
1412 Journal of Lipid Research  Volume 57, 2016

Copyright © 2016 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

Originally sphingolipids were considered to be building 
blocks of all eukaryotic cell membranes. However, recent 
advances in our knowledge of sphingolipid metabolism, 
development of state of the art sphingolipidomic tech-
niques, and knockout of key sphingolipid metabolic en-
zymes in mice have convincingly illustrated that ceramide, 
a metabolite of all sphingolipids, is a bioactive lipid that 
regulates a diverse range of cellular processes, including 
those important for inflammation [reviewed in (1, 2)]. In-
deed, several pro-inflammatory cytokines, including IL-1, 
increase ceramide levels in diverse cell types (1). IL-1 plays 
an important role in both inflammatory and immune re-
sponses to infections or sterile insults and subsequent in-
duction of acute-phase response (APR) (3, 4). APR is an 
early innate physiological reaction occurring soon after the 
onset of infection, trauma, and inflammatory processes re-
sulting in fever, increased vascular permeability, muscle 
and joint pain, and a variety of metabolic and pathologic 
changes. The liver is the major organ targeted by IL-1 and 
members of the IL-6 cytokine family during APR resulting 
in dramatic increases in synthesis of acute phase proteins 
(APPs) such as -1-acid glycoprotein, C-reactive protein, 
and serum amyloid-A (SAA) in humans and mice (5).

It has been suggested that ceramide generated from deg-
radation of sphingomyelin by activation of neutral or acidic 
sphingomyelinases mediates some of the pleiotropic re-
sponses to IL-1 (6–9). There is also some evidence implicat-
ing enhanced de novo ceramide biosynthesis and effects 
on serine palmitoyltransferase (SPT) leading to increased 
ceramide levels by IL-1 and during APR (10, 11).

SPT is a key enzyme and the first committed step in  
the biosynthesis of ceramide and complex sphingolipids 
derived from ceramide, and several new subunits and 
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Quantitative real-time PCR
Total RNA was prepared utilizing TRIzol (Life Technologies). 

One microgram of RNA was reverse transcribed using the high-
capacity cDNA Archive kit (Life Technologies). Premixed 
primer-probe sets and TaqMan Universal PCR Master Mix (Life 
Technologies) were employed to examine mRNA levels. cDNAs 
were diluted 10-fold (for target genes) or 100-fold (for GAPDH) 
and amplified using the CFX Connect real-time PCR detection 
system (Bio-Rad). Gene expression levels were calculated by the 
Ct method, normalized to Gapdh expression, and presented as 
fold of mean values ± SEM.

Western blotting
Cells were lysed in 10 mM Tris (pH 7.4), 150 mM sodium chlo-

ride, 1 mM EDTA, 0.5% Nonidet P-40, 1% Triton X-100, 1 mM 
sodium orthovanadate, 0.2 mM PMSF, and 1:500 protease inhibi-
tor mixture (Sigma, St. Louis, MO). Equal amounts of protein 
were separated by SDS-PAGE, transblotted to nitrocellulose, and 
incubated with primary antibodies against ORMDL3 (1:3,000;  
Abgent, San Diego, CA) and tubulin (1:8,000; Cell Signaling, 
Danvers, MA). Immunopositive bands were visualized by enhanced 
chemiluminescence using secondary antibodies conjugated with 
horseradish peroxidase (goat anti-rabbit, 1:5,000; Jackson Immu-
noResearch, West Grove, PA) and Super-Signal West Pico chemi-
luminescent substrate (Pierce, Rockford, IL) as described (20). 
Optical densities of bands associated with proteins of interest 
were quantified using Image J software and normalized to the op-
tical densities of their respective tubulin bands.

Quantification of sphingolipids by mass spectrometry
Internal standards for mass spectrometry were purchased 

from Avanti Polar Lipids (Alabaster, AL) and added to samples in 
20 l ethanol:methanol:water (7:2:1) as a cocktail of 500 pmol 
each. Standards for sphingoid bases and sphingoid base 1-phos-
phates were 17-carbon chain length analogs: C17-sphingosine; 
C17-dihydrosphingosine; C17-sphingosine-1-phosphate (S1P); 
and C17-dihydrosphingosine-1-phosphate (dihydro-S1P). Stan-
dards for N-acyl sphingolipids were C12-fatty acid analogs: C12-
Cer, N-(dodecanoyl)-sphing-4-enine (d18:1/C12:0); C12-Cer 
1-phosphate, N-(dodecanoyl)-sphing-4-enine-1-phosphate (d18:1/ 
C12:0-Cer1P); C12-sphingomyelin, N-(dodecanoyl)-sphing-
4-enine-1-phosphocholine (d18:1/C12:0-SM); and C12-glucosyl-
ceramide, N-(dodecanoyl)-1--glucosyl-sphing-4-enine.

Lipids were extracted from cells and liver tissues. Samples were 
collected into 13 × 100 mm borosilicate tubes with a Teflon-lined 
cap (VWR, West Chester, PA). Then 2 ml of CH3OH and 1 ml of 
CHCl3 were added together with the internal standard cocktail. 
The contents were dispersed by sonication at room temperature 
for 30 s. The single phase mixtures were incubated at 48°C over-
night. After cooling, 150 l of 1 M KOH in CH3OH was added 
and, after brief sonication, incubated in a shaking water bath for 
2 h at 37°C to cleave potentially interfering glycerophospholipids. 
The extracts were brought to neutral pH with 12 l of glacial acetic 
acid, centrifuged in a table-top centrifuge, and the supernatants 
transferred to new tubes. The extracts were reduced to dryness 
using a speed vac. The dried residues were reconstituted in 0.5 ml 
of the starting mobile phase solvent for LC-ESI-MS/MS analysis, 
sonicated for 15 s, and then centrifuged for 5 min before transfer 
of the clear supernatants to autoinjector vials for analysis.

Sphingolipids were separated by reverse-phase HPLC using a 
Shimadzu Nexera LC-30 AD binary pump system coupled to a 
SIL-30AC autoinjector and DGU20A5R degasser. The column 
used was a Supelco 2.1 (i.d.) × 50 mm Ascentis Express C18 column 
(Sigma) with a binary solvent system at a flow rate of 0.5 ml/min 
with a column oven set at 35°C. Prior to injection of samples, 

regulatory proteins that regulate its activity have recently 
been described [reviewed in (12)]. Extensive studies in 
yeast have elegantly demonstrated that the ORM1 and 
ORM2 proteins interact with and negatively regulate SPT 
(13–18). Moreover, it was shown that TORC1 and TORC2 
protein kinase complexes are involved in phosphorylation 
of ORM proteins to adjust sphingolipid synthesis and coor-
dinate cell growth with environmental cues, such as nutri-
ent accessibility and stress (17, 18). In mammalian cells, 
the three homologs, ORM (yeast)-like (ORMDL)1–3, have 
also been implicated in regulation of SPT activity and ce-
ramide biosynthesis (13, 19–21). However, in contrast to 
their yeast orthologs, similar phosphorylations of ORMDL 
proteins cannot be involved in regulating SPT, as they lack 
the N-terminal phosphorylated region described in yeast 
ORMs. Moreover, although silencing of expression of all 
three ORMDLs in cell culture was shown to increase ce-
ramide (13, 20–22), not much is known of the functions of 
the individual endogenous ORMDL proteins in regulation 
of ceramide levels. Here we determined the functions of 
ORMDL1–3 in human HepG2 cells, examined changes in 
their expression levels in response to key pro-inflammatory 
cytokines important for APR, and studied changes in  
ORMDL expression and ceramide levels in IL-1-mediated 
sterile inflammation in mice.

MATERIALS AND METHODS

Turpentine-induced inflammation
C57BL/6 mice were obtained from Jackson Laboratory (Bar 

Harbor, ME). All animal studies were conducted in the Animal 
Research Core Facility at Virginia Commonwealth University 
(VCU) School of Medicine in accordance with the institutional 
guidelines. Animals were bred and maintained in a pathogen-free 
environment and all procedures were approved by the VCU Insti-
tutional Animal Care and Use Committee, which is accredited by 
the Association for Assessment and Accreditation of Laboratory 
Animal Care. All mice were kept on a 12 h light-dark cycle with 
free access to food and water. Turpentine abscesses were initiated 
by sc injection of pure gum spirits of turpentine (50 l) into anes-
thetized male and female mice (6–8 weeks of age) (23). Mice were 
euthanized after 8 or 24 h, and livers were collected for mRNA, 
lipid, and protein analyses.

Cell culture and transfection
Human hepatoma HepG2 cells (ATCC, Manassas, VA) were 

cultured in DMEM supplemented with 10% FBS, penicillin, strep-
tomycin, and L-glutamine. Cells were transferred to 12-well dishes 
and starved in DMEM containing 0.5% FBS for at least 12 h be-
fore stimulation. Cells were stimulated with 25 ng/ml IL-1 and  
25 ng/ml oncostatin M (OSM) (R&D Systems, Minneapolis, MN) 
where indicated.

HepG2 cells were transfected with ON-TARGETplus SMART-
pool siRNA oligonucleotides (Dharmacon, Lafayette, CO) for  
human ORMDL1 (catalog number L-018403-01), ORMDL2 
(catalog number L-017035-02), and ORMDL3 (catalog number 
L-01002-02) or scrambled siRNA (siControl) using Lipofectamine 
RNAiMAX transfection reagent (Life Technologies, Carlsbad, 
CA).
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Fig.  1.  Downregulation of individual ORMDLs decreases their mRNA levels, but only siORMDL3 increases dihydroceramides. HepG2 cells 
were transfected with siControl, specific siRNAs for each ORMDL isoform, or with siRNA for all three isoforms as indicated. A: mRNA levels 
of individual ORMDL isoforms were determined by QPCR and normalized to Gapdh. B: Cell lysates were analyzed by immunoblotting with 
ORMDL3 antibody. Blots were probed with anti-tubulin antibody to ensure equal loading and transfer. C–E: Lipids were extracted and levels 
of dihydroceramide (C), monohexosyldihydroceramide (D), and dihydrosphingomyelin (E) species were measured by LC-ESI-MS/MS. Data 
are mean ± SD (n = 3). *P < 0.01 compared with siControl. Similar results were observed in three independent experiments.
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Fig.  2.  Downregulation of ORMDL1 and ORMDL3 increases ceramide and complex sphingolipids. HepG2 
cells were transfected with siControl, specific siRNAs for each ORMDL isoform, or with siRNA for all three 
isoforms as indicated. A–C: Lipids were extracted and ceramide (A), monohexosylceramide (B), and sphin-
gomyelin (C) species were quantified by LC-ESI-MS/MS. Data are mean ± SD and are representative of three 
independent experiments. *P < 0.01 compared with siControl.

the column was equilibrated for 0.5 min with a solvent mixture of 
95% mobile phase A1 (CH3OH/H2O/HCOOH, 58/41/1, v/v/v, 
with 5 mM ammonium formate) and 5% mobile phase B1 
(CH3OH/HCOOH, 99/1, v/v, with 5 mM ammonium formate), 
and after sample injection (typically 40 l), the A1/B1 ratio was 
maintained at 95/5 for 2.25 min, followed by a linear gradient to 
100% B1 over 1.5 min, which was held at 100% B1 for 5.5 min, 
followed by a 0.5 min gradient return to 95/5 A1/B1. The column 
was re-equilibrated with 95:5 A1/B1 for 0.5 min before each run. 
The HPLC column was coupled to an AB Sciex 5500 quadrupole/
linear ion trap (QTrap; SCIEX Framingham, MA) operating in 
triple quadrupole mode. Q1 and Q3 were set to pass molecularly 
distinctive precursor and product ions (or a scan across multiple 
m/z in Q1 or Q3), using N2 to collisionally induce dissociations in 
Q2 (which was offset from Q1 by 30–120 eV). The ion source tem-
perature was set at 500°C.

For analysis of de novo sphingolipid synthesis, HepG2 cells 
were transfected with siRNA as above for 48 h, washed and then 
incubated for 6 h in medium containing 0.1 mM uniformly la-
beled [U-13C]palmitate (Sigma) in a 1:1 molar complex with fatty 
acid-free BSA, as previously described (24, 25). Lipids were ex-
tracted and [13C]labeled sphingolipids quantified by LC-ESI-MS/
MS.

Statistical analyses
Statistical analysis was performed using two-way ANOVA fol-

lowed by post hoc tests for experiments consisting of three or 

more groups (Prism; GraphPad Software, La Jolla, CA). P < 0.01 
was considered to be statistically significant. All experiments were 
repeated at least three times with consistent results. For mouse 
studies, three to six randomly chosen mice were used per experi-
mental group.

RESULTS

Downregulation of ORMDL3, but not ORMDL1 or -2, 
increases dihydroceramide

Yeast ORM1 and -2 proteins have been reported to bind 
to and inhibit SPT, the rate-limiting step in de novo ce-
ramide synthesis (13–18), and their human orthologs,  
ORMDL1, -2, and -3, are thought to have a similar function 
in mammalian cells. However, the functions of individual 
ORMDL isoforms in regulation of sphingolipid biosynthe-
sis and ceramide levels are still not clear. For example, 
whereas one study suggested that each of the ORMDL iso-
forms can inhibit SPT activity in cells (26), in another 
study, coordinated overexpression of all three isoforms, 
but not individual ORMDLs, inhibited de novo ceramide 
synthesis (21). Therefore, we examined the effects of 
downregulating individual ORMDLs in HepG2 liver cells, 
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Fig.  3.  Effects of downregulation of individual  
ORMDL isoforms on sphingoid base levels. HepG2 
cells were transfected with siControl, specific siRNAs 
for each ORMDL isoform, or with siRNA for all three 
isoforms as indicated. A–D: Lipids were extracted 
and dihydrosphingosine (A), dihydro-S1P (B), sphin-
gosine (C), and S1P (D), were quantified by LC-ESI-
MS/MS. Data are mean ± SD. *P < 0.01 compared 
with siControl.

which express all three isoforms, and examined changes 
in ceramide and sphingolipid levels by a sensitive mass 
spectrometry method. After transfection with specific 
siRNAs, expression of each of the individual ORMDLs was 
efficiently downregulated by more than 60% without sig-
nificantly affecting the expression of the other two (Fig. 
1A). Moreover, simultaneous knockdown of all three 
ORMDLs showed similar reductions in mRNA levels as the 
individual siRNAs alone. Western blot analysis of cells 
overexpressing ORMDL3 confirmed that a commercially 
available anti-ORMDL3 antibody recognized a 17 kDa 
band corresponding to the molecular weight of ORMDLs 
(Fig. 1B). Although simultaneous downregulation of all 
three ORMDLs reduced the ORMDL protein expression 
below detectable levels, a significant decrease was not 
observed with individual knockdowns (Fig. 1B). This is 
probably due to the greater than 80% homology between 
ORMDL1, -2, and -3.

We first examined the effects of knockdown of ORMDLs 
on levels of dihydroceramides, intermediates in the de 
novo pathway. Downregulation of ORMDL3, but not OR-
MDL1 or ORMDL2, dramatically increased levels of dihy-
droceramides (Fig. 1C). This increase was especially robust 
in C16:0, C18:0, C20:0, C22:0, and C24:1 dihydroceramide 
species (Fig. 1C). There were also large increases in the 
same species of monohexosyldihydroceramide (Fig. 1D) as 
well as in C16:0, dihydrosphingomyelin (Fig. 1E). The ef-
fects on dihydrosphingomyelins were likely less dramatic 
due to the large pool of dihydrosphingomyelins within the 
cell. Additionally, simultaneous knockdown of all three 
ORMDL proteins had a stronger effect on increasing dihy-
droceramides and monohexosyldihydroceramides (Fig. 
1C, D), albeit to a lesser extent, whereas dihydrosphingo-
myelins were not further increased by simultaneous down-
regulation of all three ORMDLs (Fig. 1E).

Effects of downregulation of ORMDLs on ceramide levels
In the de novo sphingolipid biosynthesis pathway, dihy-

droceramides are direct precursors of ceramides. In agree-
ment with its effect on dihydroceramides, siORMDL3 also 
significantly increased levels of most ceramide acyl chain 
species (Fig. 2A). Although siORMDL1 did not increase 
dihydroceramides (Fig. 1C), it did cause a small increase 
in the level of the very long chain C24:1 ceramide species 
(Fig. 2A). However, this was not accompanied by signifi-
cant increases in the levels of further metabolites of ce-
ramide, monohexosylceramide, and sphingomyelin (Fig. 
2B, C). In contrast, siORMDL3 caused small elevations of 
C16:0, C22:0, and C24:0 species of monohexosylceramide 
and had almost no effects on sphingomyelins (Fig. 2B, C). 
Moreover, consistent with its lack of effect on dihydrocer-
amides, siORMDL2 did not have a reproducible effect on 
ceramides (Fig. 2A), monohexosylceramides (Fig. 2B), 
or sphingomyelins (Fig. 2C). In contrast to the robust ef-
fects on dihydroceramides, downregulation of all three 
ORMDLs had only minor effects on complex sphingolipid 
levels compared with downregulation of only ORMDL3 
alone.

Effects of downregulation of ORMDLs on sphingoid 
bases

Downregulation of all three ORMDL isoforms increased 
levels of cellular dihydrosphingosine (Fig. 3A), the precursor 
of dihydroceramides, and also of its phosphorylated form, 
dihydro-sphingosine-1-phosphate (dihydro-S1P) (Fig. 3B), as 
well as sphingosine (Fig. 3C) and S1P (Fig. 3D). siORMDL3 
alone also increased levels of dihydro-S1P, sphingosine, 
and S1P (Fig. 3). However, unexpectedly, siORMDL1 also 
increased levels of sphingosine, even though it had no 
effect on levels of dihydrosphingosine-containing lipids 
(Fig. 3). It should be noted that sphingosine is not an  



ORMDLs regulate ceramide in sterile inflammation 1417

Fig.  4.  Downregulation of ORMDL3 increases de novo incorporation of [13C]palmitate into dihydroceramides. HepG2 cells were trans-
fected with the indicated siRNAs for 48 h. Cells were then washed and incubated with uniformly labeled [U-13C]palmitate for 6 h. Sphingo-
lipids were extracted and incorporation of [13C]palmitate into dihydroceramides (A–D) and ceramides (E, F) was determined by LC-ESI-MS/
MS. Base-labeled dihydroceramides (A), base and N-acyl chain dual labeled dihydroceramides (B), fatty acid labeled dihydroceramides (C), 
unlabeled dihydroceramides (D), base-labeled ceramides (E), and dual-labeled ceramides (F). Data are mean ± SD. *P < 0.001 compared 
with siControl.

intermediate in the biosynthesis of sphingolipids, but 
rather a degradation product of ceramide.

Downregulation of ORMDL3 increases de novo 
sphingolipid synthesis

Given our observed increases in dihydrosphingolipids 
(Fig. 1) and the reported role of ORMDL proteins in regu-
lating de novo sphingolipid synthesis, we directly followed 
dihydroceramide biosynthesis by pulse labeling cells with 
[U-13C]palmitate. This fatty acid is converted into [13C]
palmitoyl-CoA, a substrate for SPT, and is also used for  
N-acylation of dihydrosphingosine to dihydroceramide  
by ceramide synthases yielding four different isotopically 
labeled dihydroceramide species: [13C]labeled in the 
sphingoid base (“base labeled”) or with both [13C]labeled 

sphingoid base and N-acyl chain (“dual labeled”), both in-
dicative of de novo synthesis; [13C] label only in the N-acyl 
chain (“fatty acid-labeled”) and dihydroceramide with only 
12C (“unlabeled”), the latter two contain [12C]sphingoid 
bases that have been released in the recycling/salvage 
pathway by turnover and then are reacylated with [13C]
palmitoyl-CoA or with endogenous unlabeled fatty acyl 
CoAs, respectively. Consistent with the results shown in Fig. 
1, we found that siORMDL3 induced a dramatic increase 
in [13C] base-labeled and dual-labeled dihydroceramides 
(Fig. 4 A, B). The dihydroceramide species containing only 
[13C] label in the sphingoid base were proportionately dis-
tributed among all N-acyl chain species, as expected, while 
the predominant dual-labeled species was C16:0 (palmi-
tate) dihydroceramide. Intriguingly, knockdown of either 
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Fig.  5.  Pro-inflammatory cytokines increase ceramides and dihydroceramides concurrently with decreased ORMDL protein. A–E: HepG2 
cells were treated with vehicle or IL-1 plus OSM for 24 h. Lipids were extracted and ceramide species (A), dihydroceramide species (B), and 
dihydrosphingosine, dihydro-S1P, sphingosine, and S1P (C) were quantified by LC-ESI-MS/MS. D: mRNA levels of SAA1 and individual 
ORMDLs were determined by QPCR and normalized to GAPDH. E: Cell lysates were analyzed by immunoblotting with ORMDL3 antibody. 
Blots were probed with anti-tubulin antibody to ensure equal loading and transfer and quantified by densitometry (n = 7). Data are mean ± 
SD. *P < 0.001 compared with untreated control.

ORMDL1, -2, or -3 induced an increase in N-acyl chain-only 
[13C]labeled C16:0 and C18:0 dihydroceramide species 
(Fig. 4C), likely due to elongation of the labeled palmitate 
and subsequent reacylation of unlabeled dihydrosphingo-
sine. Consistent with results in Figs. 1, 2, only siORMDL3 
increased unlabeled dihydroceramides (Fig. 4D) as well as 
dramatically increasing base-only and dual-labeled ce-
ramide species (Fig. 4E, F).

Inflammatory cytokines important for the APR decrease 
ORMDL protein and increase dihyroceramides and 
ceramides

Earlier studies demonstrated that ceramide is elevated 
during APR (10), the early innate response to infections 
and inflammation. In addition to activation of neutral 
sphingomyelinase (27, 28), liver APR induced by LPS led 
to increased de novo synthesis of ceramide by increasing 
expression and activity of SPT (11). Moreover, key inducers 
and mediators of APR, including IL-1 and IL-6, induced 

early generation of ceramide in primary hepatocytes (6, 7). 
Because HepG2 cells are a suitable in vitro model system 
for the study of human hepatocytes, we next examined the 
effects of IL-1 together with OSM, a potent member of the 
IL-6 cytokine family that profoundly regulates APP expres-
sion (29), on ceramide levels and ORMDL expression in 
HepG2 cells that abundantly express receptors for both 
IL-1 and OSM. Stimulation with IL-1 and OSM induced 
small but significant increases in the level of 24:1 dihydroc-
eramide (Fig. 5A) and greater increases in several species 
of ceramides (Fig. 5B). Moreover, dihydrosphingosine and 
sphingosine, as well as S1P, were also increased (Fig. 5C). 
Although, as expected, IL-1 and OSM increased transcrip-
tion of the APP, SAA1 (Fig. 5D), no changes were detected 
in mRNA levels of ORMDL1, ORMDL2, or ORMDL3 (Fig. 
5D). Interestingly, stimulation of HepG2 cells with IL-1 and 
OSM caused a significant decrease in ORMDL protein de-
tected by immunoblotting (Fig. 5E), suggesting that this 
may be due to increased degradation. The decrease in 
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Fig.  6.  Sterile inflammation in mice decreases ORMDL protein expression. Mice were injected sc with 50 l turpentine or saline (n = 3 in 
each group). Livers were isolated after 8 and 24 h. A: mRNA levels of SAA1, serum amyloid protein (SAP), -1-acid glycoprotein (AGP), and 
ORMDL1–3 were determined by QPCR and normalized to GAPDH. B: Liver proteins were separated by SDS-PAGE and immunoblotted with 
anti-ORMDL3 antibody. Blots were probed with anti-tubulin to ensure equal transfer and loading and quantified by densitometry (n = 3). 
Data are mean ± SD. *P < 0.01 compared with saline-treated control.

ORMDL protein expression is consistent with the increases 
in dihydroceramides and ceramides.

Irritant-induced inflammation decreased ORMDL 
protein expression and increased ceramides and 
dihydroceramides in the liver

To examine the effect on ORMDL expression during 
APR, we used a mouse model of irritant-induced acute in-
flammation that is IL-1-dependent (4). In this model, sc 
injection of turpentine causes tissue destruction at the site 
of injection, infiltration of inflammatory cells, and produc-
tion of cytokines, including IL-1 and OSM (23). This is fol-
lowed by a systemic response and production of APPs in 
the liver (30). Indeed, turpentine induced significant in-
creases in transcription within 8 h of the classical markers 
of liver inflammation, SAA1, serum amyloid protein, and 
-1-acid glycoprotein (Fig. 6A), all proteins secreted by the 
liver into the serum in response to inflammatory signals, 
such as IL-1 and OSM (31). Although no changes were ob-
served in mRNA levels of any of the ORMDLs, as measured 
by quantitative (Q)PCR (Fig. 6A), turpentine treatment 
also induced a significant decrease in ORMDL protein lev-
els within 8 h, which remained reduced after 24 h (Fig. 
6B). Consistent with this decrease in ORMDLs, liver levels 
of dihydroceramides (Fig. 7A) and ceramides (Fig. 7B) 
were significantly increased by turpentine and generally 
evenly distributed across all acyl chain species. Although 
no major changes were observed in levels of dihydrosphin-
gomyelins or sphingomyelins (Fig. 7A, B), significant in-
creases, especially after 24 h, were observed in some 
monohexosyldihydroceramide and monohexosylceramide 
species (Fig. 7A, B). However, there were no significant 
changes in sphingoid bases or their phosphorylated forms 
(Fig. 7C).

A portion of the de novo generated ceramide in the liver 
is secreted into blood as components of VLDLs and LDLs. 
Because changes in hepatic SPT activity affect the rate of 
ceramide secretion (11), we also measured the effects of 
turpentine treatment on sphingolipid levels in blood. At 8 
h following treatment with turpentine, there were only mi-
nor effects on levels of dihydroceramides and ceramides 
(Fig. 8A, B). However, after 24 h, there were significant 
increases in dihydroceramides (Fig. 8A) and more pro-
nounced increases in ceramides, particularly C22:0, C24:1, 
and C24:0 species (Fig. 8B). Dihydrosphingomyelins and 
sphingomyelins (Fig. 8A, B) were not greatly affected by 
turpentine, although there were robust increases after 24 h 
in monohexosyldihydroceramides and monohexosylce-
ramides (Fig. 8A, B). At this time point, there were also 
small increases in blood levels of phosphorylated sphin-
goid bases (Fig. 8C).

DISCUSSION

Here we demonstrated that decreasing expression of 
ORMDL3 in liver cells, but not ORMDL1 or -2, induced a 
dramatic increase in dihydrosphingosine and dihydro-
sphingosine-containing sphingolipids. Dihydrosphingo-
sine is an intermediate in the de novo pathway, suggesting 
that ORMDL3, similar to its yeast homologs, is a homeo-
static negative regulator of SPT, the first committed step in 
sphingolipid synthesis. This is consistent with our previous 
findings in lung epithelial cells (20), but in contrast to an-
other report in HEK293 cells suggesting that all three  
ORMDL isoforms must be downregulated to relieve the 
inhibition of SPT (21). Although the explanation for this 
discrepancy is not clear, it may be due to distinct functions 
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observed that decreased ORMDL3 expression increased 
levels of free sphingoid bases and sphingoid base phos-
phates, and also caused increases in cellular levels of ce-
ramides. Levels of complex sphingolipids were also 
increased, though to a lesser extent, likely due both to the 
large pools of these sphingolipids within the cell and the 
relatively short times of knockdown.

Intriguingly, although ORMDL1 had no effect on dihydro-
sphingosine or dihydrosphingosine-containing sphingolip-
ids, we found that its downregulation modestly increased 
levels of sphingosine, S1P, and ceramide. Thus, ORMDL1 
may act downstream of SPT in mammalian cells. Support 
for this idea comes from the demonstration that in yeast, 
the ORMDL homolog, ORM1, forms a complex not only 
with SPT but also with the yeast ceramide synthase homo-
log, Lac1 (16), suggesting an additional role for the ORMs 
in regulating sphingolipid homeostasis. In agreement, it 
was shown in yeast that ORMs have two separate functions 
in sphingolipid metabolism: inhibition of SPT and activa-
tion of complex sphingolipid synthesis (17).

Nevertheless, the ratio of total sphingosine- to dihydro-
sphingosine-containing sphingolipids was decreased in 
triple ORMDL knockdown by 4-fold for ceramide/dihy-
droceramide, but only by 2-fold for complex sphingolipid 

of ORMDLs in different cell types. It is also possible that 
ORMDL3 expression is relatively higher than the other 
ORMDLs in certain cell types, such as liver cells. A more 
likely explanation is that our highly sensitive and precise 
LC-ESI-MS/MS methods more accurately measure small 
changes in sphingolipid levels. However, it is also possible 
that there are small changes in different subcellular pools 
of sphingolipids. Indeed, whereas total ceramides were 
only increased with siORMDL3, pulse-labeling experi-
ments with [13C]palmitate demonstrated that downregula-
tion of ORMDL1, -2, or -3 induced comparable increases 
in palmitic acid-labeled dihydroceramide, suggesting that 
although ORMDL1 or ORMDL2 may not regulate bulk 
sphingolipid levels, they could play a role in the regulation 
of specific pools of dihydroceramides and/or recycling.

It must be noted that we did observe that knockdown of 
all three ORMDL proteins simultaneously had a stronger 
effect on levels of dihydrosphingosine and dihydrosphin-
gosine-containing lipids than knockdown of ORMDL3 
alone. This also supports the notion that while ORMDL3 is 
a strong and potentially physiologically relevant control 
node for regulation of sphingolipid biosynthesis, the three 
ORMDL proteins may have overlapping functions. As  
expected from the increased levels of sphingolipids, we  

Fig.  7.  Sterile inflammation in mice increases dihydroceramide and ceramide in liver. Mice were injected with turpentine or saline (n = 3), 
as described in Fig. 6. Lipids were extracted from livers and levels of dihydroceramides, monohexosyldihydroceramides, and dihydrosphin-
gomyelins (A), ceramides, monohexosylceramides, and sphingomyelins (B), and dihydrosphingosine, dihydro-S1P, sphingosine, and S1P 
(C) were measured by LC-ESI-MS/MS. Data are mean ± SD. *P < 0.001 compared with saline control.
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species, again indicative of an increase in de novo SPT-
initiated sphingolipid synthesis. Likewise, increased levels 
of dihydrosphingosine-containing sphingolipids were ob-
served in most acyl chain species, suggesting that the 
changes induced by ORMDL knockdown occur before 
the acyl chain is added, that is, at the stage of formation of 
the sphingoid base itself.

Numerous genome-wide association studies have linked 
ORMDL3 SNPs to increased risk of asthma development 
(32, 33), while others have linked them to inflammatory 
disorders, including colitis, diabetes, and atherosclerosis 
(34, 35). Therefore, we examined whether ORMDL ex-
pression is modulated physiologically during inflammatory 
responses. This has clinical significance as elevated levels of 
ceramide have been associated with induction and propa-
gation of inflammatory responses (2). In this regard, we 
found that inflammatory cytokines reduced levels of ORMDL 
protein in liver cells concomitant with increased levels of 
ceramide and other sphingolipids, including dihydrocer-
amide, sphingoid bases, and sphingoid base phosphates. 
Combination of IL-1 and OSM significantly reduced  
ORMDL protein levels, although each alone did not. The 
synergistic effect of IL-1 and OSM on ORMDL expression 
is likely physiologically significant because both IL-1 and 

OSM also synergistically control expression of type 1 APPs 
(29). The changes in ORMDL protein levels, but not in 
mRNA levels, indicate posttranscriptional regulation of 
ORMDL protein levels. These results are consistent with 
those in yeast, in which the levels of the ORMDL homolog, 
ORM2, are decreased in response to endoplasmic reticulum 
stress (16). Moreover, it was recently shown that ORMDL 
proteins are degraded by cholesterol loading-induced au-
tophagy (36). In addition, during irritant-induced APR in 
mice mediated by IL-1-dependent sterile injury, we noted 
that ORMDL proteins were also decreased in the liver, 
once again without affecting mRNA levels, and dihydroc-
eramides and ceramides were increased in liver and accu-
mulated in the circulation. In addition, the changes in 
dihydroceramide and ceramide species observed in both 
liver and blood during APR were generally proportional to 
their abundance, with larger changes occurring in more 
abundant N-acyl chain species. Although sterile inflamma-
tion in vivo is much more complicated than effects of IL-1 
and OSM on cultured cells, taken together, these results 
support the notion that ORMDLs may modulate SPT- 
dependent de novo sphingolipid biosynthesis in IL-1- 
mediated sterile inflammation. Liver diseases caused by 
sterile inflammation contribute to many liver pathologies 

Fig.  8.  Effect of turpentine-induced sterile inflammation on serum sphingolipid levels. Mice were injected sc with 50 l turpentine or sa-
line (n = 3). Eight and 24 h later, lipids were extracted from blood and levels of dihydroceramides, monohexosyldihydroceramides, and di-
hydrosphingomyelins (A), ceramides, monohexosylceramides, and sphingomyelins (B), and dihydrosphingosine, dihydro-S1P, sphingosine, 
and S1P (C) were measured by LC-ESI-MS/MS. Data are mean ± SD. *P < 0.001 compared with saline control.
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and specific therapies are still needed. Understanding the 
involvement of ORMDLs and sphingolipid metabolites in 
IL-1 signaling pathways may lead to the discovery of new 
therapeutic targets.
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