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Introduction

Lipids and their respective signals are causally involved 
and critical in the pathogenesis of type 2 diabetes (T2D) and 

atherosclerosis.1-4 Fatty acid–binding proteins (FABPs), small 
(14−15 kDa) cytosolic proteins, bind hydrophobic ligands (e.g., 
saturated and unsaturated long-chain fatty acids, eicosanoids,  

leukotrienes, and prostaglandins).5 FABPs have been implicated in 
shuttling their respective ligands to different subcellular compart-
ments such as mitochondria, nuclei, endoplasmic reticulum (ER), 
and lipid droplets, thereby modulating intracellular and extracel-
lular lipid fluxes and effecting a range of cellular processes such 
as transcription and lipolysis.5FABP4 (also aP2; A-FABP) is 
highly expressed in adipocytes and macrophages. FABP4-deficient 
mice have demonstrated the significance of FABP4 in different 
aspects of impaired energy and lipid homeostasis. FABP4 knock-
out mice are partially protected against insulin resistance associ-
ated with diet or genetically induced obesity.6,7 Furthermore, 
FABP4 plays an important role in lipid homeostasis and signaling 
in macrophages.8 Total or macrophage-specific knockout has been 
shown to be protective against early and advanced atherosclerosis 
in a mouse model for atherosclerosis, the ApoE-deficient mice.9

The beneficial effects of FABP4 seen in mice models for 
T2D and atherosclerosis make FABP4 an interesting potential 
therapeutic target for intervention.5 Small-molecule inhibitors 
for FABP4 have been actively pursued as potential therapeutics 
for treating T2D.10,11 The recent description of the potent and 
selective FABP4 inhibitor BMS309403 that showed in vivo 
efficacy in mouse models for T2D and atherosclerosis demon-
strated the feasibility of such a pharmacological approach.12

Thus far, the mode of action for FABP4 inhibition is incom-
pletely understood,5 and a mechanistic marker that allows 
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characterization of potent FABP4 inhibitors and their efficacy in 
cellular systems and, more important, acutely in vivo is lacking. 
The recent identification of palmitoleate (16:1Δ7) as a “lipokine” 
in plasma samples from FABP4- and FABP5-deficient mice has 
indicated that alterations in lipid homeostasis due to deficiency of 
two fatty acid–binding proteins can be detected systemically.13 We 
hypothesized that a metabolite in the FABP pathway should con-
stitute a potential mechanistic marker that would allow differenti-
ating potent inhibitors for their in vivo as well as in vitro efficacy. 
Therefore, aiming to identify biomarkers for FABP4 inhibition, we 
applied a robust and high-throughput-capable flow injection mass 
spectrometry–based lipidomics approach, with emphasis on an 
acute in vivo systemic readout.

The approach we present here consists of the application of a 
targeted lipidomics screen for many lipid species that are suscep-
tible to be influenced by the action of a lipid-pathway targeting 
drug, both in established in vitro cell culture and in an in vivo 
animal model. In addition to our primary goal to establish an 
efficient mechanistic assay for FABP4 inhibition, we view this 
study as a prototype for future applications on related targets.

Materials and Methods

Cell culture, differentiation of THP-1 monocytes 
and 3T3L1 fibroblasts, and treatment with  
the FABP4 inhibitor BMS309403

Human monocytic leukemia THP-1 cells (ATCC, Manassas, 
VA) were cultured in RPMI 1640 (#BE12-702F; Lonza, Basel, 
Switzerland) supplemented with 10% heat-inactivated fetal calf 
serum (FCS; Biological Industries, Kibbutz Beit-Haemek, Israel) 
at 37 °C in 5% CO2. THP-1 monocytes were differentiated into 
macrophages with 100 ng/mL phorbol 12-myristate 13-acetate 
(PMA; #P1585; Sigma-Aldrich, St Louis, MO) for 48 h. After 
48 h of PMA-induced differentiation, THP-1 macrophages 
were incubated in HL-1 medium (#77201; Lonza) with 100 ng/
mL PMA with different concentrations of the inhibitor dissolved 
in DMSO for 24 h. 3T3-L1 (#CL-173) fibroblasts were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM; #BE12-604F; 
Lonza) with 10% fetal calf serum. Differentiation of 3T3-L1 
fibroblasts into adipocytes was initiated 2 days postconfluence 
by changing the medium to DMEM supplemented with 10% 
FCS, 0.5 µM dexamethasone, 1.67 µM insulin (#I-5500; 
Sigma-Aldrich), 0.5 mM isobutylmehtylxanthine (#I-5879; 
Sigma-Aldrich), and 1 µM rosiglitazone. After 48 h, the cells 
were grown in DMEM with 10% FCS and 1.67 µM insulin for 
another 2 days and maintained in DMEM with 10% FCS until 
9 days after initiation of differentiation. On day 9 after differen-
tiation, 3T3L1 adipocytes were treated for 24 h with different 
concentrations of the FABP4 inhibitor applied under serum-free 
cell culture media conditions using HL-1 medium. Cell pellets 
from inhibitor-treated THP-1 macrophages and 3T3L1 adipocytes 
were subsequently subjected to lipidomics analysis.

Determination of MCP-1 secretion  
from THP-1 macrophages

Differentiation of THP-1 monocytes to macrophages was 
achieved as described above. Treatment was performed for 24 h 
with the inhibitor in HL-1 medium with different concentrations 
of FCS (0.2%, 5%, and 10%). Cell culture supernatants were 
removed, and amounts of secreted MCP-1 were quantified by 
enzyme-linked immunosorbent assay (ELISA; #555179; BD 
Pharmingen, San Diego, CA) and normalized per mg protein 
(BCA; #23225; Pierce, Rockford, IL).

In vivo experiments

All animal studies were approved by the Regierungspräsidium 
Tübingen and complied with the German Animal Protection 
Act (2006). A discovery–replication study design was imple-
mented. In the discovery experiment, male ob/ob mice (B6.V-
Lepob/JBomTac) at the age of 7 to 8 weeks were randomized 
based on body weight (mean per group, 45.1 g; range, 41.9-
50.4 g), and 14 animals per group were orally gavaged twice 
daily with vehicle, 40 mg/kg or 100 mg/kg of BMS309403, 
respectively. BMS309403 was dissolved in 10% 1-methyl-2-
pyrrolidone, 5% cremophor, and 2% ethanol as described.12 
The application volume was 2 mL/kg. Blood and tissue sam-
ples were obtained at the second day of treatment 1 (n = 7) and 
3 hours (n = 7) postdosing in the morning by sacrificing the 
animals by cervical dislocation. In the replication experiment, 
animals (n = 10) were treated as described above. However, 
blood sampling and removal of adipose tissue were performed 
on the second day of treatment only 2 hours postdosing in the 
morning. In addition, a second vehicle control (0.5% natrosol) 
was included. Age of the animals was 9 to 10 weeks, and mean 
body weight per group was 50.6 g, with a range of 47.8 to 53.3 
g. Blood and epididymal adipose tissue samples were collected. 
Blood was centrifuged at 2000 g for 10 min at room tempera-
ture and EDTA plasma as well as adipose tissue frozen at 
−80 °C. The pharmacokinetic (PK) profile for the FABP4 
inhibitor BMS309403 was determined using the dose of 40 mg/
kg orally administered to male 7- to 8-week-old ob/ob mice (n 
= 3; mean body weight, 47.9 g). The strain and age of the ani-
mals used in the present experiments were similar to the strain 
in which antidiabetic effects after treatment with BMS309403 
could be shown.12 Animals were provided by Taconic (Ry, 
Denmark).

Metabolite panel

The AbsoluteIDQ kit (BIOCRATES Life Sciences AG, 
Innsbruck, Austria) was used for metabolite analysis. This mass 
spectrometry–based metabolomics kit is a research assay 
identifying and quantifying in total 163 different metabolites 
(Supplemental Tables 1 and 2). The particular advantage of 
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this kit resides in the combination of rapid flow injection mass 
spectrometry (FIA-MS) with targeted multiple-reaction moni-
toring (MRM) and isotope-labeled quantification. Lipid side 
chain composition is abbreviated as Cx:y, where x denotes the 
number of carbons in the side chain and y the number of double 
bonds. For example, “PC ae C33:1” denotes an acyl-alkyl phos-
phatidylcholine with 33 carbons in the two fatty acid side chains 
and a single double bond in one of them. Full biochemical 
names are provided in Supplemental Table 2. The precise posi-
tion of the double bonds and the distribution of the carbon atoms 
in different fatty acid side chains cannot be determined with this 
technology. In some cases, the mapping of metabolite names to 
individual masses can be ambiguous. For example, stereochem-
ical differences are not always discernible; neither are isobaric 
fragments. In such cases, possible alternative assignments are 
indicated.

Metabolite extraction

Blood. EDTA plasma samples were vortexed after thawing 
and centrifuged at 4 °C for 5 min at 10 000 g before 10 µL of the 
supernatants was loaded onto the 96-well kit plate. Processing of 
the AbsoluteIDQ kit followed the manufacturer’s manual and 
included following automated steps on a Hamilton ML Star 
robotics platform (Hamilton Bonaduz AG, Bonaduz, Switzerland): 
(1) drying of the plasma samples under a nitrogen stream, 
(2) derivatization of amino acids with 5% phenylisothiocy-
anate reagent (20 µL), (3) drying of samples, (4) extraction of 
metabolites and kit internal standards with 5 mM ammonium 
acetate in methanol (300 µL), (5) centrifugation through a fil-
ter plate (2 min, 500 g), and (6) dilution with 600 µL MS run-
ning solvent. Then, 20 µL of the final extracts was applied to 
FIA-MS.14,15

Epididymal adipose tissue. Adipose tissue was homogenized 
using a Precellys 24 homogenizer (PEQLAB Biotechnologie 
GmbH, Erlangen, Germany). The system was recently described 
for several MS and nuclear magnetic resonance (NMR) appli-
cations.16-18 Frozen adipose tissue samples (50−100 mg) were 
placed into precooled (dry ice) 2-mL homogenization tubes 
containing ceramic beads (1.4 mm diameter). Precooled extrac-
tion solvent (MeOH) was added (3 µL/mg tissue), and the tissue 
was homogenized with the Precellys 24 homogenizer in three 
cycles, each 20 s, 5500 rpm, with 30-s cooling intervals between 
the homogenization steps. The tubes were subsequently cen-
trifuged for 5 min at 10 000 g, and 10 µL of the supernatants 
was loaded onto the 96-well kit plate. The kit was processed 
as described above.

Cell culture. Cell pellets were resuspended in 200 µL ice-cold 
methanol and subjected to sonification (5 × 15 s, 30-s cooling in 
an ice bath between the cycles, ultrasonic cleaner USC300T; 

VWR International GmbH, Darmstadt, Germany). The tubes 
were subsequently centrifuged for 5 min at 10 000 g, and 20 µL 
of the supernatants was loaded onto the kit plate. The kit was 
processed as described above.

Metabolite measurements

Plasma samples (100 µL) were processed with a Hamilton 
Star (Hamilton Bonaduz AG, Bonaduz, Switzerland) robot 
and prepared for quantification using the AbsoluteIDQ kit 
(BIOCRATES Life Sciences AG). Measurements were done on 
API 4000 Q TRAP LC/MS/MS System (Applied Biosystems, 
Darmstadt, Germany) equipped with a Schimadzu Prominence 
LC20AD pump and a SIL-20AC autosampler. The initial data 
preparation was performed using the MetIQ software package, 
which is an integral part of the AbsoluteIDQ kit as described.19 
Briefly, targeted metabolomics was used to quantitatively screen 
for known small-molecule metabolites using MRM, neutral 
loss, and precursor ion scans. Quantification of the metabolites 
of the biological sample was achieved by reference to appropri-
ate internal standards. The method has been proven to be in 
conformance with 21CFR (Code of Federal Regulations) Part 11, 
which implies proof of reproducibility within a given error 
range (for coefficients of variation [CVs], see Supplemental 
Table 2). It has been applied in different academic and indus-
trial applications.14,15,20,21 Concentrations of all analyzed metab-
olites are reported in µM.

Statistical analysis

Association between dosage and each of the 163 metabolite 
concentrations was tested. No further adjustment was per-
formed. R (version 2.6) and SPSS for Windows (Version 17.0; 
SPSS, Inc., an IBM Company, Chicago, IL) were used for sta-
tistical analysis. Motivated by our previous observation that the 
use of ratios may lead to a strong reduction in the overall vari-
ance and a corresponding improvement in the p-values of 
association,20 we also computed all possible pairs of metabolite 
concentration ratios for those cases and used those ratios as 
quantitative traits (163*162 = 26.406 traits). In the discovery 
study, a linear regression model with interaction terms on the 
factors “time of sampling after gavage” (two levels: 1 h or 3 h) 
and “dosage” (metric variable: 0, 40, 100 mg/kg) was used. In 
the replication study and studies in cell culture and tissue sam-
ples, a linear regression with the dosage factor (metric variable: 
0 [vehicle 2], 40, 100 mg/kg) was applied. Vehicle 1 was not 
used in the statistical analysis to avoid overweighting of the 
controls but served to validate the independence of the results 
on the type of vehicle (negative results not shown). To correct 
for testing all possible ratios between metabolite pairs for asso-
ciation, we computed the positive false discovery rate (q-value) 
following Storey22 (Table 1). Moreover, it should be noted that 
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all associations are significant even after applying the more 
conservative Bonferroni correction, which requires in our cases 
p-values to be smaller than pBonferroni = 0.05/(163*162) = 1.89 × 
10-6. In the replication experiment, one would in principle only 
have to correct for 17 traits tested. As in both experiments the 
level of significance is clearly below the Bonferroni threshold 
(the largest p-value in Table 1 is p = 4.7 × 10-7), our associa-
tions are without any doubt true positives.

Results

In vitro characterization of BMS309403—cellular  
efficacy in lowering secretion of MCP-1 from  
differentiated THP-1 macrophages

The potent FABP4 inhibitor BMS30940323 has been shown 
to lower MCP-1 secretion from THP-1 macrophages.12 However, 
the cellular efficacy of BMS309403 in this assay with an approx-
imate IC50 of 25 µM12 has been demonstrated to be low com-
pared to the biochemical assay (Ki < 2 nM).23 We therefore 
evaluated whether the efficacy of BMS309403 in the cellular 
setting is limited by high protein binding of the inhibitor to link 
maximal achievable cellular efficacy with the PK properties and 

tissue exposure levels of BMS309403. We confirm the previously 
reported findings and demonstrate that the inhibitor is able to 
inhibit the secretion of the inflammatory chemokine in a dose-
dependent manner. Using the protein-free cell culture medium 
HL-1, BMS309403 inhibits MPC-1 secretion with an IC50 
of 1 µM. However, its efficacy is limited by protein binding, as 
shown by the IC50 shift under conditions of different FCS con-
centrations during treatment (Fig. 1). The respective IC50 values 
under these conditions are 1 µM (serum free), 5 µM (2% FCS), 
19 (5% FCS), and 35 µM (10% FCS).

PK profile and in vivo tissue exposure of BMS309403 
confirm that the drug reached its target site

The PK profile of the FABP4 inhibitor BMS309403 was 
determined in ob/ob mice after oral gavage of 40 mg/kg. The 
FABP4 inhibitor showed a Cmax of 5880 nM with a tmax of 0.67 h, 
an AUC (nM × h) of 23 300, and mean residence time of 13 h. 
Adipose tissue levels were 838 nM 1 h postdosing and 986 nM 
3 h following dosing of 40 mg/kg BMS309403. The data indi-
cate that the plasma exposure levels exceeded the levels in the 
adipose tissue, at least during the first 3 h following administra-
tion of the drug.

Table 1.  Metabolite Ratios That Present a Positive Association with BMS309403 Dosage

Numerator Denominator p-Value p-Value Replicate q-Value q-Value Replicate R2 R2 Replicate

SM C16:0 PC ae C38:4 2.4 × 10−12 9.6 × 10−11 2.6 × 10−9 2.5 × 10−7 0.704 0.774

SM C16:0 PC aa C38:4 8.1 × 10−10 5.5 × 10−10 1.3 × 10−7 5.1 × 10−7 0.605 0.744

SM C18:1 PC aa C38:4 3.5 × 10−12 9.0 × 10−10 2.8 × 10−9 6.9 × 10−7 0.699 0.735

PC aa C32:0 PC aa C36:4 2.2 × 10−10 5.8 × 10−9 4.7 × 10−8 2.8 × 10−6 0.630 0.697

SM C18:1 PC aa C38:5 2.6 × 10−8 7.0 × 10−9 1.4 × 10−6 2.8 × 10−6 0.532 0.693

SM C18:0 PC aa C38:5 2.2 × 10−11 1.7 × 10−8 1.0 × 10−8 4.9 × 10−6 0.669 0.674

PC ae C34:1 PC ae C38:4 4.7 × 10−9 2.2 × 10−8 4.5 × 10−7 5.8 × 10−6 0.570 0.667

SM C16:0 PC ae C40:4 1.6 × 10−13 2.9 × 10−8 5.4 × 10−10 6.4 × 10−6 0.742 0.661

PC aa C30:0 PC ae C40:4 7.0 × 10−9 2.9 × 10−8 5.7 × 10−7 6.4 × 10−6 0.561 0.661

SM C18:0 PC aa C38:4 2.4 × 10−14 4.0 × 10−8 2.4 × 10−10 7.4 × 10−6 0.764 0.653

SM C18:0 PC aa C36:4 3.1 × 10−9 4.8 × 10−8 3.5 × 10−7 8.2 × 10−6 0.578 0.649

SM C16:1 PC aa C38:4 8.6 × 10−10 1.4 × 10−7 1.3 × 10−7 1.6 × 10−5 0.604 0.621

SM C18:0 PC ae C38:4 7.1 × 10−12 1.8 × 10−7 4.6 × 10−9 1.9 × 10−5 0.688 0.614

SM C16:0 PC ae C38:3 1.3 × 10−11 2.8 × 10−7 6.7 × 10−9 2.4 × 10−5 0.678 0.603

PC aa C30:2 PC aa C38:4 1.2 × 10−8 2.9 × 10−7 8.7 × 10−7 2.5 × 10−5 0.548 0.602

PC aa C32:0 PC ae C38:4 9.0 × 10−12 3.8 × 10−7 5.2 × 10−9 2.9 × 10−5 0.684 0.594

SM C18:1 lysoPC a C20:3 1.2 × 10−8 4.7 × 10−7 8.4 × 10−7 3.3 × 10−5 0.550 0.588

Reported are the strongest replicated associations (associations with a negative trend correspond to inverse ratios and do not carry additional information). Full metabolite names and 
% coefficients of variation are provided in Supplemental Tables 1 and 2. p-Values are calculated using a linear regression model; q-values are calculated following Storey.22 The corre-
sponding correlation coefficient R2 is reported; data from the initial discovery study and the replication study are presented (see also Fig. 2A,B).
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In vivo lipidomics analysis identifies biomarker

In the discovery study, we aimed to analyze effects of 
BMS309403 on plasma metabolites in an acute setting after 
day 2 of treatment. We identified a set of metabolic traits that 
associated highly with dosage, even after Bonferroni correction 
for multiple testing (Table 1 and Fig. 2A). The top-ranking 
metabolite pairs that were significantly and dose-dependently 
affected by drug treatment are ratios between phospholipids 
with lipid side chains from the C16:0, C16:1, C18:0, and C18:1 
pool and C20:3, C20:4, and C22:4 polyunsaturated fatty acids 
(PUFAs). The time after the last drug administration—1 or 3 h 
postdosing—did not reveal any significant differences in the 
metabolite profile. Based on this outcome, a replication of the 
acute setup was performed to confirm the initial observations 
and to extend our findings toward analysis of adipose tissue. 
Besides macrophages, adipose tissue represents the primary 
target tissue for FABP4 inhibitors. In the replication setup, sam-
pling of plasma and tissue was performed only at one time point 
(2 hours postdosing) because the initial experiment did not 
reveal differences in metabolite pattern between 1 and 3 h fol-
lowing drug administration. Furthermore, an additional vehicle 
control was included in the experiment to compare the com-
monly used 0.5% natrosol with the vehicle that has been spe-
cifically used to achieve high exposure for BMS309403.12 In 
the replication setup, again BMS309403 significantly shifted 
the lipid balance between metabolite pairs for the C16:0, C16:1, 
C18:0, and C18:1 pool and C20:3, C20:4, and C22:4 PUFAs in 
plasma of mice independent of the vehicle that was used as a 
comparator (Fig. 2B).

The same biomarker is also identified in adipose tissue

In an independent replication setup, epididymal adipose tis-
sue was analyzed by lipidomics analyses for the effects of the 
FABP4 inhibitor BMS309403. As shown in Figure 2C, when 
compared to plasma samples from the same animals at the 
example metabolite ratio SM C16:1/PC aa C38:4, this meta-
bolic trait was also upregulated in adipose tissue samples.

In vitro lipidomics analysis of supernatants from 
THP-1 macrophages and 3T3L1 adipocytes

As determined from the dose-dependent lowering of MCP-1 
secretion from THP-1 macrophages, the efficacy of the FABP4 
inhibitor in vitro is affected by protein binding. On the basis of 
our findings, we therefore performed all cellular treatments with 
the FABP4 inhibitor under serum-free conditions to achieve the 
highest potency possible. Treatment of THP-1 macrophages and 
3T3L1 adipocytes was performed with concentrations of the 
inhibitor that were previously shown to affect MCP-1 secretion 
and fatty acid uptake, respectively.12 For both cell lines, we 
identified metabolite pairs that were significantly and dose-
dependently affected by drug treatment. In particular, lipid pairs 
between sphingomyelins with C16:1 and C18:1 lipid side chains 
on one side and PUFA side chains (i.e., arachidonate) on the 
other were identified. Based on the abundance of the respective 
fatty acids in cells and the substrate commonly found to bind to 
FABP4,24 these data indicated that the inhibitor leads to a shift 
in lipid metabolites and their respective ratios. The most sig-
nificantly affected metabolite pairs in vivo partially overlapped 
with the effects seen in vitro. However, the direction of deregu-
lation for those metabolite pairs (e.g., SM C16:1/PC aa C38:4) 
was in an opposite direction as compared to the observation made 
in vivo in plasma and adipose tissue samples (Fig. 2D).

Discussion

Here we describe our findings toward the identification of a 
potential biomarker for assessing acute in vitro and in vivo effi-
cacy for the FABP4 inhibitor BMS309403.12,23 With the identi-
fied in vivo plasma biomarker that reflects an acute drug action 
one day after start of treatment, we demonstrate the feasibility 
of such a lipidomics approach. Among the many significantly 
affected metabolite ratios, SM C16:1/PC aa C38:4 showed the 
most consistent and strongest associations with drug treatment, 
along with a number of other, biochemically closely related metab-
olite pairs, such as SM C18:1/PC aa C38:4 and SM C18:0/PC aa 
C38:5 (Table 1). The top-ranking metabolite pairs that were 
significantly and dose-dependently affected by drug treatment 
are ratios between phospholipids with lipid side chains from 
the C16:0, C16:1, C18:0, and C18:1 pool and C20:3, C20:4, 
and C22:4 PUFAs. This conclusion is based on the following 
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Fig. 1.  FABP4 inhibition dose-dependently inhibits secretion of the 
proinflammatory chemokine MCP-1 from THP-1 macrophages. THP-1 
macrophages were treated with the FABP4 inhibitor for 24 h in medium 
with different concentrations of serum as described. MCP-1 level was 
determined in supernatants by enzyme-linked immunosorbent assay and 
normalized to protein. FCS, fetal calf serum.
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reasoning (Fig. 4): although the precise position of the double 
bonds and the distribution of the carbon atoms in different fatty 
acid side chains cannot be explicitly determined with the tech-
nology we use here, based on knowledge of the predominant 
PUFAs in the human body and previous experience with the 
AbsoluteIDQ kit in genetic association studies with PUFA-
related enzymes (FADS1, ELOVL2; see Illig et al.14), the major 
portion of the phosphocholines with four or five double bonds 
contains polyunsaturated fatty acid from the ω-3 and ω-6 

pathways. For instance, the side chains of metabolite PC aa 
C38:4 are most likely composed of a major part of (C16:0,C20:4) 
and (C16:1,C20:3) fatty acid side chain pairs, albeit minor con-
tributions of combinations such as (C14:0,C22:4) may also 
be present. It is clear that all metabolites that are found in the 
denominator of a ratio (PC aa C36:4, PC aa C38:4, PC aa 
C38:5, PC ae C38:3, PC ae C38:4, PC ae C40:4, lysoPC a C20:3 
in Table 1) are likely to be composed of a combination of one 
saturated or mono-unsaturated fatty acid of chain length C16 or 

Fig. 2. T he FABP4 inhibitor BMS309403 consistently alters the metabolite ratio SM C16:1/PC aa C38:4 in vivo and in vitro. (A) Dose-
dependent effect of BMS309403 in plasma samples and independency of time after gavage; (B) replication and independence of type of vehicle; 
(C) ratio is altered in plasma and epididymal adipose tissue and (D) in 3T3-L1 adipocytes and THP-1 macrophages. However, in cell lines, the 
dose-dependent effect is inversely to the observation made in the in vivo plasma and adipose tissue samples.
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C18 and of one PUFA (except for lysoPC a C20:3, which car-
ries a single PUFA side chain). In contrast, the metabolites that 
are found in the numerator of the ratios (PC aa C30:0, PC aa 
C30:2, PC aa C32:0, PC ae C34:1, SM C16:0, SM C16:1, SM 
C18:0, SM C18:1 in Table 1) all contain at least one saturated 
or mono-unsaturated fatty acid of chain length C16 or C18 but 
no PUFAs. Thus, the abundance of phospholipids that carry a 
PUFA in their side chains decreases with increasing dosage and 
therefore FABP4 inhibition, relative to the abundance of phos-
pholipids that contain solely C16 and C18 fatty acids.

These C16 and C18 fatty acid species not only are highly 
abundant in adipose tissue as the primary target tissue but have 
been characterized as FABP4 ligands.24 Recently, analysis of 
FABP4/5-deficient mice by a lipidomics analysis identified 
elevated levels for palmitoleate (C16:1n7) in the plasma of 
those animals.13 It was demonstrated that palmitoleate is the 
main driver for the metabolic phenotype associated with defi-
ciency of the FABP isoforms13 that has been well characterized 
in various animal models for T2D and atherosclerosis.25,26 Our 
attempt to apply palmitoleate as a reliable marker for drug 
action was not successful. One potential explanation might be 
the fact that acute inhibition of FABP4 might not sufficiently 
modulate palmitoleate levels to the extent as seen in conven-
tional knockout animals. This is especially true considering 
that the inhibitor might not efficiently inhibit both FABP4 and 
5 to be comparable to the “lipokine” that was identified in 
FABP4/5 double-knockout mice.

On the basis of the evidence we have presently at hand, we 
cannot yet formulate a precise hypothesis on the function of 
FABP4 or the consequences of its inhibition. However, our find-
ings imply that inhibition of FABP4 triggers a shift in fatty acid 
fluxes of particular species—a shift that can be followed and 
applied to characterize the efficacy of FABP4 inhibitors in vitro 

and, more important, acutely in vivo. In particular, this shift 
appears functionally related to the action of BMS309403. Our 
conclusion is supported by the in vivo PK data and especially 
adipose tissue exposure of BMS309403, where levels up to 1 µM 
were achieved. This dose is sufficient to show efficacy in a cel-
lular model for FABP4 inhibition where half-maximal inhibition 
of MCP-1 from THP-1 macrophages was achieved. Moreover, 
although showing the reverse direction of regulation in vitro, 
there was an overlap between in vivo and in vitro metabolite 
pairs that were affected by the drug, which provides confidence 
regarding the specificity for a drug treatment–mediated effect. 
Although we cannot completely rule out that the acute action of 
BMS309403 on the lipid profile is due to “off-target” effects, 
various data sets provide evidence for an on-target, FABP4-
dependent activity of the drug. First, BMS309403 has been 
characterized in vitro and in vivo in cells and animals lacking 
FABP4, where no drug action has been observed on the relevant 
readouts.12 In addition, a gene array study that was performed 
by the authors in 3T3L1 adipocytes (data not shown, manu-
script in preparation) identified a significant overlap between 
mRNAs that were deregulated after FABP4 inhibition and 
siRNA-mediated knockdown. In addition, BMS309403 did not 
reveal a clear “off-target” effect when assessed in a hit-profiling 
screen (Supplemental Table 3).

The reverse direction of deregulation and lower efficacy (half-
maximal effect at 10 µM) might be attributed to the difference 
between the in vitro and in vivo situation. In contrast to the cel-
lular test system, in vivo, continuous crosstalk between plasma 
and tissues might be one contributing factor that could explain the 
reverse direction of regulation. In addition, the cellular system 
might not be adequately equipped to reflect the rather com-
plex situation of lipid handling in vivo to show the same drug 
response for this particular metabolite pair.

Fig. 3. T he use of ratios between metabolite concentrations may lead to a strong reduction in the overall variance and a corresponding 
improvement in the strength of association. Dose-dependent effect of BMS309403 in plasma samples and independency of time after gavage 
on (A) metabolite ratio SM C16:1/PC aa C38:4, (B) numerator metabolite concentrations of SM C16:1, and (C) denominator PC aa C38:4.
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Thus far, to our knowledge, this is the first attempt to apply 
lipidomics analysis toward the identification of an in vivo marker 
for FABP4 inhibition. One advantage of our approach of deter-
mining metabolite ratios rather than single metabolites is that 
they provide a highly reproducible and robust measure that does 
not require any particular standardization. Potential efficacy 
markers may be implemented by high-throughput FIA-MS/MS 
methods for the specific metabolite pairs of interest in terms of 
screening only a few MRM pairs. Application of machine learn-
ing techniques on these data may then be used to optimize the 
predictive value of the marker. This would allow a convenient 
and fast characterization of inhibitors in vitro and in vivo.

In summary, we are confident that the identified biomarker 
described here reflects drug treatment effects and believe that 
this marker can be attributed to FABP4 inhibition. In a next step, 
it remains to be shown whether the identified metabolite pair 
represents an acute mechanistic marker that is predictive of the 

long-term effect of FABP4 inhibition that ultimately translates 
into antidiabetic and antiatherosclerotic efficacy.
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