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BACKGROUND: Excess vernix caseosa produced by the fetal
skin appears as particles suspended in the amniotic fluid in
late gestation, is swallowed by the fetus, and is found
throughout the newborn gastrointestinal tract as the first
organisms are arriving to colonize the gut. Lipid-rich vernix
contains an unusually high 29% branched chain fatty acids
(BCFA). BCFAs reduce the incidence of necrotizing enteroco-
litis in an animal model, and were recently found predomi-
nantly in the sn-2 position of human milk triacylglycerols.
Nothing is known about the influence of vernix BCFA on
proinflammatory markers in human enterocytes.
METHODS: We investigated the effect of vernix-
monoacylglycerides (MAGs) (enriched with 30% BCFA) on
interleukin (IL)-8 and NF-κB production in a human intestinal
epithelial cell line (Caco-2). Caco-2 cells were pretreated with
vernix-MAG or vernix-free fatty acid (FFA) prior to lipopoly-
saccharide (LPS) activation.
RESULTS: Both vernix-MAG and vernix-FFA increased cell
BCFA and eliminated an LPS-induced 20% reduction in cell
viability. In stimulated Caco-2 cells, vernix-MAG was more
effective than vernix-FFA in suppressing IL-8 and NF-κB.
Activated vernix-MAG-treated cells expressed less of the
cell-surface Toll-like receptor4 (TLR-4) compared with controls.
CONCLUSION: This is the first study to show the reduction
of proinflammatory markers in human cells mediated by
BCFA-MAG.

Vernix caseosa is a lipid-laden film formed on the fetal
surface during the last trimester of pregnancy. It is

composed mainly of water (80.5%), lipids (10.3%), and
proteins (9.1%) (1). The lipids are derived from the stratum
corneum and sebaceous glands and appear primarily as sterol
esters (25–30%), triacylglycerols (TAG) (18–36%), wax esters
(12–16%), squalene (9%), and ceramides (5%) (2–4).
Branched chain fatty acids (BCFAs) are present in all acyl-
carrying lipid classes, wax esters (where they are 16–53% of
fatty acids), sterol esters (27–62%) (2–5), TAG (18–21%), and
nonesterified fatty acids (21%) (3).

The high concentration of BCFA led us to propose that
vernix is important for development of the gastrointestinal
tract (6). The anti-inflammatory effects of some fatty acids are
well known from studies dating to the 1970s on cardiovas-
cular disease and many other conditions. The long-chain
polyunsaturated fatty acids (LCPUFA), docosahexaenoic acid
(DHA, 22:6(n-3)), and eicosapentaenoic acid (EPA, 20:5(n-
3)), are best studied for the anti-inflammatory and proresol-
ving properties of their eicosanoid and docosanoid products
(7–9). Fatty acids in their monoacylglyceride (MAG) form are
incorporated into mixed micelles for normal fat absorption.
MAGs are a GRAS (generally recognized as safe) ingredient
for food applications. MAG containing PUFA have anti-
inflammatory properties in vitro (10,11), and lymphatic
absorption of DHAs given as MAG and DAG (diacylglycer-
ides) is more effective than as DHA, TAG, and EE (ethyl
esters) in rats (12). Moreover, BCFA in the form of sn-2 MAG
incorporated more effectively into human intestinal cells
compared with that of free fatty acids (13).
In our previous research, BCFAs were found to down-

regulate proinflammatory cytokine IL-8 mRNA and the
downstream signaling NF-κB in human LPS-stimulated cells
preincubated with BCFA (14). Oral administration of lipids
simulating BCFA-rich vernix (BCFA is 20% w/w of total fatty
acids) reduced the incidence of necrotizing enterocolitis
(NEC) in rat pups compared with a non-BCFA-feeding
group (6). No data are available on the inflammatory
properties of BCFA-MAG compared with BCFA-FFA (free
fatty acid). Here we compared the physiological activity of
MAG enriched with 20% BCFA derived from vernix TAG,
from the perspective of inflammation markers, with that of
the free fatty acid form which shares the same FA profile.

METHODS
The collection of vernix caseosa for research was reviewed and
approved by the Cornell University and the Cayuga Medical Center
Institutional Review Boards (IRB) on the use of human subjects. The
IRBs approved an exemption from the requirement to obtain
individual informed consent because vernix is deemed to be medical
waste and no individually identifiable information was obtained from
participants.
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Sample Collection
Twenty vernix samples from 20 normal term newborns were
collected from Cayuga Medical Center (Ithaca, NY). Vernix removed
from the shoulder regions in the birthing room was stored in clean
tubes at − 80 °C until analysis.

Preparation of sn-2 MAG from Vernix Lipid
Total lipids from a pool of vernix samples were extracted based on a
modified Bligh and Dyer method (15). TAG was separated from total
vernix lipids by thin-layer chromatography (TLC) using hexane:ethyl
ether:formic acid= 80:20:1, v/v/v. The TAG spot was scraped and
extracted.
Hydrolysis of TAG was based on a modification of the method

described by Luddy et al. (16). Fifty milligrams of vernix TAG was
mixed with 1 ml of 1 M Tris-HCl buffer (pH 8.0), 0.25 ml of 0.05% bile
salts, 0.1 ml of 2.2% CaCl2, and 15 mg of pancreatic lipase (Sigma
Product Number: L3126). After 3 min at 40 oC with shaking every 30 s
for 10 s, lipids were extracted by ethyl ether. Sn-2 MAG was separated
by TLC, and developed in hexane:ethyl ether:acetic acid= 50:50:1, v/v/v.
Free fatty acids were obtained from sn-2 MAG vernix by hydrolysis.

In this way, sn-2 MAG and FFA share the same fatty acid profile.

Cell Culture
Caco-2 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(ThermoFisher Scientific, Waltham, MA) with 10% FBS and kept in
a humidified environment at 37 oC with 5% CO2. The cell culture
medium was changed every 2–3 days. Cells were subcultured after
reaching 80% confluence using a trypsin–EDTA solution.

Fatty Acid Supplementation and Inflammatory Stimulus
The average density of Caco-2 cells was 1 × 106 cells per dish. Cells
were preincubated with albumin-complexed sn-2 vernix-MAG and
FFA for 24 h at 25 μM concentrations of total fatty acids. The cells
were washed twice with 1 × phosphate-buffered saline and then
incubated with LPS at a final concentration of 5 μg/ml for 24 h. Cells
were washed twice with 1 × PBS and harvested using trypsin.

Cell Viability
Cell viability was examined by the methylthiazole tetrazolium assay.
After FFA or MAG incubation and subsequent LPS stimulation, cells
were then incubated with 3-(4,5-dimethylthiazol-2-thiazoyl)-2,5-
diphenyl tetrazolium bromide (1 mg/ml; Sigma) at 37 °C for 3 h. A
microplate colorimeter (Bio-Rad, Hercules, CA) was used to read the
amount of the formazan product at wavelength 570/690 nm.

Fatty Acid Extraction and Analysis
Fatty acid methyl esters of harvested cell pellets were produced based
on a modified one-step method (17). Gas chromatography electron
ionization tandem mass spectrometry of the molecular ions was used
to verify structures of the fatty acid component (18,19). Quantitative
analysis was performed by GC–flame ionization detection using an
equal weight fatty acid methyl ester mixture (462A; Nu-Chek Prep,
Elysian, Mn) to determine response factors. The corrected peak areas
were then normalized to C18:2n-6 because it did not change between
control and treatments. GC analyses were performed in triplicates.

RNA Isolation and cDNA Synthesis
Total RNA of Caco-2 cells was extracted using RNeasy Mini kit
(Qiagen, Hilden, Germany) and was then quantified and purity-verified

using a NanoDrop 2000 (Thermo Fisher Scientific). One microgram of
total RNA was reverse-transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Life Technologies), which was used as
the template for semiquantitative real-time PCR and quantitative real-
time PCR (qRT-PCR) reactions.

Semiquantitative and Quantitative RT-PCR
Gene-specific primers (Table 1) were designed by Primer Quest
software (Integrated DNA Technologies (IDT), Coralville, IA) and
purchased from a single vendor IDT. Semiquantitative RT-PCR
amplification reactions ran on a gradient thermal cycler (Eppendorf,
Hamburg, Germany) using Emerald Amp GT PCR Master Mix
(Clontech, Mountain View, CA). PCR products were separated on
2% agarose gel stained with ethidium bromide. The amplicon bands
were checked using UV light. GAPDH and β-actin were used as
housekeeping genes.
Quantitative RT-PCR transcript levels were analyzed using SYBR

Green Master Mix (Roche, Madison, WI). The expression levels of IL-8
and NF-κB transcripts were measured on a Light Cycler 480 instrument
(Roche), and the data were normalized using the geometric mean of
reference control genes GAPDH and β-actin. All reactions were run in
triplicates. The thermal cycling conditions of initial denaturation were as
follows: 95 °C for 10 min followed by 45 cycles of 95 °C for 10 s, 65 °C
for 20 s, 72 °C for 10 s, and a final extension at 72 °C for 10 min. The
2−ΔΔCT method was used to perform relative quantification.

Chemicals
Solvents for lipid extraction were HPLC grade from Sigma-Aldrich
(St. Louis, MO) and Burdick & Jackson (Muskegon, MI). Media, FBS,
and reagents for cell culture were acquired from Corning, Inc.
(Corning, NY), and Thermo Fisher Scientific.

Statistics
Data are presented as mean± standard deviation of at least two
biological replicates and twice of each experiment. Statistical
evaluation was accomplished using IBM SPSS (Version 23).
Differences in the mean of gene expression were calculated using
one-way ANOVA and when significant (Po0.05), followed a post
hoc test, also Po0.05 was considered significant.

RESULTS
Effect of sn-2 MAG and FFA from Vernix TAG on the Viability of
Caco-2 Cells with LPS Stimulation
Caco-2 cell viabilities were investigated quantitatively by
methylthiazole tetrazolium assays, presented in Figure 1. The
viability of LPS-stimulated cells decreased by ~ 20% compared
with normal Caco-2 cells. When cells were pretreated with
vernix lipids before LPS incubation, cell viability returned to
the value found for the unstimulated cells.

Uptake of BCFA in sn-2 MAG and FFA from Vernix TAG by Caco-
2 Cells
The fatty acid composition of sn-2 MAG from vernix TAG is
presented in Table 2. BCFA constituted 33.93± 0.21%,
wt/wt of all FA in vernix-MAG derived from vernix TAG.
In total, 13 of the 35 FA identified in vernix-MAG were
BCFA. Vernix-MAG BCFA ranged from 13 to 21 carbon
atoms.
BCFAs are a significant component of vernix lipids. Caco-2

cells readily take up BCFA from vernix-MAG and FFA after
treatment (25 μM), as presented in Table 3. Vernix-MAG and
FFA treatment caused an increase in cell iso-14:0, iso-15:0,
anteiso-15:0, and iso-16:0. Sn-2 MAG BCFA treatment led to

Table 1. Primers sequence (annealing temperature = 58℃)

Gene Forward primer 5′-3′ Reverse primer 5′-3′

IL-8 CTTGGCAGCCTTCCTGATTT GGGTGGAAAGGTTTGGAGTATG

NF-κB CGTTTCCGTTATGTATGTGAAGG CTTTGCTGGTCCCACATAGT

TLR-4 CCTAAGCCACCTCTCTACCTTA AGCCACCAGCTTCTGTAAAC
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higher accumulation of BCFA (iso-14:0, iso-15:0, anteiso-15:0,
iso-16:0, anteiso-17:0, and iso-18:0) than that of BCFA as FFA.
The sum of BCFA was significantly higher in cells incubated
with vernix-MAG than those incubated with FFA. Our
findings indicate that both vernix-MAG and FFA are readily
uptaken by Caco-2 cells with sn-2 MAG more efficacious.

Effect of sn-2 MAG and FFA from Vernix TAG on Interleukin-8
Gene Expression
To investigate the impact of the structure of lipids on
proinflammatory mediators, we pretreated cells with vernix-
MAG or FFA containing 20% BCFA, derived from vernix
TAG, and then stimulated the cells with LPS (5 μg/ml) and
measured proinflammatory mediator expression. Q-PCR
results of IL-8 expression are shown in Figure 2a.
Compared with untreated cells, IL-8 expression significantly
increased in LPS-stimulated cells. In contrast, cells preincu-
bated with vernix-MAG and FFA show significantly decreased
expression of IL-8 upon stimulation relative to control-
stimulated cells. Among the two vernix-treated cells, IL-8
expression of vernix-MAG-treated cells was significantly
lower than that of vernix-FFA cells.

Effect of sn-2 MAG and FFA from Vernix TAG on NF-κB Gene
Expression
NF-κB expression was significantly increased in LPS-
stimulated Caco-2 cells (Figure 2b). Both MAG and FFA
from vernix TAG suppressed LPS-induced NF-κB expression.
Vernix-MAG decreased NF-κB expression by an estimated
40% of the mean unstimulated controls, whereas vernix-FFA
reduced expression by only 20%. These findings suggest that
vernix lipid treatment attenuates inflammation by decreasing
NF-κB expression, and that MAG does so more successfully
than FFA.

Effect of sn-2 MAG and FFA from Vernix TAG on TLR-4 Gene
Expression
We investigated the differences of sn-2 MAG and FFA from
vernix TAG on expression levels of TLR-4. Q-PCR of TLR-4
cells was not possible in unstimulated Caco-2 cells due to the
low mRNA abundance. TLR-4 expression was then tested by
semiquantitative RT-PCR using agarose gel electrophoresis.
Figure 3 shows that TLR-4 expression varied based on lipid
structure. LPS induced an increase in TLR-4 expression
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Figure 1. Cell viability before and after treatment compared with
inflammatory control. Vernix-MAG or vernix-FFA were individually
incubated at 25 μM concentrations. The number of replicates in any
group was five. Error bars represent standard deviations. Different
letters indicate significant differences, P o 0.05. FFA, free fatty acid;
MAG, monoacylglyceride.

Table 2. Sn-2 MAG (from vernix TAG) fatty acid profile (%, wt/wt)

%FA Mean± SD

iso-12:0 0.30 ± 0.03

12:0 0.16 ± 0.01

iso-13:0 0.12 ± 0.01

anteiso-13:0 0.20 ± 0.02

13:0 0.46 ± 0.02

iso-14:0 3.82 ± 0.04

14:0 6.31 ± 0.08

14:1 1.67 ± 0.02

iso-15:0 1.48 ± 0.00

anteiso-15:0 2.67 ± 0.02

15:0 9.27 ± 0.14

15:1 1.36 ± 0.03

iso-16:0 3.23 ± 0.02

16:0 39.09 ± 0.22

16:1n-10 6.47 ± 0.21

16:1n-7 1.78 ± 0.16

16:1 n-5 0.46 ± 0.04

anteiso-17:0 0.64 ± 0.03

17:0 2.55 ± 0.03

12,14-dimethyl16:0 0.10 ± 0.00

17:1 1.15 ± 0.03

iso-18:0 0.25 ± 0.14

18:0 3.63 ± 0.02

18:1n-9 4.02 ± 0.01

18:1n-7 0.46 ± 0.02

19:0 0.08 ± 0.02

18:2n-6 0.22 ± 0.05

iso-20:0 2.73 ± 0.12

20:0 1.18 ± 0.02

20:1n-9 0.44 ± 0.00

20:1n-7 0.39 ± 0.03

anteiso-21:0 0.38 ± 0.06

21:0 0.09 ± 0.01

iso-22:0 1.94 ± 0.01

22:0 0.88 ± 0.05

BCFA 33.93 ± 0.21

FA, fatty acid; MAG, monoacylglyceride; TAG, triacylglycerols.
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compared with normal Caco-2 cells. When compared with
control cells and vernix-FFA-treated cells, both stimulated
with LPS, MAG- treated cells with the same LPS stimulation
had lower TLR-4 expression (Figure 3).

DISCUSSION
Lipolysis in newborn premature infants begins immediately
upon ingestion when acid-stable lingual lipase secreted from

the tongue accompanies fat to the stomach. Gastric and
lingual lipases hydrolyze more than 30% of TAG within
several minutes to yield FFA and 2-MAG (20). While no
specific analyses have been done on the gestating fetus, results
on newborn premature infants strongly suggest that this
process is active in utero (21,22). It is reasonable to
hypothesize that the predominant form of lipids entering
the fetal gastrointestinal tract is FFA and 2-MAG, similar to
newborns and normally in all life stages. Further, because
vernix caseosa is unique to humans among land mammals, it
is likely that the human fetal gastrointestinal tract is unique in
its handling high levels of BCFA-rich lipids. For this reason,
human fetal enterocytes may well have metabolism specific to
unique components of vernix, specifically BCFA in the sn-2
position of MAG, among others.
Fatty acids and 2-MAG absorbed into enterocytes are

resynthesized into triacylglycerols, and then assembled into
chylomicrons and secreted into lymph. Nascent chylomicron
triacylglycerols retain the TAG sn-2 fatty acid of the ingested
TAG (23), strongly suggesting that the original sn-2 MAG is
transported intact from intestinal lumen to bloodstream,
whereas the fatty acids in the sn-1 and sn-3 positions are
available to the cell’s FFA pool and are scrambled upon
reesterification (24). Therefore, in the enterocyte, FFA and sn-
2 MAG may have different fates prior to resynthesis of TAG,
for instance, preferential incorporation into membrane
phospholipids (6). We have previously shown that sn-2
MAG BCFA are incorporated into Caco-2 phospholipids
more readily than FFA BCFA, suggesting one explanation
why human milk BCFA are predominantly in the sn-2
position of TAG (13).
Enterocytes turn over rapidly at all life stages, according to

some balance of apoptosis/necrosis and cell proliferation. An
important regulatory function required for maintenance of
function is the ability to maintain the epithelial barrier
function while enabling increased proliferation upon acceler-
ated cell death due to an insult (25). Preincubation of MAG
and FFA from vernix TAG suppressed the LPS stimulation,
which induced a decrease in cell viability. It is tempting to
draw a parallel to the case of the very premature infant born
before 27 weeks of gestation, prior to the time when vernix
caseosa enters the amniotic fluid in appreciable amounts. Our
control cells simulate this situation because there is no

Table 3. Vernix BCFA uptake by Caco-2 cells (mean ± SD, normalized
to C18:2n-6)

BCFA Control Control+LPS Vernix sn-2
MAG+LPS

Vernix sn-2
MAG FFA+LPS

iso-14:0 0.01 ± 0.00a 0.02 ± 0.01a 0.17 ± 0.01c 0.07± 0.01ba

iso-15:0 0.07 ± 0.02a 0.07 ± 0.01a 0.16 ± 0.02b 0.14± 0.04b

anteiso-
15:0

0.06 ± 0.01a 0.05 ± 0.02a 0.16 ± 0.03c 0.09± 0.00ab

iso-16:0 0.02 ± 0.02a 0.05 ± 0.01a 0.33 ± 0.03c 0.11± 0.01b

anteiso-
17:0

0.13 ± 0.02a 0.09 ± 0.02b 0.13 ± 0.03a 0.09± 0.02b

iso-18:0 0.11 ± 0.03ab 0.10 ± 0.01b 0.15 ± 0.04a 0.10± 0.01b

iso-20:0 0.10 ± 0.02a 0.05 ± 0.01b 0.06 ± 0.04ab 0.05± 0.02b

BCFA 0.51 ± 0.12a 0.42 ± 0.09a 1.15 ± 0.20b 0.64± 0.11a

BCFA, branched chain fatty acid; FFA, free fatty acid; MAG, monoacylglyceride; LPS,
lipopolysaccharide.
aDifferent letters indicate significant differences, Po0.05.
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Figure 2. Key inflammatory gene expression in Caco-2 cells after LPS
stimulation. Vernix-MAG or vernix-FFA were individually incubated at
25 μM concentrations. Expression was measured by RT-PCR and
normalized to β-actin and GAPDH. Means ± SE (n=3). Different letters
indicate significant differences, Po 0.05. (a) IL-8 expression induced by
LPS is attenuated by BCFA. Vernix-MAG returns IL-8 to control levels
and is more effective than FFA. (b) NF-κB expression is attenuated with
both MAG and FFA. BCFA, branched chain fatty acid; FFA, free fatty
acid; MAG, monoacylglyceride; LPS, lipopolysaccharide.
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Figure 3. TLR-4 expression in Caco-2 cells after LPS stimulation. Vernix-
MAG or vernix-FFA were individually incubated at 25 μM concentrations.
Representative image of agarose gel electrophoresis of TLR-4 RT-PCR
products compared with housekeeping β-actin and GAPDH controls.
FFA, free fatty acid; MAG, monoacylglyceride; LPS, lipopolysaccharide;
TLR-4, Toll-like receptor4.
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exposure to vernix BCFA of any type. The premature gut with
Gram-negative pathogens may be especially vulnerable to a
breach of the barrier and necrosis, similar to NEC. When
BCFA was provided in feeds as 20% w/w of FA simulating
BCFA levels found in vernix, neonatal rats had a 50%
reduction of the incidence of NEC and an enhancement of
anti-inflammatory IL-10 in vivo by threefold. Interestingly,
the often deadly pathogen Pseudomonas aeruginosa increased
several fold in the healthier, BCFA-treated group (6),
supported by in vitro measurements showing that BCFA
reduce motility and presumably virulence. In total, these
studies suggest a protective role for vernix lipids.
In a separate study, vernix from newborn human infants

was complexed with pulmonary surfactant into liposomes and
introduced into the amniotic fluid of pregnant rabbits. The
liposomes were absorbed and were protective against damage
from surgery (26). The present data suggest that the
mechanism may at least in part be due to an anti-
inflammatory action of vernix BCFA.
The fatty acid profile of Caco-2 cells after treatment

revealed a significant increase in shorter-chain BCFA (iso-
14:0, iso-15:0, anteiso-15:0, and iso-16:0) compared with the
level found in control cells. Of note, no significant difference
was found in longer-chain BCFA (anteiso-17:0, iso-18:0, and
iso-20:0) levels between vernix lipid treatment and control.
We recently reported that shorter-chain BCFA have higher
incorporation efficiency in H4 human fetal cells compared
with longer-chain BCFA, and our present results show the
same pattern (14). When Caco-2 cells were treated with
individual BCFA, shorter-chain BCFA were preferentially
incorporated into cells than longer-chain BCFA (14). The
relatively greater level of shorter chain may at least in part
explain why, when supplied at the same concentration,
shorter-chain BCFA more effectively reduce inflammatory
biomarkers than longer-chain BCFA. Moreover, BCFA as 2-
MAG appeared at greater levels than FFA in cells. This
finding was similar to the situation with PUFA MAG which
increased incorporation of omega-3 fatty acids in vivo (27,28).
The majority of proinflammatory mediators are regulated at

the transcription level (29), with NF-κB being the main
transcription factor involved in upregulation of proinflammatory
cytokines (30). TLR-4 is involved in LPS signaling and serves as
a cell-surface co-receptor for CD14, leading to LPS-mediated
NF-kB activation and subsequent cellular events (31). We
investigated the possible anti-inflammatory activity of sn-2
MAG and FFA from vernix TAG by analyzing the expression of
proinflammatory mediator IL-8 and transcription factor NF-κB,
and the membrane receptor TLR-4 in LPS-stimulated cells. Sn-2
MAG and FFA from vernix TAG reduced LPS-induced
production of IL-8, NF-κB, and TLR-4. This means sn-2
MAG and FFA from vernix TAG appeared to attenuate
inflammatory activity in LPS-stimulated human intestinal cells.
However, the pattern of mRNA NF-kB expression does not
accurately match that of TLR-4. A possible reason for this is that
IL-8 production in LPS-stimulated Caco-2 cells is not regulated
by TLR-4/NF-kB alone.

In conclusion, treatment of sn-2 MAG or FFA derived from
vernix TAG decreased the expression of LPS-induced
proinflammatory mediator IL-8 and NF-κB in human
intestinal cells. These results are consistent with reduced
intestinal inflammation in BCFA-treated neonatal rats.
BCFA-MAG derived from vernix may be a key modulating
factor in prevention of inflammation, and may well have
activities in inflammatory conditions in later life.
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