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 Niacin (vitamin B3) treatment reduces CVD and athero-
sclerosis development ( 1 ). These benefi cial effects are 
mediated, in part, by lowering circulating levels of LDL-
cholesterol, VLDL-TG, and lipoprotein(a) ( 2 ), as well as 
by increasing HDL-cholesterol ( 3 ). In addition, prolonged 
niacin treatment also decreases plasma, adipose tissue, 
and vascular infl ammation ( 4, 5 ), which might contribute 
to reducing CVD. The induction of these benefi cial effects 
after prolonged niacin treatment is in striking contrast to 
the unwanted acute niacin effects. 

 Acutely, niacin binds to the inhibitory hydroxycarboxylic 
acid receptor 2 (HCA 2 ) (previously known as GPR109A). 
In adipocytes, this leads to an inhibition of adipocyte li-
polysis followed by an acute reduction of plasma nonester-
ifi ed fatty acid (NEFA) levels. Lowering NEFA levels causes 
metabolic stress ( 6, 7 ), which increases stress hormone 
levels ( 8–12 ) after niacin treatment. In the skin Langer-
hans cells and keratinocytes, acute niacin binding to the 
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experiments were performed in accordance with the regulations 
of Dutch law on animal welfare. The institutional scientifi c com-
mittee and ethics committee for animal procedures from the 
Leiden University Medical Center approved the protocols. 

 gWAT gene expression analysis 
 RNA was isolated from gWAT using the Nucleospin RNA/

Protein kit (MACHEREY-NAGEL GmbH and Co. KG, Düren, 
Germany), after which RNA quality was assessed by NanoDrop 
(NanoDrop) and 2100 BioAnalyzer (Agilent). All samples had an 
RNA integrity number of >7.5. cRNA was synthesized using the 
TotalPrep RNA Amplifi cation Kit (Ambion, Illumina). cRNA lev-
els were normalized to 150 ng/µl and loaded onto MouseWG-6 
v2.0 Expression BeadChips by Service XS (Leiden, The Nether-
lands). Each BeadChip contains eight arrays. Hybridization and 
washing were performed according to the Illumina manual. Im-
age analysis and extraction of raw expression data were per-
formed with Illumina GenomeStudio v2011.1 gene expression 
software with default settings. 

 The lumi ( 21 ) module in the R-based Bioconductor package 
was used to read in the combined (average) signal intensities per 
probe. A variance-stabilizing transformation (lumiT) available in 
the R package was used to stabilize the expression variance based 
on the bead level expression variance and mean relations. Ex-
pression data were normalized using the function lumiN avail-
able within the lumi package. We used limma ( 22 ), an R-based 
Bioconductor package, to calculate the level of differential gene 
expression. In addition to determining signifi cant differentially 
expressed genes, gene set analysis based on the KEGG pathway 
and Gene Ontology was performed using the Bioconductor pack-
age “GlobalTest” ( 23 ). 

 Quantitative PCR 
 RNA was isolated from gWAT and liver using the Nucleospin 

RNA/Protein kit (MACHEREY-NAGEL GmbH and Co. KG). Sub-
sequently, 1  � g of RNA was used for cDNA synthesis by iScript 
(BioRad, Hercules, CA), which was purifi ed by the Nucleospin Gel 
and PCR clean-up kit (MACHEREY-NAGEL). Real-Time PCR was 
carried out on the IQ5 PCR machine (BioRad) using the Sensimix 
SYBR Green RT-PCR mix (Quantace, London, United Kingdom) 
and QuantiTect SYBR Green RT-PCR mix (Qiagen, Venlo, The 
Netherlands). Target mRNA levels were normalized to  Rplp0  and 
 Ppia  mRNA levels. Primer sequences and PCR conditions can be 
found in supplementary Table I. 

 gWAT, liver, and diet FA composition 
 FA composition analysis of gWAT, liver, and diet was carried 

out as described recently by Kloos et al. ( 24 ). Briefl y, triplicate 
samples were weighed of  � 10 mg diet or organ from niacin-
treated and control mice. One milliliter of water, 3 ml methanol, 
and 1 ml 10 M NaOH were added, and the samples were fl ushed 
with argon and hydrolyzed for 1 h at 90°C. After acidifi cation 
with 2 ml of 6 M HCl, 10 µl of an internal standard solution 
([ 2 H 31 ]palmitic acid and ergosterole 10 µg/ml each) was added. 
The samples were extracted twice with 3 ml  n -hexane, and the 
combined organic extracts were dried under a gentle stream of 
nitrogen. Dried samples were derivatized using 25 µl of  N - tert .-
butyldimethylsilyl- N -methyltrifl uoroacetamide (Sigma Aldrich, 
Schnelldorf, Germany) for 10 min at 21°C, subsequently 25 µl 
of  N , O -bis(trimethylsilyl)trifl uoroacetamide containing 1% tri-
methylchlorosilane (Thermo Scientifi c, Waltham, MA) and 2.5 µl 
of pyridine were added, and the sample was heated for 15 min to 
50°C. Next, 947.5 µl of  n -hexane, containing 10 µg/ml octadec-
ane (C 18 ) as system monitoring component, was added. Sam-
ples were analyzed in SIM mode on a Scion TQ GC-MS (Bruker, 

HCA 2  receptor leads to a release of arachidonic acid (AA) 
and subsequent cyclooxygenase (COX)-mediated oxylipin 
synthesis (mostly prostaglandins) causing fl ushing ( 13 ) 
and a decrease in blood pressure ( 14 ). Intriguingly, these 
acute effects decrease upon prolonged niacin treatment. 
Adipocyte lipolysis normalizes ( 15, 16 ) and fl ushing di-
minishes ( 17 ). 

 The fact that certain acute niacin effects decrease 
over time whereas the benefi cial lipid-lowering and anti-
infl ammatory effects remain, suggests differences between 
the induction of intracellular signaling pathways upon 
acute and prolonged niacin treatment. In the current 
study, we set out to characterize changes in signaling 
regulation upon prolonged niacin treatment. We specifi -
cally investigated effects of niacin on adipose tissue as 
adipose tissue has been shown to be the most affected 
organ at the gene expression level after 7 h of niacin treat-
ment ( 18 ). 

 We treated mice with 0.3% niacin mixed through the 
diet and isolated gonadal white adipose tissue (gWAT) af-
ter 15 weeks of intervention. The mice used in this study 
were female APOE*3-Leiden.CETP (apoE3 Leiden choles-
teryl ester transfer protein) mice ( 19 ), which, in contrast 
to wild-type mice, have a human-like lipoprotein profi le 
and respond similarly to atheroprotective drugs like nia-
cin ( 20 ). A microarray was used to compare gene expres-
sion profi les in the adipose tissue. We applied bioinformatic 
and statistical analyses to the gene expression data and 
showed that prolonged niacin treatment led to an increase 
in the pathways of unsaturated FA synthesis. To investigate 
whether PUFA levels and possible derivatives thereof 
(i.e., oxylipins) were functionally affected, we determined 
the FA composition in the adipose tissue by GC-MS 
and measured PUFA and oxylipin profi les in plasma by 
LC-MS/MS. 

 MATERIALS AND METHODS 

 Mouse experiments 
 Female APOE*3-Leiden.CETP mice were bred at the Leiden 

University Medical Center, Leiden, The Netherlands. At age 15 ± 
1 weeks, mice were fed a Western-type diet (Diet T with 0.1 g% 
cholesterol, which consisted of 16 kcal% protein, 43 kcal% carbo-
hydrate, and 41 kcal% fat; AB Diets, Woerden, The Netherlands) 
with or without niacin (0.3 g%; Sigma Aldrich, St. Louis, MO). 
Supplementary Table II shows the FA composition of the diet. 
Body weight was registered weekly. Animals were housed in 
a controlled environment (21°C, 40–50% humidity) with a daily 
12 h photoperiod (0700–1900). Food and tap water were available 
ad libitum during the whole experiment. Food intake was deter-
mined weekly by weighing the food in the cages at t = 0 and at 
t = 1 days. The difference between these time points was equal to 
24 h food intake of the mice. The mice in this study are the same 
as in our previously published study ( 16 ). All experiments were 
performed after a 15 week dietary intervention period. All animals 
(n = 14 per group) were anesthetized and euthanized in the fed 
state between 0800 and 0930 by cardiac puncture. Organs and 
plasma were collected and stored at  � 80°C. Fresh gWAT was har-
vested and kept in PBS with or without niacin. One niacin-treated 
animal did not have suffi cient gWAT for the analyses. All animal 
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 Statistics 
 Mean values and SDs are reported in all fi gures. The gene ex-

pression data were statistically analyzed by using the multiple test 
correction method of Benjamin-Hochberg for control of false 
discovery rate (FDR) for both differentially expressed individual 
genes and for KEGG pathways. An adjusted  P  value <0.05 was 
considered signifi cant. Calculations for the lipid measurements 
were performed in Prism version 6 (GraphPad Software, La Jolla, 
CA). Multiple  t -tests were performed, and a 5% FDR value was 
applied. An  F -test was applied to test whether linear regression 
lines were signifi cantly nonzero. The levels of signifi cance were 
set at  P  < 0.05. 

 RESULTS 

 gWAT gene expression analysis 
 Female APOE3.Leiden.CETP mice (n = 14 per group) 

were fed a Western-type diet (containing 0.1% choles-
terol) with and without niacin for 15 weeks. As previously 
published ( 16 ), niacin treatment did not lead to differ-
ences in body weight nor gWAT weight in these mice. 
However, plasma lipids (i.e., total cholesterol, TGs, and 
phospholipids) were all decreased ( 16 ). Gene expression 
analysis generated 24 differentially expressed genes due to 
niacin treatment after multiple test correction (adjusted 
 P  < 0.05, see   Table 1  ).  The global test was applied to 
identify KEGG pathways affected by niacin treatment.   Table 2   
depicts the top five pathways identified by global test; 
however, only “biosynthesis of unsaturated fatty acids” re-
mained signifi cant after correction for false discovery rate 
( q  < 0.05).  The differentially expressed genes from  Table 1  
were clustered and highlighted according to KEGG path-
ways. The top hits from the “biosynthesis of unsaturated 
fatty acids” ( Elovl6 ,  Tecr , and  Elovl5 ) were all specifi cally 
involved in FA elongation, not FA desaturation, and were 
all upregulated. Quantitative PCR (qPCR) measurements 
of  Elovl6  and  Elovl5  in gWAT confi rmed upregulation of 
mRNA levels of these enzymes after niacin treatment (  Fig. 1  ). 
 The rate-limiting desaturase enzyme of PUFA synthesis en-
coded by  Fads2  (fatty acid desaturase 2) showed a trend 
toward increased expression after niacin. 

 gWAT FA composition and adipocyte PUFA secretion 
 To investigate whether the increased mRNA levels of 

genes in the “biosynthesis of unsaturated fatty acids” trans-
lated to adipose tissue FA metabolism changes, we exam-
ined the FA composition of the gWAT by GC-MS. In the 
adipose tissue, the fractions of the substrates for PUFA syn-
thesis, the essential FAs  � -linolenic acid (ALA, n-3) and 
linoleic acid (LA, n-6), were decreased after niacin treat-
ment while their downstream products were not fraction-
ally different (supplementary Fig. I and Table II). As the 
only source of essential FAs was the diet, of which the con-
sumption was equal (data not shown), an increased enzy-
matic processing of essential FAs toward downstream 
elongated and desaturated PUFAs would be plausible. To 
examine enzymatic processing, we investigated the substrate/
product ratios for the enzymes in the PUFA synthesis 

Bremen, Germany) equipped with a 15 m × 0.25 mm × 0.25 mm 
BR5MS column (Bruker). The injection volume was 1 µl, the in-
jector was operated in splitless mode at 280°C, and the oven pro-
gram was as follows: 90°C kept constant for 0.5 min, then ramped 
to 180°C with 30°C/min, then to 250°C with 10°C/min, then to 
266°C with 2°C/min, and fi nally to 300°C with 120°C/min, kept 
constant for 2 min. Helium (99.9990%, Air Products, The Neth-
erlands) was used as carrier gas. For data analysis, a total area 
correction was applied, and triplicates were averaged. 

 Gonadal adipocyte PUFA release assay 
 Fresh gonadal adipose tissue was minced and digested in 

0.5 g/l collagenase type I in HEPES buffer (pH 7.4) with 20 g/l 
of dialyzed BSA (BSA, fraction V; Sigma Aldrich) for 1 h at 37°C. 
The disaggregated WAT was fi ltered through a nylon mesh with 
a pore size of 236  � m. For the isolation of mature adipocytes, 
cells were obtained from the surface of the fi ltrate and washed 
several times. Adipocytes ( � 10,000 cells/ml) were incubated in 
triplicate in a 96-well plate at 37°C in 200 µl per well of DMEM/
F12 medium with 2% w/w BSA with or without niacin (10  � 6  M) 
for 2 h. The adipocyte conditioned medium (100  � l) was frozen 
at –20°C until further analysis. 

 Plasma PUFA and oxylipin measurement 
 Protein precipitation was performed on adipocyte-conditioned 

medium (80  � l) or plasma (20  � l) by the addition of methanol 
(233.6  � l for medium and 53.6  � l for plasma) and 6.4  � l of 
internal standard solution (containing [ 2 H 8 ]15-HETE, [ 2 H 4 ]
PGE 2 , [ 2 H 4 ]LTB 4,  and [ 2 H 5 ]DHA, each 50 ng/ml in methanol), 
which was left to equilibrate for 20 min at –20°C. The samples 
were spun down for 10 min, 16,200  g  at 4°C. Supernatant (240  � l 
for medium and 30  � l for plasma) was pipetted into a deactivated 
glass insert (Agilent, CA). Plasma supernatant was diluted in 
30  � l of water, while medium supernatant was dried by Speedvac 
at room temperature. The dried medium sample was dissolved in 
60  � l 1:2 methanol-water. For both sample types, 20  � l was in-
jected for LC-MS/MS analysis as described previously ( 25, 26 ). 

 LC-MS/MS analysis was carried out on a QTrap 6500 mass 
spectrometer (AB Sciex, Nieuwerkerk aan den Ijssel, The Neth-
erlands), coupled to a Dionex Ultimate 3000 LC-system includ-
ing autosampler and column oven (Dionex part of Thermo, 
Oberschlei ß�heim, Germany). The column used was a Kinetex 
C18 50 × 2.1 mm, 1.7 µm, protected with a C 8  precolumn (Phe-
nomenex, Utrecht, The Netherlands). Water (A) and methanol 
(B) both with 0.01% acetic acid were used. The gradient pro-
gram started at 40% eluent B and was kept constant for 1 min, 
then linearly increased to 45% B at 1.1 min, then to 53.5% B at 
4 min, to 55% B at 6.5 min, then to 90% B at 12 min, and fi nally to 
100% B at 12.1 min, kept constant for 3 min. The fl ow rate was set 
to 250.0  � l/min. The MS was operated under the following con-
ditions: the collision gas fl ow was set to medium, the drying tem-
perature was 400°C, the needle voltage was  � 4,500 V  , the curtain 
gas was 30 psi, ion source gas 1 was 40 psi, and the ion source gas 
2 was 30 psi (air was used as drying gas and nitrogen as curtain 
gas). For quantitation, the multiple reaction monitoring transi-
tions and collision energies given in supplementary Table V were 
used combined with calibration lines. All substances used as stan-
dards were from Cayman Chemicals (Ann Arbor, MI) if not 
stated otherwise, except RvE1, RvE2, 18S-RvE3, and 18R-RvE3 
(gifts from Dr. Makoto Arita, Tokyo, Japan). Metabolite identi-
fi cation in plasma was verifi ed by MS/MS spectral comparison 
with standards, of which leukotriene E 4 , thromboxane B 2 , and 
19,20-dihydroxy docosapentaenoic acid (19,20-diHDPA) are in-
cluded in the supplementary data (supplementary Figs. IV–VI). 
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 Liver PUFA biosynthesis gene expression and FA 
composition 

 As adipose tissue and the liver are the main sites of 
NEFA processing, we also examined the effects of pro-
longed niacin on the liver. We found by using qPCR that 
 Elovl5  and  Fads2  expression were unaffected by niacin 
treatment, while  Elovl6  expression was downregulated 
( Fig. 1 ). Liver FA composition did not differ between con-
trol and niacin-treated mice (supplementary Fig. II and 
Table III), and neither did the substrate/product ratios 
relevant for PUFA biosynthesis (data not shown). Al-
though the PUFA fractions of the livers from niacin-treated 
mice went in the inverse direction as seen in gWAT, this 
effect was nonsignifi cant. 

 Plasma PUFAs and oxylipins 
 In addition to measuring PUFA levels in adipocyte me-

dium ex vivo, we also examined PUFA levels in plasma by 
LC-MS/MS. Niacin reduced circulating levels of ALA and 
tended to increase the levels of its downstream product 
DHA [ Fig. 2B  and supplementary Table IV; DHA was not 

pathway. We exclusively found differential elongase ratios 
and no desaturase ratios between control and niacin treat-
ment (data not shown). Furthermore, the differential ra-
tios that were decreased were the C18 to C20 elongation 
ratios, while the C20 to C22 ratios were increased, indi-
cating a possible increase in the metabolism and process-
ing of essential FAs toward downstream PUFAs in gWAT 
from niacin-treated mice (  Table 3  ).  Given that niacin did 
not elevate the fractional content of the downstream 
PUFAs of the essential FAs, we studied whether niacin 
treatment increased PUFA secretion from freshly iso-
lated adipocytes. 

 Although the fraction of medium-chain fatty acids (MCFAs; 
C10:0/C12:0/C14:0) was also increased in gWAT after nia-
cin, adipocyte release of these MCFAs was not different 
(supplementary Fig. VII). Of the PUFAs, both ALA and LA 
were secreted in equal amounts for control and niacin-
treated adipocytes (  Fig. 2A  ).  Interestingly, downstream 
metabolic products of the essential n-3 FA ALA, namely 
EPA (nonsignifi cant after FDR correction) and DHA, were 
secreted to a greater extent after niacin treatment. 

 TABLE 1. Differentially expressed gene hits from microarray analysis of gWAT after niacin treatment      

Gene Symbol Gene ID Gene Name Adjusted  P 
Log (Fold 
Change)

Pdzk1ip1  67182 PDZK1 interacting protein 1 0.002 1.190
Orm2 18406 Orosomucoid 2 0.002 0.857
Orm1 18405 Orosomucoid 1 0.003 0.550
Elovl6  a  170439 Elongation of long chain fatty acids 6 0.004 1.371
Lctl 235435 Lactase-like 0.004 1.107
Rdh11 17252 Retinol dehydrogenase 11 0.007 0.887
Nudt7 67528 Nudix (nucleoside diphosphate 

 linked moiety X)-type motif 7
0.012 0.537

Acat2 110460 Acetyl-CoA acetyltransferase 2 0.013 0.695
Mup3 17842 Major urinary protein 3 0.013 1.047
1500017E21Rik 668215 RIKEN cDNA 1500017E21 gene 0.013 0.612
Clstn3 232370 Calsyntenin 3 0.013 0.607
Apoc1 11812 Apolipoprotein C-I 0.013 0.523
Comt 12846 Catechol- O -methyltransferase 0.014 0.536
Zfp385b 241494 Zinc fi nger protein 385B 0.014  � 0.436
Tecr  a  106529  Trans -2,3-enoyl-CoA reductase 0.029 0.498
G6pdx 14381 Glucose-6-phosphate dehydrogenase X-linked 0.029 0.454
Elovl5  a  68801 Elongation of long chain fatty acids 5 0.033 0.405
Pkm2 18746 Pyruvate kinase, muscle 0.034 0.521
D430019H16Rik 268595 RIKEN cDNA D430019H16 gene 0.034  � 0.505
Aacs 78894 Acetoacetyl-CoA synthetase 0.035 0.524
Lpcat3 14792 Lysophosphatidylcholine acyltransferase 3 0.035 0.504
Kcnj15 16516 Potassium inwardly rectifying channel, subfamily J, 

 member 15
0.035 0.450

Cyp51 13121 Cytochrome P450, family 51 0.039 0.747
Aard 239435 Alanine and arginine rich domain 

 containing protein
0.039  � 0.547

Fasn 14104 Fatty acid synthase 0.126 0.487
Acly 104112 ATP citrate lyase 0.139 0.691

 P    value after multiple testing correction. The fold change was calculated as log 2  (niacin/control). 
  a   The gene symbols are part of the KEGG pathway “biosynthesis of unsaturated fatty acids.”

 TABLE 2. Pathways regulated on gene expression level by niacin in the gWAT according to global test      

KEGG ID KEGG Pathway Name  P FDR  q  Value

map01040 Biosynthesis of unsaturated fatty acids 1.81E � 05 0.00381
map00310 Lysine degradation 7.97E � 04 0.16654
map00900 Terpenoid backbone biosynthesis 1.02E � 03 0.21273
map00620 Pyruvate metabolism 1.09E � 03 0.22603
map00100 Steroid biosynthesis 1.32E � 03 0.27205
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genes involved in the unsaturated FA biosynthesis. FA 
composition analysis corroborated the increased PUFA 
synthesis. A higher degree of n-3 PUFA secretion from 
prolonged niacin-treated adipocytes was seen, which was 
also refl ected in increased n-3 PUFA plasma levels. Mark-
edly, the plasma levels of n-3 PUFA-derived oxylipins pro-
duced by CYP and hydrolyzed by soluble epoxy hydrolases 
were increased. Oxylipins produced by CYP from n-3 
PUFAs and the n-3 PUFAs themselves suggest a benefi cial 
vascular health profi le, which might contribute to the pro-
longed niacin-induced atheroprotective effect. 

 Gene expression analysis of the gWATof hyperlipidemic 
mice treated with niacin for 15 weeks demonstrated an up-
regulation of the “biosynthesis of unsaturated fatty acids” 
pathway, mostly by upregulation of  Elovl6 ,  Tecr , and  Elovl5 . 
All three genes are involved in FA elongation, not desatura-
tion (as shown in   Fig. 4   and  Table 3 ).  This discovery was 
confi rmed by qPCR, but also by gWAT FA composition and 
FA ratio analysis, which all pointed toward PUFA elonga-
tion. This increase in PUFA elongation was seen in adipose 
tissue, but not in liver tissue, where a more inverse trend 
toward PUFA accumulation could be seen in the FA compo-
sition. When examining the PUFA secretion of adipocytes 
isolated from these mice, we found that specifi cally end 
products of n-3 PUFA biosynthesis were secreted to a higher 
degree, as seen by DHA (C22:6) and also by EPA (C20:5) 

signifi cant (NS  ) after FDR correction]. EPA levels were not 
affected by niacin. We next examined the ratio of DHA over 
AA as a surrogate marker for PUFA-associated cardiovascu-
lar risk ( 27–29 ) and found that the ratio was shifted toward 
DHA, both in adipocyte medium and in plasma (  Fig. 3A  ). 
 PUFA-derived oxylipin signaling molecules were also mea-
sured in the plasma ( Fig. 3B  and supplementary Table IV). 
The AA metabolite prostaglandin D 2  was not affected by 
niacin treatment, whereas thromboxane B 2  levels increased 
(NS after FDR correction). The AA metabolite leukotriene 
E 4  decreased after niacin treatment (NS after FDR correc-
tion), whereas 12-HETE levels remained unchanged. The 
n-3 PUFA-derived diol metabolite 19,20-diHDPA produced 
by cytochrome P450 (CYP) was signifi cantly increased. Due 
to the increase in DHA levels, we investigated the presence 
of DHA-derived resolvins ( 30 ), which could, however, not 
be detected by our approach. 

 DISCUSSION 

 The current study demonstrates for the fi rst time that 
prolonged niacin treatment results in an upregulation of 
the n-3 PUFA synthesis pathway in adipose tissue. Gene 
expression analysis of gWAT showed that our hyperlipid-
emic mouse model responded to niacin by upregulating 

  Fig.   1.  Gene expression by qPCR of gWAT and liver tissue isolated from unfasted control and niacin-
treated mice.  Elovl5  (A),  Elovl6  (B), and  Fads2  (C) mRNA levels expressed as fold change from control. *  P  
< 0.05, **  P  < 0.01, ***  P  < 0.001 compared with control.   

 TABLE 3. Gene expression level of signifi cant genes in the “biosynthesis of unsaturated fatty acids” pathway and 
the associated enzymatic substrate/product ratio of FAs        

Gene Name  Symbol Adjusted  P Fold Change Substrate/Product Ratio  P Fold Change

 Trans -2,3-enoyl-CoA 
reductase

Tecr 0.029 0.498( ↑ ) General FA elongation

Elongation of long 
chain fatty acids 6

Elovl6 0.004 1.371( ↑ ) C16:0/C18:0 0.416  � 0.152( ↓ )

C16:1n-9/C18:1n-9 0.019  � 0.370( ↓ )
Elongation of long 

chain fatty acids 5
Elovl5 0.033 0.405( ↑ ) C18:3n-3/C20:3n-3 0.007  � 0.619( ↓ )

C18:4n-3/C20:4n-3 Substrate and product 
 not measured

C18:2n-6/C20:2n-6 0.028  � 0.540( ↓ )
C18:3n-6/C20:3n-6 0.049  � 0.390( ↓ )

Elongation of long 
chain fatty acids 
5 / 2

Elovl5  / C20:5n-3/C22:5n-3 0.155 0.529( ↑ )

Elovl2 C20:4n-6/C22:4n-6 0.032 0.387( ↑ )

The fold changes were calculated as log 2 (niacin / control).
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fi nd upregulation of gene expression levels of  Elovl5 ,  Elovl6 , 
or  Fads2 , or any change in FA composition in the livers of 
the niacin-treated mice, indicating that the niacin-induced 
PUFA synthesis is selective for adipose tissue. 

 The n-3 PUFAs have been reported to confer CVD protec-
tive abilities via their conversion to anti-infl ammatory oxy-
lipins. For example, DHA can be converted to the oxylipin 
19(20)-epoxy docosapentaenoic acid [19(20)-EpDPA] by 
CYP as can be seen in  Fig. 4 . Likewise, the n-3 PUFA EPA can 
be converted to 14(15)-epoxy eicosatetraenoic acid [14(15)-
EpETE] by CYP. These epoxide metabolites have powerful 
biological effects on cardiovascular health. This was shown 
by previous studies where the epoxide metabolism pathway 
was genetically manipulated ( 36 ) or its compounds were 

secretion. As the genes involved in PUFA biosynthesis are 
the same for n-3 PUFAs as for n-6 PUFAs, the specifi city for 
increased n-3 PUFA secretion was puzzling. It is conceivable 
that the PUFA biosynthesis enzymes have a higher affi nity 
for n-3 PUFAs, as was already shown for zebrafi sh desaturase 
enzymes ( 31 ). The rat elongase 5 enzyme possesses a higher 
affi nity for n-3 substrates than for n-6 substrates ( 32 ), and 
the mouse equivalent was found to be upregulated in our 
study. Selective DHA biosynthesis, unlike AA or EPA, re-
quires partial peroxisomal  �  oxidation ( Fig. 4 ). Although 
the microarray did not point toward this pathway, increased 
peroxisomal  �  oxidation after niacin could lead to prefer-
ential DHA synthesis. Aside from preferential n-3 PUFA bio-
synthesis, preferential mobilization from adipose tissue 
would also explain an increased n-3 PUFA release. A well-
documented phenomenon is selective PUFA release from 
adipocytes ( 33 ), exemplifi ed by fasting-induced preferen-
tial n-3 PUFA depletion of adipose tissue TGs ( 34 ). Our pre-
liminary results also indicate preferential n-3 PUFA release 
from adipocytes when (fasting-induced) lipolysis is stimu-
lated by 8Br-cAMP (supplementary Fig. VIIIc). Other po-
tential mechanisms for preferential n-3 PUFA release might 
be phospholipid hydrolysis, as it has been previously shown 
that cytosolic phopholipase A 2  releases AA and EPA from 
phospholipids, whereas the release of DHA from phospho-
lipids requires calcium-independent phopholipase A 2    ( 35 ). 
Although 99% of the FAs are located in the TG fraction, the 
contribution of the 1% FAs contained in the phospholipid 
fraction to n-3 PUFA release cannot be excluded. Addi-
tional research is required to investigate the underlying 
mechanisms for the preferential n-3 PUFA release after pro-
longed niacin treatment. 

 Adipocyte lipolysis contributes to the free FA pool in the 
circulation. In the plasma of the niacin-treated animals, we 
found a tendency for increased levels of the n-3 PUFA DHA 
in the NEFA pool. Although we do not have direct proof, 
our data suggest that DHA secretion by adipocytes is the 
main source of DHA in the plasma. Interestingly, we did not 

  Fig.   2.  A: PUFA release from ex vivo isolated adipocytes from control and niacin-treated mice incubated 
for 2 h in DMEM/F12 medium. B: PUFA concentration in unfasted plasma of control and niacin-treated 
mice. Mean ± SD; n = 14 for control, n = 13 for niacin. *  P  < 0.05 compared with control gWAT after FDR 
correction.  P  values listed were before FDR correction  . AdA, adrenic acid; DPA, docosapentaenoic acid.   

  Fig.   3.  A: DHA over AA ratio in adipocyte-secreted medium and 
in plasma. B: Oxylipin concentration in plasma of control and 
niacin-treated mice. Mean ± SD; n = 14 per group. *  P  < 0.05 com-
pared with control gWAT after FDR correction.  P  values listed were 
before FDR correction  .   



2538 Journal of Lipid Research Volume 55, 2014

is a well-known trigger for AA-derived oxylipin synthesis in 
the skin. Irritative subcutaneous skin fl ushing is a common 
acute side effect of niacin, induced by COX product prosta-
glandin D 2  ( 39 ) in Langerhans cells and keratinocytes. As 
mentioned previously, we did not see an increase in proin-
fl ammatory prostaglandins after prolonged niacin treat-
ment. These results are in line with results by Stern et al. 
( 17 ) and suggest tolerance for fl ushing after prolonged nia-
cin treatment. It is possible that the tolerance for fl ushing 
after prolonged niacin is mediated via n-3 PUFAs as sug-
gested by VanHorn et al. ( 40 ). Whether there is a role for 
anti-infl ammatory n-3 PUFA-derived oxylipins after acute 
niacin remains unclear. Inceoglu et al. ( 41 ) have acutely 
administered niacin to mice being treated with a soluble 
epoxide hydrolase inhibitor, which resulted in a blunted 
flushing response compared with wild-type mice, while 
acute prostaglandin D 2  treatment did not blunt fl ushing. 
These results support a role for CYP epoxide metabolites 
not only after prolonged niacin treatment, but also acutely 
in inhibiting the fl ushing response by niacin. Flushing se-
verity also suggests an important balance between pro- and 
anti-infl ammatory oxylipins, which can be modulated by 
niacin treatment. Most likely, the n-6-derived oxylipins pre-
vail during acute niacin treatment, while after prolonged 
niacin treatment the n-3-derived oxylipins prevail. 

 Plasma DHA/AA ratio has been shown to be a diagnos-
tic marker for PUFA-associated cardiovascular health ( 27–
29 ). In addition to being metabolized to anti-infl ammatory 
oxylipins, n-3 PUFAs confer their CVD protective abilities 
by direct competition with n-6 PUFAs. VanHorn et al. ( 40 ) 
have described that DHA supplementation increases the 
DHA/AA ratio in membrane phospholipids of Langerhans 
cells, thereby diminishing the relative availability of AA for 
proinfl ammatory prostaglandin synthesis. As a low n-3/n-6 

pharmacologically elevated ( 37 ). These studies showed the 
importance of epoxy metabolites in resolving infl ammation, 
preserving vascular tone, and general vascular homeostasis. 
The biologically active 19(20)-EpDPA and 14(15)-EpETE 
can be hydrolyzed by soluble epoxy hydrolases (encoded by 
the  Ephx2  gene in mice) to their respective diol metabolites 
19,20-diHDPA and 14,15-diHETE. The levels of both these 
diol products were increased in plasma of niacin-treated ani-
mals. The hydrolyzed diol metabolites have a far lower bio-
logical effect than their epoxide metabolites but are more 
stable and can be detected in plasma by LC-MS/MS. Al-
though we did not directly measure whether the levels of the 
bioactive epoxy metabolites 19(20)-EpDPA or 14(15)-EpETE 
were increased after niacin treatment, we found a positive 
correlation in plasma between the precursor and diol me-
tabolite of 19(20)-EpDPA (DHA and 19,20-diHDPA) in 
niacin-treated mice (supplementary Fig. III). This correla-
tion suggests that the levels of 19(20)-EpDPA must also have 
increased after niacin treatment. 

 In general, the anti-infl ammatory oxylipins such as ep-
oxy metabolites produced by CYP (high affi nity for n-3 
PUFAs) are balanced by the proinfl ammatory oxylipins 
such as those produced by COXs and arachidonate lipoxy-
genases (both with high affi nity for n-6 PUFAs, such as 
AA) ( 38 ). Prolonged niacin treatment did not dramati-
cally affect AA-derived oxylipin levels, although there was 
a tendency toward decreased levels of leukotriene E 4 , a 
lipoxygenase pathway product stimulating infl ammation, and 
toward increased levels of thromboxane B 2 , a COX prod-
uct stimulating coagulation. 

 Acute treatment of mouse adipocytes with niacin did not 
lead to an increased release of DHA or AA, nor a change in 
the ratio of DHA/AA in the adipocyte-conditioned medium 
(supplementary Fig. IX). Acute niacin treatment, however, 

  Fig.   4.  Schematic overview of the synthesis of PUFAs and the subsequent conversion to a selection of oxylipins. Genes are in italic, me-
tabolites are in bold, and essential FAs are encircled. Metabolites in gray were not measured. Based on the review by Guillou et al. ( 43 ).   
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ratio is associated with a risk for CVD, increasing the ratio 
by supplementary n-3 PUFAs has been posed as a treat-
ment target ( 42 ). In our study, we see that the DHA/AA 
ratio has increased toward the anti-infl ammatory DHA 
side without supplementary n-3 PUFAs. We have seen this 
increased DHA/AA ratio in both the ex vivo adipocyte 
PUFA secretion profi le and in the in vivo plasma NEFA 
profi le of niacin-treated mice. These effects of niacin on 
adipose tissue and plasma PUFAs and oxylipins pose a po-
tential contributing mechanism by which niacin treatment 
reduces cholesterol levels and CVD risk. Although we used 
mice in this study that are human-like with respect to lipo-
protein profi le, it remains to be investigated whether there 
are changes in the plasma DHA/AA ratio in humans treated 
with niacin. 

 In conclusion, prolonged niacin treatment of our hy-
perlipidemic mouse model with niacin resulted in upregu-
lation of the entire biosynthesis of unsaturated fatty acids 
pathway in gWAT, increased n-3 PUFA secretion from the 
adipocytes, and an increased plasma level of n-3 PUFAs 
and their anti-infl ammatory oxylipins, which together 
point toward an atheroprotective plasma profi le induced 
by prolonged niacin treatment.  
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