from Dr Scot Kimball’s 

laboratory at Pennsylvania State University (Hershey, PA) and analyzed for sphingolipids as 

described previously.17 Mouse liver samples were analyzed with modifications as described 

previously.18 Glycerol-based lipids were extracted the same way as for sphingolipids. 

Acylcarnitines were quantified as butyl esters adapted from.19 Extracts were analyzed by 

LC-MS/MS on an I-class Acquity with a 2.1 mm × 15 cm C18 BEH 1.7 μm particle size 

column coupled to an in-line TQ-S mass spectrometer using multiple reaction monitoring. 

Calibration curves were generated from standard mixtures of acylcarnitines from Cambridge 

Isotope Laboratories.

2.8 | Data analysis

Statistical analysis was performed with GraphPad Prism version 6 or 7 software (GraphPad 

Software, San Diego, CA). Statistical significance was determined by one-way ANOVA with 

Tukey’s or Sidak’s posttest for multiple comparison. Two-way ANOVA was utilized to test 

for interactions between diets and NA. Growth curves were analyzed using permutation tests 

of differences between groups of growth curves with the growth curve function of statmod in 

R. The number of permutations was set to 10,000. Thresholds of significance are indicated 

in figure legends and represent adjusted p values. All data are expressed as mean ± SEM 

with the number of replicates given in figure legends.

3 | RESULTS

3.1 | A high fat diet (HFD) reduces very-long-chain sphingolipids in rodent models of 
obesity

We initially investigated the ceramide profile of livers of mice on a high fat diet (HFD) with 

60% of calories from fat (soybean oil supplemented with lard) or a low-fat chow (10 kcal% 

fat) (Figure 1A). We demonstrate that C22:1 and C24:1 ceramide species were significantly 

decreased by 51% and 43% by the HFD, replicating a prior experiment, reported in Ref. 12, 

that used a 55% HFD with corn oil supplemented with vegetable shortening. In the current 

expanded study, we also report dichotomous increases in C18, C20, and C22 ceramides 

(Figure 1A). Two additional mouse groups were fed either an isocaloric normal or a HFD 

both enriched in an ethyl ester form of nervonic acid (NA, 0.6% by diet weight). In both the 

normal and HFD fed groups, NA-enrichment led to increases in C24:1-ceramides, with 

concomitant decreases in other ceramides C20-C26. The sum of the amounts of these 
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individual ceramide species (Figure 1A inset) demonstrates no significant differences 

between diets. The HFD also reduced levels of C24:1-hexosylceramide (Figure 1B) and 

C24:1-sphingomyelin (Figure 1C) with dietary NA increasing these on both diets. As 

expected, only small amounts of NA-containing glycerolipids were detected, but a similar 

pattern was observed. The HFD reduced C24:1-lysophosphatidylcholine (Figure 1D), 

diacylglycerides C16:0/C24:1 (Figure 1E) and C18:1/C24:1 (Figure 1G), and NA-enriched 

control and HFDs elevated these species, including diacylglycerides C18:0/C24:1 (Figure 

1F) and C18:2/C24:1 (Figure 1H). C24:1-acylation was undetectable in other lipid classes 

(eg, phosphatidic acid, phosphatidylglycerol). As we observed previously,12 the HFD 

reduced C24:1-ceramides in plasma (Figure 1I). Dietary NA-enrichment led to significant 

increases in plasma C24:1-ceramides on both the control and HFDs. Furthermore, siRNA-

mediated knockdown of CerS2 in HEK293 cells demonstrated a similar pattern as observed 

in the liver. Cers2 knockdown diminished C24:1-ceramide amounts and reduced NA 

acylation into ceramide (Figure 1J).

To assess the specificity of the findings in mice, we also determined the ceramide 

composition in livers of rats fed a 40% or 60% HFD (Figure 1K). We observed decreases in 

steady-state C14, C22, C22:1, C24, C24:1, C26, and C26:1-ceramides in both 40% and 60% 

HFD fed rats. More specifically, we report an approximate 55% reduction in C24:1- and 

C24-ceramides on the 40% HFD and an approximate 65% reduction, on the 60% HFD. 

Taken together, in two distinct rodent models of obesity, we observe perturbations in very-

long-chain fatty acid-containing ceramides, with diminished C24:1-ceramide being 

consistent in both models. Our findings also demonstrate that a NA-enriched diet modulates 

ceramide profiles and increases C24:1-lipids in mice on either diet.

3.2 | Dietary enrichment with nervonic acid reduces weight gain in mice on a HFD

Mice were either fed normal, a 60% high-fat, or NA-supplemented isocaloric normal or 

high-fat chows and body weights were monitored over a three month period (Figure 2A). As 

expected, the HFD fed mice gained more body weight than control diet fed mice. 

Interestingly, mice fed a HFD enriched with NA (HFD + NA) demonstrated significantly 

less body weight gain than the HFD fed mice, and body weights were not significantly 

different from mice on the control diet. Even mice fed a NA-enriched control diet 

demonstrated significantly less body weight gains over time than mice on the control diet.

Body composition analysis revealed that the difference in weight gain between mice on the 

HFD and HFD + NA can be attributed to a large extent to a reduction in fat mass in HFD + 

NA fed mice (Figure 2B). At the time of sacrifice, HFD and HFD + NA fed animals showed 

average body fat contents of 16.44 g/mouse and 9.48 g/mouse, respectively. Lean mass was 

slightly, but significantly, reduced in the HFD + NA versus the HFD group, though the lean 

mass of the HFD + NA group was not significantly different to the lean mass of control or 

control + NA groups. The lean mass was also not significantly different between the control 

and control + NA diet groups. Water mass was similar for all experimental groups.

Throughout the duration of this study, average food consumption was determined (Figure 

2C). Mice on high fat diets demonstrated significant increases in kcal per day consumed 

compared to controls, while the average food consumption between HFD and HFD + NA 
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was similar over the 12 weeks of the study. Food consumption of mice on the control + NA 

diet was also not significantly different from control mice. To evaluate whether food calories 

were not equally well absorbed, fecal caloric measurements were determined by bomb 

calorimetry (Figure 2D). Comparing gross heat of combustion, small but significant 

increases in fecal caloric content was observed in mice on HFD and HFD + NA diets 

compared to controls. No differences in fecal caloric content were observed between control 

and control + NA or HFD and HFD + NA diets. Therefore, similar to food consumption, 

dietary NA enrichment did not have an apparent effect on diet absorption. Taken together, 

these data demonstrate that animals on a HFD supplemented with NA exhibit reduced body 

weight gain with reduced adiposity that is not due to reduced food consumption or 

absorption.

3.3 | Dietary nervonic acid alters energy balance parameters, but not activity, in mice on a 
HFD

As food consumption or assimilation did not appear to be responsible for differences in body 

weight gains, we next evaluated if mice on the HFD + NA when compared to the HFD had 

changes in energy expenditure (Figure 3). Using metabolic cages, we found elevated oxygen 

consumption (VO2) (Figure 3A) in mice on the HFD compared to controls in both the light 

and dark cycle. Mice on the HFD + NA had VO2 levels that were significantly lower than in 

mice on a HFD and similar to mice on control diets in both the light and dark cycle. Carbon 

dioxide production (VCO2) in mice on the HFD was not significantly different from mice on 

control diets, but mice on the HFD + NA showed a significant reduction to control and HFD 

groups (Figure 3B). When calculating respiratory exchange ratios (RER = VCO2/VO2) for 

both the light and dark cycle (Figure 3C), we found that mice on the HFD and HFD + NA 

showed similar RERs and that these were significantly lower than for mice on control diets. 

These data indicate increased fat utilization for energy production in mice on high fat diets 

as expected. No statistical changes of RER was observed for mice on control + NA 

compared to the control diet for the light and dark, cycles. Heat production was highest in 

mice on HFD (Figure 3D), while mice in the HFD + NA and control diet groups had similar 

lower values in both the light and dark cycles. No differences were observed between control 

and control + NA diets. Activity measurements were determined and graphed as beam 

breaks per hour (Figure 3E) and cumulatively beam breaks over the 12 hours light and 12 

hours dark cycles (Figure 3F). Mice on a HFD demonstrated reduced ambulatory activity 

compared to mice on control diets. Ambulatory activities were similar for mice on the HFD 

and HFD + NA diets, and for mice on the control and control with NA diets. Taken together, 

these data suggest that animals on a HFD, enriched with NA, have decreased energy 

expenditure and heat production, but exhibit similar ambulatory activity when compared to 

mice on the HFD. This data thus cannot explain the reduced body weight and adiposity in 

mice on the HFD + NA diet.

3.4 | Dietary nervonic acid enrichment improves glycemic control in mice on a HFD

To determine metabolic consequences of dietary NA enrichment, we assessed circulating 

glucose and insulin levels under fasting and random-fed conditions and performed glucose 

and insulin tolerance tests. After 8-weeks, the HFD led to increased fasting (Figure 4A) and 

random-fed (Figure 4B) blood glucose levels when compared with control. Mice on HFD + 
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NA demonstrated significant reductions in blood glucose levels compared to their HFD fed 

counterparts under both random-fed and fasted conditions. Blood glucose levels of mice on 

the HFD + NA diet were not significantly different from mice on control diets under random 

fed or fasted conditions. No significant differences were observed between mice on a control 

and mice on a control with NA diet.

Fasting plasma insulin levels were measured after 8 weeks on diets (Figure 4C). In the 

control diet, NA did not affect insulin levels. Mice on the HFD demonstrated a significant 

increase in basal insulin levels, whereas in mice on the HFD + NA insulin levels, when 

compared to HFD mice, were significantly reduced to levels not significantly different from 

mice on control diets. Insulin levels were also assessed after intraperitoneal administration 

of glucose (Figure 4D). Mice on the HFD showed a significant increase in insulin after 30 

minutes, while mice on the HFD + NA showed no such increase. No discernable differences 

in insulin levels were observed at any of the time points analyzed in the control groups.

Glucose tolerance tests were performed after 10 weeks on diets (Figure 4E). Impaired 

glucose tolerance was observed in mice on both high fat diets compared to control diets. 

However, mice on the HFD + NA showed significantly improved glucose tolerance over 

HFD. To assess insulin sensitivity, insulin tolerance tests were performed at 11 weeks on 

diets (Figure 4F). Mice on the HFD showed a diminished response to lower blood glucose 

levels after insulin injection, whereas mice on the HFD + NA responded similarly to mice on 

control diets. Mice on the control diet containing NA responded similar to mice on the 

control diet alone. Taken together, the HFD enriched with NA normalized blood glucose and 

insulin levels, and improved glucose tolerance and insulin sensitivity when compared to the 

HFD alone.

3.5 | Nervonic acid improves biomarkers of energy metabolism in the liver

We next assessed markers of energy metabolism in the liver by RT-qPCR (Figure 5A). The 

HFD significantly reduced transcript levels of PGC1α and SIRT1, but not PPARα, while the 

HFD + NA increased mRNA levels of PPARα, and restored PGC1α and SIRT1 back to 

control levels. As these genes regulate the expression of genes involved in fatty acid β-

oxidation and are major regulators of metabolism, we next analyzed acylcarnitine levels as a 

functional readout of altered cellular metabolism by a liquid chromatography-mass 

spectrometry approach. The graphs of short-(Figure 5B), medium-(Figure 5C), and long-

chain acylcarnines (Figure 5D) depict alterations in hydroxyl- and non-hydroxyl-

acylcarnitines species from C0-C20 due to the diets. The most marked differences observed 

between the control and HFD-fed mice were significant increases in many medium and 

long-chain (C10-C20) acylcarnitine species (Figure 5C,D). These changes are consistent 

with impaired fatty acid oxidation and may be a marker of insulin resistance.20,21 In 

contrast, mice on a HFD + NA showed significant decreases in these long-chain 

acylcarnitines compared to the HFD. Furthermore, the NA enrichment, in both the control 

diet and the HFD, led to increases in free carnitine (C0), acetyl-carnitine (C2) and several 

hydroxyl-fatty acylcarnitines (C4-OH. C6-OH, and C10-OH) (Figure 5B,C). Increases in 

hydroxy-carnitines, an intermediate in fatty acid oxidation, may reflect increased higher 

lipid flux, with increases in C2-carnitine being an indication of elevated fatty acid oxidation. 

Keppley et al. Page 7

FASEB J. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Taken together, these results support that NA-enriched diets may increase fatty acid 

utilization via β-oxidation, possibly as a function of increased, or restored, PPARα/PGC1α/

SIRT1 transcription.

4 | DISCUSSION

Our studies demonstrate that dietary NA supplementation provides protection against HFD-

induced obesity and associated metabolic complications. NA and other very-long-chain fatty 

acid containing ceramides are reduced in the liver of mice and rats on a HFD (Figure 1) and 

HFD + NA reverses these changes. Simultaneously, HFD + NA decreases body weight gains 

and reduces adiposity, while not changing food intake or absorption (Figure 2). Mice on a 

HFD enriched with NA demonstrate energy expenditure and heat production similar to 

control mice but have similar RER and activity levels as HFD-fed counterparts (Figure 3). 

Improved body composition with decreased adiposity in HFD + NA mice is associated with 

better glycemic control and increased insulin sensitivity (Figure 4). Better energy utilization 

in HFD + NA mice is suggested by increased liver expression of PPARα, PGC1α, SIRT1, 

and improved fatty acid oxidation is supported by altered acylcarnitine profiles in mice on 

the NA-supplemented HFD (Figure 5). This is the first evidence of a link between NA levels 

in liver and the development of obesity and related metabolic complications.

A few human studies support our observation with preclinical animal models that reduced 

NA could contribute to obesity and the metabolic syndrome. A negative correlation between 

circulating NA levels and obesity-related risk factors has been described in a previous study, 

and the authors concluded that NA may prevent obesity-related metabolic disorders.13 

Another group demonstrated that plasma NA levels were significantly lower in obese 

compared to lean participants and were inversely correlated with BMI.14 Furthermore, a 

study with Japanese males found that subjects with metabolic syndrome demonstrated 

reduced NA in serum lipids compared to subjects without metabolic syndrome.15 In contrast 

to these studies, a small study reported that obese adolescent females, but not males, had 

increased NA22 and in another small study, obese young male adults did not exhibit changes 

in NA-containing sphingomyelin or ceramides.23 An additional study reported that a low-

calorie diet reduced NA in erythrocyte membranes of overweight/obese persons who lost at 

least 5% of their initial body weight.24 The discrepancies between these studies are not clear, 

though age, gender, sample type, and the patient population could have affected results. 

Regardless, these correlative studies largely point to a role of NA in regulating body 

composition.

Investigations into saturated and monounsaturated very-long-chain fatty acids (≥22 carbons), 

such as NA, have been fairly limited. It is presently unknown if the effect of NA in mice on a 

HFD is specific or if it extends to other very-long-chain fatty acids, such as C22:0, C22:1, 

and C24:0. Supporting our studies, behenic acid (C22:0), in triglyceride form (one molecule 

of C22 with two molecules of oleic acid), prevented obesity in rats via suppressed 

triglyceride absorption through pancreatic lipase inhibition.25 Yet, as we did not observe 

alterations in fecal caloric content, this mechanism may not apply to effects of the NA-

enriched HFD used herein. Though it should be noted that bomb calorimetry does not 

differentiate between non-digestible and utilizable energy. We did not observe any overt 
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toxicities in animals fed a NA-enriched diet (eg, ruffled fur, anorexia, cachexia, skin tenting, 

skin ulcerations, diarrhea, or death). However, a closely related fatty acid, erucic acid 

(C22:1), in rapeseed oil, was implicated in causing heart lesions in rats,26 though another 

group suggested linolenic acid as the culprit.27 Correlative studies suggested ω-9 fatty acids, 

including NA, increase the risk of all-cause or cardiovascular mortality.28 Interestingly, the 

Cowart laboratory further demonstrated that very-long-chain ceramides exhibit a lipotoxic 

effect in cardiomyocytes.29 Due to the controversies of ω-9 fatty acid supplementation, 

studies to investigate fatty acid specificity, dose responsiveness, fatty acid delivery 

formulations (free, ester, acylated), and toxicology of NA supplementation are ongoing.

The beneficial effect of NA may be exerted through re-acylation of dietary NA into 

sphingolipids to restore C24:1-ceramide levels (Figure 1A). Our data support that this 

restoration is through ceramide remodeling as total amounts of ceramides were consistent 

between diet groups (Figure 1A inset). While further studies are needed to demonstrate that 

acylation into ceramides is necessary for NA regulation of obesity, data suggest that very-

long-chain fatty acids, such as NA, are selectively acylated into sphingolipids as opposed to 

glycerolipids (Figure 1A–H and Ref. 12,30). However, we cannot rule out effects of other 

lipid classes or NA as a circulating free fatty acid as contributing factors. The role of specific 

ceramide fatty acid composition, rather than total ceramide, has gained greater appreciation 

in disease states. C16-ceramide has been implicated in palmitate-induced insulin resistance 

and impaired fatty acid β-oxidation. C16-ceramides are significantly elevated in skeletal 

muscles and adipose tissues but not in livers of obese mice (Ref. 9,11 and Figure 1). Thus, 

effects may be tissue specific. Recently, it has been shown that the lipid enzyme CerS4, that 

generates C18- and C20-ceramides, contribute to hepatic insulin resistance.31 Consistently, 

in HFD-fed mice, we observed increases in hepatic C18-, C20-, and C22-ceramides and the 

NA-supplemented diet returned C20- and C22-ceramides back to control levels. Thus, 

indirectly, increasing NA could improve outcomes by decreasing detrimental effects of other 

ceramides in our mouse model. In vitro CerS2 knockdown data for C24:1-ceramide (Figure 

1J) demonstrated a similar pattern to what is observed in liver upon NA addition (Figure 

1A). Data from knockout mice supports an apparent lack of functional redundancy for CerS2 

in generating C24 containing sphingolipids32,33 though we cannot rule out reverse 

ceramidase activity34 as a potential pathway for acylation in our studies. Independent of 

fatty acid composition, it was also recently demonstrated by the Summers’ laboratory that 

preventing the conversion of dihydroceramides to ceramides was sufficient to resolve hepatic 

steatosis and insulin resistance in obese mice.7 Furthermore, deoxysphingolipids that are 

generated when alanine is used instead of serine in de novo sphingolipid synthesis were also 

implicated in contributing to diabetes-related complications.35,36 The influence of NA on 

deoxysphingolipids will be pursued in future studies. Taken together, while long-chain fatty 

acid-derived ceramides have been implicated in detrimental effects of obesity and diabetes, 

our studies are the first to document that very-long-chain C24:1 species can lead to opposite 

effects. A similar dichotomy of the physiological actions of individual ceramide species is 

now being appreciated in cardiovascular and oncological diseases.37,38

Mechanistically, we demonstrate that NA supplementation increased PPARα and restored 

PGC-1α and SIRT1 expression levels in mice on a HFD. These targets have been implicated 

in obesity-related complications as they increase hepatic fatty acid oxidation and decrease 
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the levels of circulating triglycerides responsible for adiposity.39,40 We observed evidence 

for increased fatty acid oxidation when we examined acylcarnitines. Mice on a HFD 

demonstrated a significant increase in several long-chain acylcarnitines that are largely 

restored to control levels when the HFD is enriched with NA. This observation implicates 

that impaired fatty acid β-oxidation in mice on a HFD is ameliorated with NA 

supplementation, which could then limit the detrimental effects of long-chain acylcarnitines, 

including insulin resistance, detergent effect, lipotoxicity, and reduced glucose utilization.
20,21 Independent of diet, NA enrichment increased free carnitine, C2, C4-OH, C8-OH 

carnitines suggesting increased rates of hepatic fatty acid oxidation. Elevated C4-OH may 

also reflect increased ketogenesis41 and has been implicated in insulin resistance.42 

Hydroxyl- and dicarboxyl-fatty acids are also products of fatty acid ω-oxidation, which can 

be elevated with a HFD.43,44 We observed reductions of the dicarboxyl-acylcarnitines C5 

(C5-DC) and C6 (C6-DC) levels in mice on a HFD enriched with NA and improved glucose/

insulin tolerance, suggesting that increased C4-OH predominantly reflects an intermediate in 

β-oxidation. With improved fatty acid oxidation, a likely consequence of upregulation of 

energy metabolism regulators, PPARα, PGC-1α, and SIRT1, the transcriptional mechanisms 

underlying this NA-induced upregulation is under active investigation.

We did not observe significant differences in whole body fatty acid oxidation (RER) or 

parameters of whole-body energy homeostasis that could explain the substantial decrease in 

body weight with HFD + NA. However, studies into energy expenditure are inherently 

underpowered.45 Our studies have about 80% power to detect a medium effect size. 

Consequently, small changes in parameters like energy expenditure and food intake may 

have been missed could still have a profound cumulative effect on body weight.

With this study, we established that a HFD specifically reduced very-long-chain 

sphingolipids, in particular the abundant C24:1 nervonic acid, and that restoring NA levels in 

mice on HFD reduced body weight gain and improved metabolic parameters. Although 

more investigation is needed into the mechanisms by which NA supplementation exerts 

effects, our study has possible clinical relevance for the treatment of metabolic disorders. 

Increasing dietary NA to restore HFD-induced reduction of very-long-chain fatty acids may 

be an effective way to improve the management of obesity and associated metabolic 

complications including diabetes.
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DG diacylglycerides

FFA free fatty acid

GTT glucose tolerance test

HFD high fat diet

ITT insulin tolerance test

LPC lysophatidylcholine

NA nervonic acid

PGC1α peroxisome proliferator activated receptor gamma coactivator 1 alpha

PPARα peroxisome Proliferator Activated Receptor Alpha

RER respiratory exchange ratio

SIRT1 Sirtuin 1
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FIGURE 1. 
Ceramides are altered in models of diet-induced obesity. (A) Ceramide composition was 

assessed by LC-MS/MS of liver samples derived from male C57Bl6/J mice (n = 10/group) 

fed a control or 60% high-fat chow, or isocaloric diets supplemented with nervonic acid 

(0.6%). The sum of the reported ceramide species is shown in the inset. Other NA-

containing lipids were also quantified, including (B) C24:1-hexosylceramide, (C) C24:1-

sphingomyelin, (D) C24:1-lysophosphatidylcholine (LPC), and (E–H) diacylglycerides 

(DG) (E) C16:0/C24:1, (F) C18:0/C24:1, (G) C18:1/C24:1, and (H) C18:2/C24:1. (I) Plasma 

C24:1-ceramides were assessed after 72 hours on the indicated diets (n = 4/group). For (A–

I), two-way ANOVA did not reveal significant interactions between the diets and NA. (J) 

CerS2 knockdown decreased C24:1-ceramide, which is only partially restored by 1 μM NA 
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treatment for 24 hours in HEK293 cells (n = 3), CerS2 siRNA diminished mRNA by 70% 

(data not shown). (J) Ceramide composition was determined from male Sprague-Dawley rats 

(n = 5/group) fed a low fat, a 40%, or a 60% fat containing diet. One-way ANOVA was 

utilized to assess differences between groups (*P < .05, **P < .01, ***P < .001)
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FIGURE 2. 
Nervonic acid prevents diet-induced body weight gain. (A) Male C57BL/6J mice were fed a 

control or high-fat diet supplemented with or without nervonic acid and body weights were 

followed over 12 weeks. Pairwise comparisons between groups using a permutation test was 

performed (n = 10–12 mice/group *P < .05, ***P < .001). (B) Body composition was 

assessed from the same mice by NMR-MRI. One-way ANOVA was utilized to assess 

differences between groups (n = 10–12 mice/group ***P < .001 from control, §§§P < .001 

from HFD, §P = .025 from HFD). Two-way ANOVA demonstrates a significant interaction 

of diet with NA for fat mass (P < .001) (C) Average food consumption was measured over 

12 weeks (n = 10–12 mice/group ***P < .001). (D) Bomb calorimetry was utilized to 

quantify fecal caloric content (n = 10–11 mice/group *P < .05)
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FIGURE 3. 
Nervonic acid-enrichment of a HFD leads to energy expenditure values similar to control 

mice. (A) VO2, (B) VCO2, (C) RER, (D) Heat, (E & F) locomotion were assessed by 

placing mice on indicated diets in metabolic cages. Shaded region in (E) represents the dark 

cycle (n = 10–12 mice/group **P < .01, ***P < .001). Two-way ANOVA demonstrates a 

significant interaction of diet with NA for VO2, VCO2, and heat in the light cycle (P < .05)
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FIGURE 4. 
Nervonic acid improves glucose tolerance and insulin sensitivity in mice on a high-fat diet. 

(A) Fasting and (B) random-fed blood glucose, (C) fasting insulin, and (D) insulin levels 

after IP injection of glucose at indicated time points were measured in mice after 8 weeks on 

different diets. (E) GTT and (F) ITT were performed on mice after 10 and 11 weeks on 

diets, respectively. One-way ANOVA was utilized to assess differences between groups (n = 

10–12 mice/group *P < .05, **P < .01, ***P < .001). Two-way ANOVA demonstrates a 

significant interaction of diet with NA for fasting blood glucose (P < .05), fasting insulin (P 
< .001), glucose-stimulated insulin production (P < .05), GTT (P < .01), and ITT (P < .005)
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FIGURE 5. 
Nervonic acid enrichment improves markers of liver fatty acid oxidation. (A) RT-qPCR was 

utilized to assess transcript levels of PPARα, PGC1α, and SIRT1 (n = 8 mice/group *P 
< .05, **P < .01). (B) Short, (C) Medium, and (D) Long-chain acylcarnitine levels were 

assessed by LC-MS/MS (n = 10–11 mice/group *P < .05, **P < .01, ***P < .001 when 

compared to control, #P < .05, ##P < .01, ###P < .001 for HFD to HFD + NA comparisons). 

Where significant, results from two-way ANOVA indicating an interaction between the diet 

and NA are indicated above each acylcarnitine (•P < .05, ••P < .01, •••P < .001)
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