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P H Y S I O L O G Y

High-fat feeding drives the intestinal production and 
assembly of C16:0 ceramides in chylomicrons
Michael SM Mah1, Enyuan Cao1, Dovile Anderson1, Alistair Escott2,3, Surafel Tegegne1,  
Gracia Gracia1, Joel Schmitz4, Susanne Brodesser5, Colby Zaph6, Darren J. Creek1, Jiwon Hong2,7, 
John A. Windsor2,3, Anthony RJ Phillips2,7, Natalie L. Trevaskis1,  
Mark A. Febbraio1*, Sarah M. Turpin-Nolan1*

Consumption of a diet rich in saturated fat increases lipid absorption from the intestine, assembly into chylomi-
crons, and delivery to metabolic tissues via the lymphatic and circulatory systems. Accumulation of ceramide lipids, 
composed of sphingosine and a fatty acid, in metabolic tissues contributes to the pathogenesis of cardiovascular 
diseases, type 2 diabetes mellitus and cancer. Using a mesenteric lymph duct cannulated rat model, we showed 
that ceramides are generated by the intestine and assembled into chylomicrons, which are transported via the 
mesenteric lymphatic system. A lipidomic screen of intestinal-derived chylomicrons identified a diverse range of 
fatty acid, sphingolipid, and glycerolipid species that have not been previously detected in chylomicrons, includ-
ing the metabolically deleterious C16:0 ceramide that increased in response to high-fat feeding in rats and human 
high-lipid meal replacement enteral feeding. In conclusion, high-fat feeding increases the export of intestinal-
derived C16:0 ceramide in chylomicrons, identifying a potentially unknown mechanism through which ceramides 
are transported systemically to contribute to metabolic dysfunction.

INTRODUCTION
Ceramide lipid accumulation during obesity is strongly associated 
with insulin resistance and metabolic dysfunction (1–4). Overcon-
sumption of a diet rich in saturated fat markedly enriches the key 
dietary constituents palmitoyl–coenzyme A and serine, which are 
the two requisite components for de novo ceramide synthesis within 
the sphingolipid pathway. The de novo sphingolipid pathway is the 
most important route of ceramide biosynthesis and is a unidirec-
tional arm that directly contributes to the central ceramide pool [for 
a more in-depth review, refer to (5)]. Increases in circulating and 
intracellular ceramide content have been observed in both obese 
humans and rodents. However, the mechanistic links associated 
with metabolic dysfunction is dependent on the manipulation of ce-
ramides, or lack thereof, with different fatty acyl moieties attached 
by ceramide synthase enzymes during de novo synthesis (5–7). The 
liver, particularly, has been a primary focal point for research inves-
tigating the link between ceramide metabolism and metabolic dis-
ease due to its enhanced capacity for lipid uptake and redistribution 
to peripheral metabolic tissues (1, 8, 9). During obesity, metaboli-
cally pathogenic C16:0 ceramide species accumulate in the liver and 
visceral adipose tissue depots (1, 3). C16:0 ceramide–driven meta-
bolic dysfunction occurs via inhibition of hepatic and brown adi-
pose tissue mitochondrial β-oxidation. Therefore, reducing hepatic 

C16:0 ceramides increases mitochondrial lipid utilization in the liver 
and restores glucose tolerance in mice (1, 9). The deleterious action 
of specific ceramide species in other key metabolic organs such as 
skeletal muscle has also been linked to the development of obesity-
associated insulin resistance (2, 10, 11). Human studies have re-
vealed an inverse relationship between muscle C18:0 ceramides and 
insulin sensitivity in obese participants (11).

While ceramide-induced dysfunction in classic metabolic tissues 
such as the liver, skeletal muscle, and adipose tissues has been well 
defined, there has been an underappreciation for where ceramides 
are predominantly produced and how they are packaged to circulate 
the body to influence metabolic tissue function. Evidence suggests 
that ceramides are released from the liver within low-density lipo-
proteins (LDLs) and contribute to skeletal muscle insulin resistance 
and pro-inflammatory responses in macrophages (8). It has, there-
fore, been assumed that most of the systemic ceramide pools are 
supplied by the liver, although organs such as the gastrointestinal 
tract have also been implicated in this process (12).

Following the consumption of fatty foods, lipid digestion begins 
in the oral cavity then continues in the stomach aided by lipase en-
zymes. This digestion combined with mechanical mixing leads to 
the formation of a crude emulsion within the stomach that progress-
es to the duodenum. Further digestion, here, by pancreatic lipase 
enzymes and biliary components such as bile salts results in the for-
mation of lipid vesicles and micelles from which lipid digestion 
products are absorbed across the intestinal wall (13).

Dietary sphingolipid consumption in a typical Western diet pro-
vides <0.02% of caloric intake, equating to ~0.4 g of sphingolipids 
consumed daily, most of which is sphingomyelin (14). Now, the nu-
tritional requirements and the function of dietary ceramides are not 
well established; however, it is known that dietary sphingolipids un-
dergo hydrolysis and absorption by the intestinal epithelium (15). 
Furthermore, early studies have demonstrated that small amounts 
of radiolabeled sphingolipid base can be found in the liver, systemic 
blood, and lymph of rats fed sphingoid base–labeled sphingolipids 
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(16, 17), thus highlighting that consumed lipids are digested and 
transported systemically via the lymphatic and circulatory transport 
systems.

Enteral sphingolipid metabolism is gaining recognition as an im-
portant regulator of intestinal nutrient uptake and gut communica-
tion within the body during metabolic disease (7). Specifically, 
sphingolipids in the gut lumen can regulate intestinal barrier integ-
rity, and bacterially derived sphingolipids can modulate systemic 
metabolism by manipulating host hepatic sphingolipid synthesis 
(18). The importance of intestinal-specific generation and export of 
the metabolically toxic sphingolipid ceramide is becoming increas-
ingly appreciated. A recent study by Li et al. (19) deleted the rate-
limiting enzyme serine palmitoyl transferase 1 or 2 (Sptlc1 or Sptlc2) 
of the de novo sphingolipid pathway in the intestinal epithelium, 
which significantly reduced intestinal saturated ceramide species, 
C16:0-C24:0, demonstrating that the intestinal epithelial cells (IECs) 
can generate ceramides. Furthermore, high-fat feeding was able to 
selectively increase these ceramide species in only the small intesti-
nal regions, not the colon (19), suggesting that ceramide production 
in key small intestinal regions of lipid absorption could be impor-
tant for intestinal lipid metabolism, chylomicron assembly, and de-
livery to peripheral tissues. An association between intestinal tissue 
ceramide content and systemic serum ceramide concentrations has 
been observed and was thought to be modulated via the intestinal 
farnesoid X receptor’s (FXR) inhibition of genes involved in ce-
ramide synthesis (12). These previous studies assume, however, that 
ceramides are being directly exported from the intestine into the 
bloodstream, which appears unlikely given that other lipid species 
such as dietary triacylglycerols (TAGs), phospholipids, and choles-
terols are assembled into intestinal chylomicrons, which are trans-
ported via the mesenteric lymphatics before emptying into the 
bloodstream (20).

Here, we aimed to evaluate the mechanisms of intestinal genera-
tion, assembly, and export of ceramides, including the role of 
chylomicrons and the lymphatic transport system. Our results 
have identified a unique lipidomic signature in mesenteric lymph-
derived chylomicrons marked by previously undisclosed lipid spe-
cies from the sphingolipid and glycerophospholipid lipid families. 
Furthermore, consumption of a high-fat diet (HFD) has a profound 
effect on the lipid composition in chylomicrons, of which the abun-
dance of metabolically toxic ceramide species is elevated in both 
rodents fed an HFD and humans receiving a nutritional lipid 
overload.

RESULTS
C16:0 ceramides are highly abundant in plasma and the 
intestinal epithelium and increase in mice fed an HFD
To identify if circulating levels of different ceramide species are re-
sponsive to feeding, we performed a comparison of circulating ce-
ramides, captured during the fed state, in both chow and HFD-fed 
mice. Acyl chain–specific differences were observed in mice that 
were refed following an overnight fast with C16:0, C22:0, and C24:0, the 
most predominant systemic circulating ceramides irrespective of 
diet consumption (Fig.  1A). Furthermore, the consumption of an 
HFD to increase fatty acid (FA) availability and drive de novo ce-
ramide production resulted in elevations of shorter and medium 
chain length C16:0, C18:0, C20:0, and C22:0 ceramides with the greatest 
increase observed for C22:0 ceramides (Fig. 1A).

Although sphingolipids are abundant throughout the gastroin-
testinal tract (18, 21), an acyl chain–specific analysis of sphingo-
lipid synthesis and export from the intestinal epithelium through 
the lymphatics system is yet to be defined. To determine sphingo-
lipid levels and their relative abundance in key tissues and compart-
ments along the intestinal-lymphatic axis, a targeted lipidomic 
screen was performed by liquid chromatography–mass spectrome-
try (LC-MS) in isolated IECs to quantify ceramide and sphingomy-
elin concentrations. In the duodenal and jejunal regions, which are 
identified to be the predominant lipid absorbing regions of the 
small intestine, all saturated ceramide species were increased with 
high-fat feeding (Fig. 1, B and C). C16:0 ceramides were the most 
abundant across diet groups and were markedly elevated in HFD-
fed animals compared with control mice (Fig. 1, B to D). In the 
ileum, however, the effect of HFD-induced C16:0 ceramide produc-
tion, ~34% increase (Fig.  1D), was much less pronounced com-
pared to a ~65% increase in the duodenum and jejunum regions 
(Fig. 1, B and C). Last, colonic ceramide levels were slightly elevated 
with HFD feeding, but only C18:0 and C20:0 ceramides were in-
creased with HFD (Fig. 1E). While the shorter-chain C16:0 cerami-
des were still the most abundant in the colon, it appears that the 
increase in ceramide species accumulation in response to HFD-
feeding is more apparent in the regions of the small intestine typi-
cally involved with nutrient uptake and lipid absorption. Together 
with the study by Li et al. (19), these data demonstrate that intesti-
nal cells involved in nutrient uptake are able to generate ceramides. 
Moreover, overconsumption of lipid substrates in our diet appears 
to drive ceramide production and accumulation within the intesti-
nal epithelium.

Intestinal ceramide profiles do not directly correlate with 
ceramide profiles of the liver and blood
We next sought to determine whether the HFD-induced increase in 
ceramide accumulation reported above was directly attributable to 
ceramide accrual within the IECs. As the previous results were con-
ducted in two independent laboratories (refer to Materials and 
Methods for details), the aim of this second study was to determine 
whether the newly synthesized intestinal ceramides were transport-
ed within lymph or blood. To do this, we used the lymph cannulated 
Sprague-Dawley rat model for ease of surgical cannulation success 
and to enable a cross-species comparison between mice and rats. 
Lipidomic screening in rat IECs revealed the short-chain ceramide 
abundance was enriched in the duodenal and jejunal of the small 
intestine but not the ileum, consistent with the results reported in 
our HFD mice (Fig. 2, A to C). Furthermore, high-fat feeding only 
elevated C16:0 and C18:0 ceramides in duodenal epithelial cells, while 
only C14:0 ceramide accumulation was increased in the jejunum of 
the HFD-fed rats compared with chow-fed controls (Fig. 2, A and 
B). Ileal ceramides, by contrast, were unaffected by HFD-feeding in 
rats (Fig. 2C). To confirm that the HFD was increasing the de novo 
flux of ceramide synthesis, we found that, indeed, the more highly 
abundant shorter-chain sphingomyelin species downstream of ce-
ramide synthesis were markedly increased, and C16:0 sphingomyelin 
was the most abundant sphingomyelin species in both duodenal 
and jejunal regions (Fig. 2, D to F). Together, these data suggest that 
C16:0 sphingolipid species are the most predominant in the small 
intestinal regions, but relative abundance was highest in duodenum > 
jejunum > ileum (Fig. 2), consistent with expected C16:0 FA avail-
ability from the diet.
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To determine whether intestinal generated ceramides were direct-
ly entering the circulatory system for delivery to metabolic organs, we 
collected blood from the superior mesenteric vein (intestine-derived) 
and the heart (systemic representative) and compared the serum ce-
ramide profiles (Fig. 3, A and B). Unexpectedly, the ceramide profiles 
were very similar, and there was no increase in circulating ceramides 
levels during feeding in HFD-fed rats compared with controls. Fur-
ther evaluation of both the intestinal and systemic ceramide profiles 
showed that these serum profiles did not match those of the small 
IEC regions. Specifically, the most abundant ceramide species in the 
serum were the C22:0 and C24:0 ceramides (Fig. 3, A and B), while in 
the intestinal epithelium, it was C16:0 ceramides (Fig. 2, A and B). To 
confirm that the cannulation surgery did not alter the ability of the 
small intestine to synthesize ceramides and release them into the cir-
culation, a second cohort of sham rats underwent an identical dietary 
intervention and anesthetic procedure as the previously cannulated 

rats (fig. S1, A and B). Once the sham rats were anesthetized, serum 
and intestinal tissues were removed and analyzed, demonstrating that 
the intestinal ceramide profiles mirrored the cannulated rat results to 
confirm that intestinal ceramides do not appear to directly enter the 
circulatory system (fig. S1A). Furthermore, the cardiac serum con-
firmed that the removal of lymph during the cannulation collection 
procedure did not affect the ceramide species present in the serum 
(fig. S1C). This then raised the question if the serum ceramide pro-
files did not match those of the small intestinal regions, then would 
they match those of the liver, another major tissue known to generate 
and export ceramides around the body?

The comparison of the hepatic tissue ceramide profiles from the 
cannulated rats revealed that the expression pattern of hepatic ce-
ramides showed a greater abundance of longer-chain C22:0-C24:0 ce-
ramide species (Fig. 3C). While the hepatic tissue levels of C24:0 and 
C22:0 ceramide species were not affected by high-fat feeding, the 

Fig. 1. Ceramides increase in the circulation and gut epithelium in response to high fat feeding. (A) Lipidomic quantitation of individual ceramide species in plasma 
samples obtained after refeed from mice fed either a control or high-fat diet (HFD). n = 6. Lipidomic quantitation of individual ceramide species in isolated gut epithelial 
cells from the (B) duodenal, (C) jejunal, (D) ileal, and (E) colonic regions of mice fed a control or HFD. (B and C) n = 8 to 10 and (D and E) n = 6 to 8. Data are expressed as 
means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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relative abundance of C24:0 and C22:0 ceramides were noticeably 
greater than C16:0 ceramides irrespective of diet. Likewise, ceramide 
profiles in both the systemic circulation and in serum sampled from 
the superior mesenteric vein were near identical to the liver tissue, 
but not the duodenum or jejunum, in terms of relative abundance 
and dietary effect (Fig. 3, A to C). This suggests that the hepatic ce-
ramide profile was more reflective of the circulating ceramide pro-
files and that ceramides in the circulation are more likely to be 
derived, mostly, from the liver rather than the intestine when ani-
mals are in the fed state.

Chylomicrons contain distinct lipidomic signatures, but not 
all lipid species increase upon HFD consumption
Lipid digestion and uptake from dietary sources begins in the intesti-
nal lumen where nutrients are digested and absorbed into intestinal 

enterocytes, re-esterified, and assembled into chylomicrons with the 
specific apolipoprotein B48 and then released into the lymphatic trans-
port system. Now, it is recognized that chylomicrons contain TAGs, 
cholesterol esters, cholesterol, phospholipids, and apolipoproteins (22, 
23), but whether other lipid species can be transported in chylomi-
crons or if all lipid species uniformly increase upon high-fat con-
sumption is unclear. Lymph from the small intestine originates from 
lymphatic capillaries (lacteals) embedded within individual intestinal 
villi; these lacteals converge at the mesenteric collecting lymph ducts 
before reaching the centrally located thoracic duct (20). To accurately 
quantify lipids exported from the small intestine, the efferent superior 
mesenteric lymph duct was cannulated in control and HFD-fed rats. 
Lymph was collected and analyzed to determine whether ceramide 
species were, indeed, exported into the lymphatics, and whether the 
ceramide profiles were reflective of the IEC ceramide production. 

Fig. 2. Shorter-chain sphingolipids are highly abundant in the rat small intestine and selectively increase in response to high-fat feeding. Lipidomic quantitation 
of individual ceramides (solid bars) in (A) duodenal, (B) jejunal, and (C) ileal epithelial cells, and sphingomyelins (striped bars) in (D) duodenal (E) jejunal, and (F) ileal epi-
thelial cells from in rats fed either a control or an HFD. The number of biological replicates n = 5 to 6 per diet group in each experiment. Data are expressed as means ± 
SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

Fig. 3. Circulating ceramide profiles are more reflective of the liver, not the intestine. Lipidomic quantitation of individual ceramides (solid bars) in (A) super mesen-
teric serum and (B) cardiac serum or the (C) liver of rats fed either a control or an HFD. The following numbers of biological replicates were used (independent rats) per 
diet group in each experiment: (A to C) n = 6. Data are expressed as means ± SEM. **P < 0.01 and ***P < 0.001.
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Lipidomic analysis revealed that ceramides were present in intestinal-
derived lymph and that C16:0 ceramides were the most abundant 
ceramide species regardless of diet, consistent with the previously de-
tected ceramide species in the rat small intestines (Fig. 4A). High-fat 
feeding elevated C14:0, C16:0, C22:0, and C22:1 ceramide species in mesen-
teric lymph, with the greatest increase observed for C16:0 ceramides 
(Fig. 4A). This increase was reflective of amplified C16:0 FA processing 
as multiple lipids with incorporated C16 carbon FA chains were elevat-
ed in chylomicrons isolated from mesenteric lymph (fig. S2). Sphingo-
myelin levels in mesenteric lymph were also reflective of this paradigm, 
wherein C16:0 sphingomyelin was the most abundant subspecies, al-
though not significantly elevated in obese animals (Fig. 4B).

Lymphatic delivery of intestinal-derived lipids is facilitated by 
chylomicrons, the predominant intestinal lipoprotein carrier. The 
hydrophobic core of a chylomicron not only consists mainly of 
TAGs and cholesterol esters but—similar to other lipoprotein classes, 
proteins, and other lipid species such as cholesterols and phospho-
lipids—is also incorporated into the chylomicron surface to increase 
stability, albeit at much lower concentrations (24). While the exis-
tence of total ceramides has previously been reported in chylomi-
crons isolated from the thoracic lymph duct (25, 26), little is known 
of individual sphingolipid levels incorporated into intestinal-
derived chylomicrons and how they vary with dietary intervention. 
To further probe the intestinal-derived chylomicron lipidome, 
the chylomicron lipoprotein fraction was isolated from mesenteric 

lymph and underwent lipidomic analysis to not only quantify ce-
ramide species but also identify other lipid classes that may increase 
upon the consumption of an HFD. Short-chain C16:0 ceramides 
were, importantly, the most abundant ceramide subspecies in the 
chylomicron fraction and were increased 1.7-fold, with high-fat 
feeding (Fig. 4C). In addition, C14:0 ceramides were also elevated in 
obese animals, which possibly reflects the up-regulation of the spe-
cific ceramide synthase enzymes, ceramide synthase 5 and 6, the 
two enzymes responsible for the synthesis of C14:0 and C16:0 cerami-
des. Sphingomyelin levels, although not significantly altered with 
diet, were also detected within the chylomicron lipidome with C16:0 
sphingomyelin demonstrating the highest concentration relative to 
other detected sphingomyelin species but unexpectedly did not in-
crease in response to high-fat feeding (Fig. 4D). In addition to the 
sphingolipid profiles, FAs, diacylglycerols (DAGs), and TAG species 
containing a C16 carbon FA chain were also significantly increased 
with HFD (fig. S2). Various other glycerophospholipid species with 
a C16 carbon FA chain, such as phosphocholines (PCs) and phos-
phoethanolamines (PEs), were unaffected by increased C16:0 FA sub-
strate availability (fig. S2).

To unveil the full spectrum of lipid diversity within the chylomi-
cron core, an untargeted quantitation of lipids was performed on 
isolated chylomicrons from both control and HFD-fed animals. 
Furthermore, key lipid classes detected within the chylomicron, in 
addition to ceramides and sphingomyelins, included phosphates, 

Fig. 4. High-fat feeding fuels ceramide, but not sphingomyelin, accumulation in mesenteric lymph-derived chylomicrons. Lipidomic quantitation of (A) individual 
ceramides (solid bars) or (B) sphingomyelins (striped bars) in mesenteric lymph of rats fed either a control or an HFD. Lipidomic quantitation of (C) individual ceramides 
or (D) sphingomyelins in chylomicrons isolated from the mesenteric lymph of rats fed either a control or an HFD. The following numbers of biological replicates were used 
(independent rats) per diet group in each experiment: (A to D) n = 6. Data are expressed as means ± SEM. *P < 0.05 and **P < 0.01.
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PC, PE, phosphoglycerols (PGs), phosphoinositols (PIs), and phos-
phoserines (PSs) (Fig. 5). The heatmap generation of individual lip-
id analytes from each lipid class revealed that key alterations in the 
chylomicron lipidome with high-fat feeding was not uniform across 
lipid classes, with the most up-regulated changes evident in satu-
rated PC and PE acyl lipids and PE in the ether lipid classes (Fig. 5, 
signified by color change from yellow to red, and figs. S3 to S5). It 
was interesting to note that the PC, PE, and PI acyl lipid families 
contained the most quantifiable lipid analytes of any lipid analyte 
family (Fig. 5 and figs. S3 to S5). The detectable PS acyl lipids were 
all down-regulated (signified by color change from yellow to green/
blue) in the HFD chylomicrons, highlighting that the availability of 
saturated FA substrates to enterocytes does not always drive the syn-
thesis of all lipid species (Fig. 5 and figs. S3 to S5). Together, these 
results demonstrate that the intestinal production and export of dis-
tinct lipid species is highly specialized, once again highlighting the 
potential importance of changes to intestinal-derived C16:0 ceramide 
abundance in response to lipid consumption and metabolic tissue 
dysregulation.

Enteral feeding of a lipid emulsion solution increases C16:0 
ceramides in human lymph
Because we identified that ceramides are incorporated into chylomi-
crons in the intestine and that C16:0 ceramides increase in response 
to an HFD in rodents (Fig. 4), we next sought to determine whether 
these observations were relevant to humans. Thoracic lymph fluid 
was collected via insertion of a cannula into the thoracic lymph duct 
during an Ivor Lewis oesophagogastrostomy procedure (27). Tho-
racic lymph, rather than mesenteric, was collected as the mesenteric 
lymphatics are deep within the abdomen, and a more invasive sur-
gery would be required. Nonetheless, the lipids in thoracic lymph 
are largely derived from the intestine as previous studies have shown 
that ~50% of thoracic lymph fluid originates from the intestine (28).

Specifically, the patient underwent an Ivor Lewis oesophagogas-
trectomy in which they required an enteral feeding tube inserted in 
the proximal jejunum, and a Nutrison standard enteral feeding solu-
tion that contained 16% energy from protein, 49% energy from car-
bohydrates, and 35% energy from fat was infused at differing flow 
rates. Over time, the rate of enteral lipid infusion increased, which 
resulted in more lipids being presented to the small intestinal lumen 
and, thus, more lipids available for absorption. Thoracic lymph sam-
ples were able to be regularly collected proximal to the oesophago-
gastrectomy site. While these lymph samples were not directly 
determining the ceramide content in human mesenteric lymph, pre-
vious studies, including by our group (28), have shown that at least 
~50% of the lymph entering the thoracic duct is composed of mes-
enteric lymph. This, therefore, enabled an indirect measurement of 
intestinal-assembled ceramides in human lymph and determine 
whether thoracic lymph ceramides changed in response to the in-
creasing amount of enteral lipid meal replacement solution deliv-
ered to the lumen of the small intestine.

The quantification of the lipid content in the thoracic lymph had 
previously demonstrated that increasing enteral feeding concur-
rently promoted TAG transport in response to increased flow rates 
(29). This observation was reconfirmed with metabolomic quantita-
tion (tables S1 and S2). The data demonstrated that only the TAGs, 
and not DAGs, moderately increased in the thoracic lymph when 
the patient was receiving post-enteral feeding of Nutrison at a rate of 
20 ml/hour compared to the baseline of 0 ml/hour (Fig. 6A). In the 

same patient, however, when the post-enteral feeding rate of Nutrison 
was increased to 80 ml/hour, TAGs and DAGs increased by 153 and 
113%, respectively (Fig. 6B). These data strongly suggested that en-
teral lipid feeding was increasing the production and assembly of 
intestinal-derived chylomicrons due to the increased levels of TAG 
and DAGs in the patient’s thoracic lymph.

To determine whether human lymph also contained ceramides, 
samples collected from the oesophagogastrectomy patient’s thoracic 
lymph duct at two different time points after surgery were evaluated 
(fig. S6, A and B, and tables S1 and S2). While both ceramide profiles 
were similar between D0 (fig. S6A) and D1A1 (fig. S6B), the latter 
was chosen as the baseline control to eliminate any potential bias 
from the intestinal milk cream bolus (high sphingolipid content) 
that was administered before the D0 time point to aid in lymphatic 
duct visualization by surgeons. It was confirmed that human lymph 
contained ceramides, and C24:0 ceramide was the most predominant 
species (tables S1 and S2). This was different to our control diet-fed 
rats (Fig. 4), which showed that both C16:0 and C24:0 were the most 
predominant ceramide species (Fig. 4, A and C).

We then sought to confirm that human ceramide profile in circu-
lating lymph changed in response to increased lipid load in the small 
intestine. The comparison of baseline to a post-enteral feeding rate of 
Nutrison of 20 ml/hour found that of all detectable ceramide species, 
the lowest detectable ceramide specie, C16:0 ceramide, showed the 
greatest, sixfold, increase in thoracic lymph (Fig. 6E). Further studies 
increasing the enteral lipid flow rate of Nutrison to 80 ml/hour 
(Fig. 6F) again showed that C16:0 ceramide species was the most ele-
vated of all the ceramides as it increased 26-fold from the baseline, 
20-fold higher than when the patient was receiving the Nutrison infu-
sion (20 ml/hour) (Fig. 6, E and F). The extent to which C16:0 ceramide 
species elevated in response to human enteral feeding was not expect-
ed and demonstrates that the transport of C16:0 ceramides from the gut 
via the lymphatics is important and highly complex. This finding fur-
ther underscores the importance of circulating dietary-derived C16:0 
ceramides and their delivery from chylomicrons to metabolic tissues.

Together, this human study highlights that ceramides are pro-
duced and packaged in the small intestine in response to lipid avail-
ability in the diet. Furthermore, the measurement of plasma ceramide 
levels more accurately reflects the ceramide profile of the liver rather 
than the nutritional state following the consumption of a high lipid 
meal. These results have identified a unique transport axis for ce-
ramides, provided insight into how lipids are digested and transport-
ed throughout the body in response to a fatty meal, and highlighted 
a new paradigm for therapeutic strategies trying to lower C16:0 ce-
ramide accumulation in peripheral metabolic tissues.

DISCUSSION
Ceramides have long been associated with metabolic diseases, and 
the liver has been understood to be the primary site of ceramide pro-
duction and the main contributor to the production and transfer of 
metabolically deleterious ceramides to other organs (30–32). What is 
underappreciated, however, is that ceramide accumulation is associ-
ated with a diet rich in saturated fats and that dietary fats are first 
metabolized in the intestine. Here, we identified a unique sphingo-
lipid expression pattern in the intestinal tract that was profoundly dif-
ferent to the liver and altered in obesity, resulting in the accumulation 
of metabolically pathogenic C16:0 ceramides in intestinal-derived 
chylomicrons (Fig. 4C).
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Fig. 5. High-fat feeding induces a shift in the proportion of lipid classes in lymph-derived chylomicrons. Untargeted lipidomic analysis of individual acyl lipids and 
ether lipids sorted by class (facets), double bond (x axis) and carbon atom number (y axis) in isolated mesenteric lymph-derived chylomicrons. Data were expressed as fold 
change HFD/control. Color coding: yellow, no change; red, up-regulated in HFD; blue, down-regulated in HFD; white, not detectable. PEs, phosphoethanolamines; PAs, 
phosphatidic acids; PGs, phosphoglycerols; PIs, phosphoinositols; PSs, phosphoserines; PCs, phosphocholines; LPCs, lysophosphatidylcholines; LPEs, lysophosphatidyl-
ethanolamines; LPAs, lysophosphatidic acids; LPGs, lysophosphatidylglycerols; LPSs, lysophosphatidylserines; LPIs, lysophosphatidylinositols.
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The effect of dietary manipulation on ceramide abundance has 
been well characterized in key organs associated with metabolic dis-
ease such as the liver (9), skeletal muscle (2), white adipose tissue 
(1), and brain (33, 34). High-fat feeding has consistently been shown 
to increase circulating ceramide levels in mice (35–38) and obese 
human patients (8, 39), and these ceramide species are currently be-
ing used as biomarkers to predict metabolic and cardiovascular 
events (40–42). However, the dietary influence on gut-produced ce-
ramides is not well characterized. Recently, evidence has emerged, 
suggesting that intestinal ceramide synthesis is an important regula-
tor of barrier function (19, 43, 44). The deletion of key enzymes 
Sptlc1, Sptlc2, or CerS2 has been found to regulate the production of 
ceramides through the de novo sphingolipid pathway to significant-
ly reduce complete (Sptlc1 or Sptlc2) or selective (CerS2) ceramide 
levels throughout the small intestine (19, 43, 44). Furthermore, Li 
et al. (19) found the consumption of an obesogenic HFD with lard 
as the primary fat source increased levels of ceramides (C16:0, C18:0, 
and C24:0) in jejunal crypts but not villi, and C16:0 ceramides were the 
most predominant species.

While there are a series of studies from Gonzalez’s laboratory de-
tailing ceramide levels in murine ileal tissue (12, 45), these studies 
focused on the regulatory capacity of intestinal FXR in nonalcoholic 
fatty liver disease progression rather than dietary lipid intervention. 
These findings are suggestive of, both, a dietary regulated effect upon 
intestinal ceramide synthesis and described ceramide transit from 
the gut into the circulation (12, 45). While a direct link between the 
gut and circulating levels of ceramides was suggested (12, 45), we 
have demonstrated that ceramides in the circulation are not repre-
sentative of dietary or intestinal-derived ceramides, and furthermore, 

ceramides are packaged and exported from the IECs by a completely 
different mechanism.

The distribution of sphingolipids in common foods and diets var-
ies but is found in abundance in animal and dairy products (14, 46). 
The consumption of fatty foods greatly enriches the gastrointestinal 
lumen with various sphingolipid species, and the microbiome also 
contributes to sphingolipid abundance and diversity (18). Recent 
findings have shown that complex sphingolipids found in everyday 
foods have little impact on intestinal sphingolipid accumulation as 
they are poorly absorbed by the intestine and are instead preferen-
tially metabolized into FAs (15). This suggests that the intracellular 
production of ceramides detected within enterocytes is driven by the 
availability of lipid substrates, such as palmitate, as opposed to the 
direct transport of ceramide and other sphingolipids into entero-
cytes. We therefore used HFD feeding [containing 10% saturated 
fats (palmitic acid and stearic acid), 8% monounsaturated (oleic 
acid), and 5% polyunsaturated fats (linoleic acid)] as a tool to pro-
vide the necessary substrates to stimulate de novo ceramide synthe-
sis in the intestinal epithelium. Furthermore, a diet rich in C16:0 FAs 
(palmitic acid) resulted in the generation of multiple lipids from dif-
ferent lipid classes containing a C16 FA carbon chain, including C16:0 
ceramides in the gut and mesenteric lymph, highlighting that C16:0 
substrate availability can regulate the flux of multiple lipid pathways.

While numerous studies have reported the existence of a rich 
sphingolipid diversity in the gut tissue (12, 18, 45), our data are con-
sistent with previous reports of lipidomic analyses for ceramides in 
ileal tissue from HFD-fed mice (12, 45). From other non-diet–focused 
studies, ileal C16:0 ceramides and sphingomyelins are highly abun-
dant compared to other subspecies, which are detected at trace 
amounts in animals (18) and humans (47). This agrees with both the 
mouse and rat ileum epithelial cell ceramide concentrations, where 
we found that the epithelial cells lining the rat small intestine have a 
strong preference for synthesizing shorter-chain C16:0 ceramide spe-
cies (Fig.  2). While high-fat feeding had a minimal effect on ce-
ramide accumulation in all three regions of the obese rat small 
intestine, it did profoundly elevate metabolically toxic C16:0 cerami-
des in intestinal-derived mesenteric lymph (Fig. 4A). Unlike mice, 
where hepatic ceramides have been reported to be elevated while on 
an HFD (1, 48, 49), the effect of high-fat feeding on ceramide accu-
mulation in the rat liver appeared to be negligible. One suggestion is 
that rats could be more resistant than mice to dietary stimuli and 
associated ceramide synthesis in the liver; however, this does not 
align with existing reports of elevated total ceramide in rat livers 
after similar HFD regimens, albeit with diets containing a signifi-
cantly greater lipid composition (30, 32). It has also been suggested 
that the liver is highly sensitive to intracellular ceramide levels and 
offsets a toxic accumulation by increasing ceramide efflux into the 
circulation (31). However, one would expect a consequential rise in 
plasma ceramides, which was not observed in our rat study. Never-
theless, we demonstrated a clear acyl chain preference for the syn-
thesis of longer chain ceramides in the liver as hepatic C16:0 ceramide 
levels were low in the rats. The relative distribution of individual 
ceramide species in the liver, mesenteric, and cardiac blood, when 
compared to ceramides along the gut-lymph tract, demonstrated a 
clear profile disparity, signifying a bona fide intestinal-lymphatic 
axis for intestinal ceramide export.

The existence of ceramides in thoracic lymph and associated chylo-
microns is evidenced dating back 40 years (25, 26, 50); however, these 
studies use crude determinations of lipid composition measuring total 

Fig. 6. Human enteral feeding of a lipid meal replacement selectively increases 
C16:0 ceramides in thoracic lymph. Human thoracic lymph sampling was per-
formed before and during Nutrison enteral feeding of a patient after undergoing 
an Ivor Lewis oesophogastrectomy. Fold change from baseline (enteral feed, 0 ml/
hour) of (A) DAG and (B) TAG levels in thoracic lymph from the patient undergoing 
enteral lipid feeding of 20 and 80 ml/hour. Fold change from baseline of (C) C16:0, 
(D) C20:0, (E) C22:0, (F) C24:0, and (G) C24:1 individual ceramide species in thoracic 
lymph from a patient undergoing enteral lipid feeding of 20 and 80 ml/hour. DAG, 
diacylglycerol; TAG, triacylglycerol.
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sphingolipids or ceramide content. More recent investigations have 
determined that ceramides species are present in the thoracic lymph 
(51–54), which in turn consists of ~50% derived from the intestine, but 
no study has directly determined the production and assembly of ce-
ramides into chylomicrons before lymphatic endothelial lipoprotein 
lipase can hydrolyze and release chylomicron lipids within the lym-
phatic vessel walls (20). Our study directly assesses the profiles of in-
testinal ceramide species and compares this profile, with that directly 
released into the intestinal lymphatic ducts.

Chylomicrons are produced by IECs in response to intestinal lipid 
availability (55, 56) and contain a fatty lipid core consisting of TAGs, 
diglycerides, cholesterol esters, and the surface lipids, which are cho-
lesterols, apolipoprotein B48, and phospholipids that act as surfac-
tants (22, 23, 57). Recent publications by Cao et al. (58) describe a 
rich lipid diversity within isolated intestinal-derived lymph in HFD-
fed mice, while Hong et al. (59) further isolated lymph-derived TAG-
rich lipoproteins and categorized the detected lipid families in sepsis 
and gut ischemia-reperfusion injury rat models. We found a similar 
distribution of lipids in intestinal-derived chylomicrons, albeit with 
slight discrepancies in the total number of identified analytes, which 
are most likely due to the differences in feed composition, as ours 
contained a significantly higher fat content to promote lipid synthesis 
and flux through the intestinal-lymphatic system. Our results identi-
fied more chylomicron lipid species than the previous studies and, 
more importantly, identified individual lipid species that increased 
upon the consumption of an HFD (figs. S3 to S5). Furthermore, we 
report that chylomicrons are greatly enriched in C16:0 ceramide spe-
cies, which matches the lipidomic profile of the small intestine, where 
C16:0 ceramides were the most abundant species (Fig. 2, A to C).

The lack of studies detailing the lipid composition of human mes-
enteric or thoracic lymph and derived chylomicrons reflects the ex-
treme difficulties in acquiring these lymph samples from patients. 
Traditional methods to access lymph ducts or vessels have been 
highly invasive and represent a major obstacle to the collection and 
investigative studies of lymph composition. Because of this, our un-
derstanding of lipid profiles in intestinal derived chylomicrons has 
come from animal studies (29, 51–54, 58). We report that thoracic 
lymph from a human patient undergoing a lipid-based feeding regi-
men (containing double the monounsaturated lipid content com-
pared to both the saturated and polyunsaturated lipid content) 
increased C16:0 ceramide species in response to increased lipid in the 
small intestinal lumen, demonstrating that C16:0 ceramides are pro-
duced and packaged in the small intestine in response to dietary 
lipid availability. Whether this is directly driven by C16:0-saturated 
FA availability remains unknown; however, this is one of the first 
studies to demonstrate a clear ceramide response to diet mediated 
through the production of intestinal-derived lymph (containing chy-
lomicrons) that can be translated from small rodents to humans. To-
gether, these results demonstrate the importance of dietary-derived 
sphingolipid production in enterocytes and highlight that intestinal 
C16:0 ceramide production and delivery in chylomicrons could con-
tribute to metabolic disease. Our results highlight the significance of 
enterocytes during metabolic diseases as they regulate not only chy-
lomicron production but, more importantly, the amounts of indi-
vidual lipid species that are incorporated into each chylomicron.

In conclusion, we propose an updated model (Fig. 7) for how the 
body generates and transports sphingolipids derived from dietary 
sources. Our results from animal and human models of high-fat 
feeding show that dietary lipids fuel de novo ceramide synthesis in 

the enterocyte resulting in the accumulation of metabolically toxic 
C16:0 ceramides in chylomicrons. Future studies are now required to 
investigate where chylomicron-containing C16:0 ceramides are ex-
ported to, and if new therapeutics targeting intestinal ceramide pro-
duction could reduce lipid accumulation in peripheral metabolic 
organs, including the liver, to treat metabolic diseases such as obe-
sity and metabolic-associated fatty liver disease.

MATERIALS AND METHODS
German animal care
German animal care refers to Fig. 1 (B to E). All animal procedures 
and euthanasia were reviewed by the animal care committee and ap-
proved by local government authorities (Tierschutzkommission acc. 
§15 TSchG of the Landesamt für Natur, Umwelt, und Verbrauch-
erschutz North Rhine Westphalia) and were in accordance with Na-
tional Institutes of Health (NIH) guidelines. Male C57BL/6N mice 
were acquired at 3 weeks of age from Charles River Laboratories and 
held in a virus-free facility at 22° to 24°C on a 12-hour light/12-hour 
dark cycle. After 1 week of acclimatization in the animal facility, mice 
were randomly assigned either an HFD (D12492, 60% kcal from fat; 
Research diets, New Brunswick, NJ, USA) or a sucrose-matched, low-
fat diet (D12450 J, 10% kcal from fat; Research diets, New Brunswick, 
NJ, USA). Mice were fed ad  libitum for 24 weeks before being hu-
manely killed, and IECs were isolated (see below for methodology) 
(60) for the lipidomic quantification of ceramide species. Sphingolip-
id levels were determined by LC coupled to electrospray ionization 
tandem MS (LC-ESI-MS/MS). Tissues were homogenized in water 
using the Precellys 24 Homogenizer (PEQLAB). Lipid extraction and 
LC-ESI-MS/MS analysis were performed as previously described 
(61). Samples were measured in duplicate.

Australian animal care
Australian animal care refers to Figs. 1A, 2, 3, and 4. In mouse, all 
animal experiments were approved and authorized by the Monash 
Institute of Pharmaceutical Sciences Animal Ethics Committee un-
der project identification number #18594. Animal handling and 
housing were conducted in accordance with the Monash University 
Animal Care and Australian National Health and Medical Research 
Council (NHMRC). C57Bl/6MARP mice (6 weeks old) were housed 
in groups of four and fed a standard control diet (20% protein, 8.5% 
lipid, and 3.2% fiber; Barastoc WEHI Mouse Breeder Cubes Irradi-
ated diet, #102119) or an HFD (20.9% protein, 23.5% lipid, and 5.4% 
crude fiber; SF04-001, Specialty Feeds) with free access to food and 
water under a standard 12-hour light/12-hour dark cycle. The 
C57Bl/6MARP mice were fed their respective diets for 8 weeks be-
fore being fasted overnight and refed for 2 hours at the commence-
ment of the light cycle. Mice were humanely killed, and blood was 
collected via cardiac puncture and spun at 2500g for 10 min at 4°C.

In rat, all animal experiments were approved and authorized by 
the Monash Institute of Pharmaceutical Sciences Animal Ethics Com-
mittee under project identification number #19717. Animal handling 
and housing were conducted in accordance with the Monash Univer-
sity Animal Care and Australian National Health and Medical Re-
search Council (NHMRC). Male Sprague-Dawley rats (10 weeks old) 
were housed in groups of three or four and fed a standard diet (20% 
protein, 8.5% lipid, and 3.2% fiber; #102119, Barastoc WEHI Mouse 
Breeder Cubes Irradiated diet) or an HFD (20.9% protein, 23.5% lipid, 
and 5.4% crude fiber; SF04-001, Specialty Feeds) for 7 to 8 weeks. All 
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animals were housed under standard conditions in a 12-hour 
light/12-hour dark cycle maintained at 22° to 25°C with ad libitum 
access to food and water.

Mesenteric lymph collection
The efferent mesenteric lymphatic duct was cannulated in rats as de-
scribed previously (62). Lymph was collected for up to 4 hours in non-
fasted animals at the end of the feeding/dark cycle. Briefly, rats were 
anesthetized by isoflurane inhalation and placed on a heat pad. A mid-
line laparotomy was performed, and layers of connective tissue sur-
rounding the efferent mesenteric lymph duct were removed by blunt 
dissection. A polyethylene cannula (outer diameter, 0.8 mm; inner di-
ameter, 0.5 mm) prefilled with heparinized saline (10 IU/ml) was 
passed through the perirenal fat bed, under the kidney, and positioned 
directly adjacent to the mesenteric lymph duct. The lymph cannula 
was advanced 1 to 2 mm inside the duct and secured with cyanoacry-
late tissue adhesive. Lymph flowed through the cannula and was col-
lected in an Eppendorf tube. Lymph was then centrifuged (300g, 5 min, 
4°C) to remove endothelial and immune cells before being snap-frozen 
in liquid nitrogen and stored at −80°C for further analysis. Rats were 
euthanized, under anesthesia, by exsanguination. Cardiac blood was 
centrifuged (2500g, 10 min, 4°C) to isolate serum, and metabolic tis-
sues were collected, snap-frozen in liquid nitrogen, and stored at −80°C.

Intestinal epithelial cell isolation
Small intestine regions and the colon were segmented and cleaned 
in ice-cold phosphate-buffered saline (PBS) as described previously 

by Ostermann et  al. (63). Mesenteric adipose tissue and Peyer’s 
patches were carefully removed. Intestinal segments were opened 
longitudinally and vortexed in ice-cold PBS. IECs were separated 
from the lamina propria by means of digestion for 20 min at 37°C 
with horizontal rotation in predigestion solution (1× Hanks’ bal-
anced salt solution, 10 mM Hepes, 5 mM EDTA, 1 mM dithiothrei-
tol, and 2% fetal bovine serum) followed by vortexing (60, 63). The 
digestion solution, containing isolated IECs, was passed through a 
100-μm cell strainer (BD Bioscience). Digestion was repeated, and 
supernatants containing isolated IECs were combined. IECs were 
collected by centrifugation (80g, 10 min, 4°C), snap-frozen, and 
stored at −80°C for further analysis.

Chylomicron isolation from mesenteric lymph
Lipoprotein fractionation of mesenteric lymph was performed by 
density gradient ultracentrifugation as previously described (28). 
Plasma background solution was prepared by dissolving 11.42 g of 
sodium chloride (NaCl) in 1 liter of TE buffer [10 mM tris-HCl and 
1 mM disodium EDTA (pH 7.4)]. The density of the background 
solution was corrected to ρ = 1.0063 g/ml by the addition of NaCl or 
TE buffer. To prepare different density solutions, 1.83, 21.73, or 32.55 g 
of KBr were dissolved in 100 ml of plasma background solution, and 
the density was adjusted to 1.02, 1.15, and 1.21 g/ml, respectively, 
by the addition of KBr or buffer as required. The density of the so-
lutions was confirmed by measuring the refractive index (RI) val-
ues of the solution using a refractometer (Mettler Toledo Refracto 
30 GS, Mettler Toledo, VIC Australia). RI values were converted to 

Fig. 7. Consumption of a high-fat dietary lipid load stimulates enterocyte production of unique lipid species. A high lipid influx from the diet increases the avail-
ability of FA lipid substrate in the lumen of the small intestine. This leads to an elevated accumulation of intracellular ceramides and sphingomyelins in the enterocytes 
lining the small intestine. Glycerolipid, glycerophospholipid, and sphingolipid lipid families within the chylomicron lipidome are notably altered as a result of increased 
enterocytic lipid flux, and pathogenic C16:0 ceramides are elevated in the obese chylomicron independent of sphingomyelin lipids. C16:0 ceramide–rich chylomicrons exit 
the lymphatics and are circulated around the body via the venous circulation for lipid/nutrient delivery to peripheral tissues.
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density values using standard KBr and NaCl salt tables. Density so-
lutions and lymph were layered into 4.2-ml polypropylene centri-
fuge tubes (Beckman Coulter, CA, USA) in the following order 
(from bottom to top): 0.31 ml of ρ = 1.21 g/ml solution, 1.25 ml of 
ρ = 1.15 g/ml solution, 1 ml of mesenteric lymph, and 1.44 ml of 
ρ = 1.02 g/ml solution. The tubes were placed into the bucket of a 
SW 60 Ti Rotor (Beckman Coulter) and centrifuged at 453,300g, 
15°C, for 19 hours (Optima XE-90, Beckman Coulter). After cen-
trifugation, the “milky” chylomicron-rich top layer of the centri-
fuged sample was transferred to a separate tube and stored at −80°C 
until metabolite analyses.

Lipid extraction
Lipid extraction was performed in plasma (20 μl), mesenteric lymph 
(20  μl), and the lymph chylomicron fraction (10  μl) using the 
1-butanol:methanol (1:1 v/v) single-phase extraction method (64). 
For lipidomic analysis of IECs and liver tissue, lipid extractions were 
performed as previously described with slight modifications (65). 
Briefly, isolated IECs and pulverized liver tissue were homogenized 
in a chloroform/methanol/water (1:3:1, v/v) solvent mixture con-
taining 5 μM butylated hydroxytoluene and internal standards. 
Concentrations of internal standards in the final sample were 100 nM 
for sphingoid bases and 200 nM for ceramide (d18:1/17:0) and 
sphingomyelin (d18:1/17:0) standards. Samples were vortexed and 
shaken at 4°C, sonicated in a water bath with ice for 1 hour, and cen-
trifuged. Approximately 200 μl of the supernatant was transferred to 
new tubes, and the solvent was evaporated under a stream of nitro-
gen using a Biotage TurboVap LV evaporation system. Dried lipid 
extracts were reconstituted in 100 μl of a solvent mixture containing 
1-butanol/methanol/water (4.5:4.5:1, v/v) and sonicated for 1 hour, 
keeping the temperature below 25°C, and supernatants were trans-
ferred to glass vials for analysis.

LC-MS analysis
LC-MS data were acquired on a Q-Exactive Orbitrap mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA) coupled 
with a high-performance LC system Dionex Ultimate 3000 RS 
(Thermo Fisher Scientific). Chromatographic separation was per-
formed on a C8 column Ascentis Express (2.7 μm, 2.1 × 100 mm, 
Supelco, Merck). The mobile phase A was 40% isopropanol, 8 mM 
ammonium formate, and 2 mM formic acid, and the mobile phase B 
was 98% isopropanol, 8 mM ammonium formate, and 2 mM formic 
acid; the needle wash solution was 50% isopropanol. The gradient 
program started at 0% B and was increased stepwise to 20% B over 
1.5 min, to 28% B over 5.5 min, to 35% B over 1 min, to 65% B over 
16 min, and to 100% B over 1 min. Wash at 100% B was continued 
for 2 min before decreasing to 0% B over the next 2 min, followed by 
equilibration at 0% B for 1 min. The flow rate was 0.2 ml/min, and 
column compartment temperature was 40°C. The total run time was 
30 min with an injection volume of 10 μl. Mass spectrometer oper-
ated in full scan mode with positive and negative polarity switching 
at 70,000 resolution at 200 mass/charge ratio (m/z) with a detection 
range of 140 to 1300 m/z. Heated ESI source was set to 3.5 kV volt-
age for positive mode and 3.5 kV for negative mode, sheath gas was 
set to 34, aux gas was set to 13, sweep gas was set to 1 arbitrary units, 
capillary temperature was maintained at 250°C, and the probe heat-
er temperature was maintained at 190°C. The samples were analyzed 
as a single batch to reduce batch-to-batch variation and randomized 
to account for LC-MS system drift over time.

Data processing using IDEOM
The acquired LC-MS data were processed in an untargeted fashion 
using the open-source software IDEOM (66), which initially used 
ProteoWizard to convert raw LC-MS files to mzXML format and 
XCMS to pick peaks to convert to peakML files. Mzmatch.R was 
subsequently used for the alignment of samples, and the filtering of 
peaks using a minimum detectable intensity of 100,000, relative 
standard deviation (RSD) of <0.5 (reproducibility), and peak shape 
(codadw) of >0.8. Mzmatch was also used to retrieve missing peaks 
and annotation of related peaks. Default IDEOM parameters were 
used to eliminate unwanted noise and artifact peaks. The loss or 
gain of a proton was corrected in negative and positive ESI modes, 
respectively, followed by putative identification of metabolites by ac-
curate mass within 3 parts per million mass error searching against 
the Kyoto Encyclopedia of Genes and Genomes (wKEGG), Meta-
Cyc, and LIPIDMAPS databases. The identification of putative lip-
ids was further cross-checked by comparing elution time shifts to 
the number of double bonds. An increase in the number of double 
bonds within the corresponding fatty acyl carbon number causes 
linear shifts in retention time (67, 68).

Semi-quantitative analysis of sphingolipid analytes
Sphingolipids were quantified using a semi-quantitative internal 
standard approach with most sphingolipids having a %RSD < 15%. 
The concentrations, in nanomolar, were calculated as a ratio of the 
peak areas of identified lipid analytes over the area of the corre-
sponding internal standards. Sphingolipid concentrations were nor-
malized to protein levels and dried tissue weights where appropriate. 
The quantitation was performed using a semi-quantitative workflow 
on the TraceFinder 3.2 application (Thermo Fisher Scientific).

Lipidomic data visualization
A comprehensive analysis of untargeted lipidomic data was conducted, 
involving data filtration, normalization, and statistical analysis. The 
one-factor statistical analysis method from the MetaboAnalyst soft-
ware was used (69). To enhance the quality of analysis, variables were 
eliminated with relative SDs exceeding 25%, deeming them nonin-
formative. In addition, features with more than 50% missing values 
were excluded from the analysis. Data were further improved by ap-
plying a series of transformations. First, a logarithmic transforma-
tion was conducted, followed by median normalization and auto 
scaling, which involved dividing the centered mean by the standard 
deviation. To visualize the distributions of lipid class concentrations, 
heat maps using the heatmap.2 R package were created after calculat-
ing z-score values for the normalized concentrations (https://rdrr.io/
cran/gplots/man/heatmap.2.html).

Human lymph collection
The human lymph collection was undertaken with prior written and 
informed consent under ethical approval from the New Zealand Na-
tional Health and Disability Ethics Committee (12/NTB/67). The 
lymph collection for this specific lipidomic analysis was for “patient 
#4” as described by Escott et al. (27). Briefly, thoracic lymph sampling 
was performed before and throughout a stepwise increase in enteral 
feeding rate in human patient undergoing an Ivor Lewis oesopho-
gastrectomy. Thoracic lymph fluid was collected every 12 hours for 
5 days after surgery (27). Matched arterial serum samples were also 
collected as the lymph sampling was undertaken. The patient re-
ceived Nutrison standard enteral feed (1.0 kcal/ml; 16% energy from 

https://rdrr.io/cran/gplots/man/heatmap.2.html
https://rdrr.io/cran/gplots/man/heatmap.2.html
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protein, 49% energy from carbohydrates, 35% energy from fat; 
Nutricia, New Zealand; https://nutricia.com.au/adult/product/
nutrison/#) delivered using a standard clinical feeding pump via the 
patient’s jejunostomy. The patient samples subsequently underwent 
analysis using an AbsoluteIDQ p400 kit (Biocrates Life Sciences, 
Innsbruck, Austria).

Combined direct flow injection and LC-MS/MS compound 
identification and quantification of human thoracic lymph
We have applied a targeted quantitative metabolomics approach to ana-
lyze the serum samples using a combination of direct injection MS 
(AbsoluteIDQ P 400 kit) with the LC-MS/MS Kit. The kit is a commer-
cially available assay from Biocrates Life Sciences AG (Austria). This kit, 
in combination with a Thermo Fisher Scientific Q-Exactive HF mass 
spectrometer, can be used for the targeted identification and quantifica-
tion of up to 408 different endogenous metabolites including amino 
acids, acylcarnitines, biogenic amines, glycerophospholipids, sphingo-
lipids, diglycerides, triglycerides, cholesteryl esters, and sugars. The 
method used combines the derivatization and extraction of analytes, as 
well as the selective mass spectrometric detection using multiple reac-
tion monitoring pairs. Isotope-labeled internal standards and other 
internal standards are integrated in a kit plate filter for metabolite quan-
tification. The AbsoluteIDQ kit contains a 96-deep-well plate with a 
filter plate attached with a sealing tape, and reagents and solvents used 
to prepare the plate assay. First 14 wells in the kit were used for one 
blank, three zero samples, seven standards, and three quality control 
samples provided with each kit. All the serum samples were analyzed 
with the AbsoluteIDQ Kit using the protocol described in the Absolu-
teIDQ user manual. Briefly, serum samples were thawed on ice and 
were vortexed and centrifuged at 13,000g. A 10 μl of each serum sample 
was loaded onto the center of the filter on the upper 96-well kit plate 
and dried in a stream of nitrogen. Subsequently, 20 μl of a 5% solution 
of phenyl-isothiocyanate was added for derivatization. After incuba-
tion, the filter spots were dried again using an evaporator. The extrac-
tion of the metabolites was then achieved by adding 300 μl of methanol 
containing 5 mM ammonium acetate. The extracts were obtained by 
centrifugation into the lower 96-deep-well plate, followed by a dilution 
step with kit MS running solvent. Mass spectrometric analysis was per-
formed on a Thermo Fisher Scientific Q-Exactive HF mass spectrome-
ter equipped with a solvent delivery system. The samples were delivered 
to the mass spectrometer by an LC method followed by a direct injec-
tion method. The Biocrates MetIQ software was used to control the en-
tire assay workflow from sample registration to automated calculation 
of metabolite concentrations to the export of data into other data analy-
sis programs. A targeted profiling scheme was used to quantitatively 
screen for known small-molecule metabolites using multiple reaction 
monitoring, neutral loss, and precursor ion scans.

Statistical analysis
Statistics were performed using GraphPad Prism (v9.3.1, GraphPad 
Software). Data are presented as means  ±  SEM. For statistical 
analysis of individual sphingolipid species between diet groups, a 
Student’s t test was used for statistical comparisons. A P value less 
than 0.05 was considered statistically significant.
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