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Macrophages are versatile immune system cells that
play indispensable roles in both the innate and adaptive
immune responses. They exhibit various immune responses
to pathogenic challenge, such as phagocytosis, cytokine
secretion, antigen presentation, and adherence. They
produce a variety of lipids (e.g., eicosanoids and sphingolipids) as signaling molecules during inflammatory responses. Moreover, macrophages play a central role as
modulators of both cholesterol homeostasis and innate
immune responses in atherosclerosis. Because of their wide
range of functions, macrophages have been extensively
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Abstract Studies of macrophage biology have been significantly advanced by the availability of cell lines such as
RAW264.7 cells. However, it is unclear how these cell lines
differ from primary macrophages such as thioglycolateelicited peritoneal macrophages (TGEMs). We used the
inflammatory stimulus Kdo2-lipid A (KLA) to stimulate
RAW264.7 and TGEM cells. Temporal changes of lipid and
gene expression levels were concomitantly measured and a
systems-level analysis was performed on the fold-change
data. Here we present a comprehensive comparison
between the two cell types. Upon KLA treatment, both
RAW264.7 and TGEM cells show a strong inflammatory response. TGEM (primary) cells show a more rapid and intense inflammatory response relative to RAW264.7 cells.
DNA levels (fold-change relative to control) are reduced in
RAW264.7 cells, correlating with greater downregulation of
cell cycle genes. The transcriptional response suggests that
the cholesterol de novo synthesis increases considerably in
RAW264.7 cells, but 25-hydroxycholesterol increases considerably in TGEM cells. Overall, while RAW264.7 cells
behave similarly to TGEM cells in some ways and can be
used as a good model for inflammation- and immune function-related kinetic studies, they behave differently than
TGEM cells in other aspects of lipid metabolism and phenotypes used as models for various disorders such as
atherosclerosis.—Maurya, M. R., S. Gupta, X. Li, E. Fahy, A.
R. Dinasarapu, M. Sud, H. A. Brown, C. K. Glass, R. C.
Murphy, D. W. Russell, E. A. Dennis, and S. Subramaniam.
Analysis of inflammatory and lipid metabolic networks
across RAW264.7 and thioglycolate-elicited macrophages.
J. Lipid Res. 2013. 54: 2525–2542.
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cells. In this study we use Kdo2-lipid A (KLA), a nearly homogeneous LPS substructure with endotoxin activity equal
to that of native LPS (21), to activate RAW264.7 cells and
TGEM cells. Time course data for microarray-based gene
expression and lipid measurements from 0.5 to 24 h after
treatment with KLA were employed as functional readouts. The systematic assessment reveals several common as
well as unique signatures of these two types of cells. Unless
specified, the changes in lipid and gene expression levels
refer to the fold-change upon KLA treatment with respect
to their controls (no treatment).

MATERIALS AND METHODS
Transcriptomic and lipidomic measurements
RAW264.7 and TGEM cells were treated with KLA at t = 0 h.
mRNA levels were measured at 0.5, 1, 2, 4, 8, 12, and 24 h using
Agilent microarrays. Lipid measurements were carried out in
both cell types at t = 0 h and at these seven time points. Gene expression fold-change data and lipid data is available through the
LIPID MAPS Consortium’s website (22, 23). Additional details of
the experiments (cell culture and treatment, RNA and cDNA
preparation, microarray experiments, and lipid measurements)
are provided in the supplementary Materials and Methods. A description of the methods for statistical analysis of microarray data,
and pathway-level comparison of the gene data for the two cell
types using paired Student’s t-test, Shapiro-Wilk test, and twosample Kolmogorov-Smirnov test is also provided in the supplementary Materials and Methods.

Use of Pearson correlation and a distance-based
correlation to find differently regulated genes
Pearson correlation represents the similarity between the
shapes of two time courses (or data sequences in general). Such
a correlation is not sufficient to decide whether or not two time
courses differ significantly from each other. For example, despite
the similarity of shapes, if the data values in first time series mostly
remain positive and remain negative in the second time series,
then one would classify them as significantly different. Hence, a
novel correlation that includes the effect of sign (direction) of
the time courses and the effect of magnitude of the data values is
developed and used here.
Let x [x1 , x 2 x n ] and y [ y 1, y 2 y n ] be two vectors, where
x i and y i are the log2-fold-change values at time t i (ith time point
or sample) for a gene in two different experiments. The Euclidean distance between the vectors x and y is given by:
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1 f ( x, y ) 2 . The function tanh(.) is used as a smooth approximation of the sign function (24). The parameter sigma1 controls
the smoothness. Now, we can define the amplified-distance-based
correlation as:
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studied in order to understand their role in immune response and lipid metabolism (1–8). The LIPID MAPS
Consortium utilized macrophages to study the kinetics
of hundreds of distinct lipid molecules in the inflammatory response to the activation of the toll-like receptor
(TLR)4.
The RAW264.7 cell line, derived from pristane-elicited
murine peritoneal macrophages transformed with Abelson leukemia virus (9), has been widely used in the study
of macrophage cellular physiology because of their ease
of culture, rapid growth rate, and phenotypic resemblance to primary macrophages such as thioglycolateelicited peritoneal macrophages (TGEMs) and bone
marrow-derived macrophages (BMDMs). However, it is
still unclear to what extent this transformation has affected the macrophage-like function of the RAW264.7
cells or if immortalized cell lines show the same phenotypes as primary cells. Some studies have shown differences between the cell types with the focus on a number
of genes important to macrophage function. For example, qualitative, quantitative, and kinetic differences were
found in the prostaglandin (PG) synthetic response of
lipopolysaccharide (LPS)-treated RAW264.7 cells versus
peritoneal macrophages (10). Also RAW264.7 cells produce much greater quantities of tumor necrosis factor
(TNF)! in response to LPS than peritoneal macrophages,
primarily because they fail to demonstrate PG-dependent
autocrine regulation of TNF! secretion (11). Peroxisome
proliferator-activated receptor (PPAR)#, a nuclear receptor with anti-inflammatory functions, is barely detectable
in RAW264.7 cells (12, 13), but it is highly expressed in
TGEM cells (13). IL-12p70 and interferon (IFN)-# are
not produced by RAW264.7 cells upon LPS stimulation
(14). Caveolin-1 (Cav1), which is essential for the assembly of caveolae and involved in the maintenance of cellular cholesterol homeostasis and lipid transport (15), is
upregulated in peritoneal macrophages in response to
LPS but downregulated in RAW264.7 cells (16, 17). In
RAW264.7 cells, Cav1 is negatively regulated by the Rasp42/44 mitogen-activated protein kinase (MAPK) pathway, which is involved in proliferation and activated by
v-abl during Abelson virus transformation (18). Apolipoprotein E (ApoE) is secreted in TGEMs and BMDMs but
not in macrophage-like cell lines, including J774.2 and
RAW264.7 (19, 20).
In general, the question of whether cell lines can exhibit a majority of phenotypes displayed by their parent
primary cells is an important problem in cell biology. Specifically, we pose the question whether the RAW264.7 cells
are comparable to macrophage primary cells, namely
TGEMs, which are used extensively in macrophage research, in displaying similar phenotypes. While prior research has amply demonstrated that some characteristic
phenotypes such as cytokine activation and macrophage
markers are common to the cell line and primary cells, it
would be of value to examine in detail a multiplicity of intermediate phenotypes. We consider the transcriptional
responses and lipidomic changes to activation as a function of time to be important phenotypes in macrophage
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The parameter 2 controls how fast the correlation should decrease with increasing distance. Such an approach to computing
magnitude-based similarity has been earlier used for signal processing and similarity-search-based fault identification in chemical processes (25).
For comparing the gene data from RAW264.7 and TGEM cells,
2.5, 2 7.5, and p = 1 are used. We have found empirically
1
that p = 1 gives good results in terms of differentiating between
two time courses. In our analysis, the minimum of Pearson correlation and distance-based correlation {i.e., min p x , y , rd x, y }
is used for filtering the genes to find the list of uniquely regulated
genes among the two cell types.

Fig. 1. Number of significantly upregulated (UP) and downregulated (DN) genes in RAW264.7 (RAW) and TGEM cells after KLA
treatment.

RESULTS

Comparison of the transcriptomic responses
at the individual gene level
A gene is defined as being commonly regulated between two cells when it is significantly up- or downregulated in both cells. A gene is defined as being uniquely
regulated in one cell when it is significantly upregulated
in one cell, but not upregulated in the other cell (not
significantly regulated or downregulated); or when it is

downregulated in one cell, but not downregulated in the
other cell (not significantly regulated or upregulated).
Supplementary Fig. I shows the Venn diagram of uniquely
and commonly regulated genes for RAW264.7 and TGEM
cells.
Commonly regulated genes. At 1 h, 119 genes are commonly regulated between the RAW264.7 and TGEM cells.
The number of commonly regulated genes peaks to 550
at 4 h and then decreases slowly to 404 at 24 h. At 4 h, out
of the 550 genes commonly regulated, 437 genes are
commonly upregulated in both cell types while only 113
genes are commonly downregulated. At 24 h, out of the
404 genes commonly regulated, 304 genes are commonly
upregulated and only 100 genes are commonly downregulated. Some commonly regulated genes are highly upregulated with more than 50-fold at one or more points
during 4–24 h. Most of these genes are known to be related to immune response, such as various chemokines
[examples are: chemokine (C-X-C motif) ligand (Cxcl)2;
126- and 66-fold at 4 h in RAW264.7 and TGEM cells, respectively and Cxcl10], interferon-induced protein with
guanylate nucleotide binding proteins (Gbp3 and Gbp5),
interferon-induced protein with tetratricopeptide repeats 1 and 2 [Ifit1 (79- and 170-fold at 4 h in RAW and
TGEM cells) and Ifit2], immunoresponsive gene 1 (Irg1),
interleukin 1$ (Il1b), Schlafens [Slfn4 (schlafen 4); 59fold in TGEM cells at 24 h], etc. The highly upregulated
genes with geometric mean of the fold changes greater
than 7.5 are listed in supplementary Table II.
To investigate the rationale for these findings at a biological level, gene enrichment analysis was performed.
Here, the enrichment factor (EF) of commonly regulated
genes for a pathway is the ratio of the fraction of such
genes in this pathway over the fraction of all commonly
regulated genes among the 20,932 genes examined. The
computation of the EF and its p-value is described in detail
in the Materials and Methods section. A subset of this analysis is presented in Table 1, illustrating the commonly
regulated genes that are enriched at least 5-fold in various
immune and inflammatory responses and related diseases

Comparison of TLR4 stimulated RAW264.7 and primary macrophages
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Overall transcriptional responses
In the microarray experiments studying the gene expression changes in RAW264.7 and TGEM cells upon KLA
treatment, 20,932 annotated mouse genes were probed.
Cyber-T microarray analysis (26), a variance-modeling
approach, was applied to identify significantly regulated
genes. A gene is identified as significantly regulated if
its fold-change upon KLA treatment is at least 2 and the
p-value is less than 0.01. Figure 1 shows the number of
genes significantly up- or downregulated in RAW264.7 and
TGEM cells at various times upon treatment with KLA at
t = 0 h. Among 20,932 common genes, 825 genes are significantly regulated in RAW264.7 cells after 4 h, and 1,839
genes after 24 h; 1,853 genes are significantly regulated in
TGEM cells after 4 h, and 1,373 genes after 24 h (supplementary Table I). Thus, the general trend is that transcriptional response of TGEM cells peaks at around 4 h, whereas
for RAW264.7 cells, it keeps increasing until 24 h. The
number of genes upregulated and the number of genes
downregulated in the two cell types also follow a similar
profile. For example, in RAW264.7 cells, both the number
of upregulated genes and the number of downregulated
genes increases until 24 h (1,040 genes upregulated and
799 genes downregulated at 24 h). On the other hand, in
TGEM cells, the number of upregulated genes peaks at
4 h (1,191 genes) and the number of downregulated genes
peaks around 8 h (662 genes at 4 h and 758 genes at 8 h).
Another observation is that at any time point, the number
of genes upregulated is higher than the number of genes
downregulated. Transcriptomic changes are also reflected
at the proteomic level in RAW264.7 cells (27, 28).
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TABLE 1. Pathways enriched with genes commonly regulated in RAW264.7 and TGEM cells upon KLA treatment
At 4 h
KEGG Path Name

Cytosolic DNA-sensing pathway
NOD-like receptor signaling pathway
Toll-like receptor signaling pathway
Type I diabetes mellitus
Adipocytokine signaling pathway
Chemokine signaling pathway
Cytokine-cytokine receptor interaction
Jak-STAT signaling pathway
Antigen processing and presentation
Natural killer cell mediated cytotoxicity
CAMs

At 24 h

Total Genes in
the Pathway

Number of Genes
Regulated

UP

EF

Number of Genes
Regulated

UP

EF

50
59
96
56
65
172
235
145
74
115
144

17
19
23
9
9
24
31
18
7
10
12

17
19
23
9
9
24
29
16
7
9
12

12.94
12.26
9.12
6.12
5.27
5.31
5.02
4.72
3.60
3.31
3.17

15
15
15
15
7
17
23
11
16
10
16

15
15
15
14
6
16
21
10
15
9
15

15.54
13.17
8.10
13.88
5.58
5.12
5.07
3.93
11.20
4.51
5.76

EF, the enrichment factor of commonly regulated genes for a pathway is the ratio of the fraction of such genes among all genes in this pathway
over the fraction in the 20,932 genes examined. All selected pathways have a p-value less than 0.01 and the number of regulated genes in the pathway
is at least 10 or the fold-change for RAW264.7 or TGEM cells is at least 10 (at 4 h or 24 h). The results do not necessarily mean the above pathways
are commonly regulated in all aspects in RAW264.7 and TGEM cells.

Differently (uniquely) regulated genes. We have analyzed
the differently regulated genes in two ways. The first type
of analysis uses the gene list from the Venn analysis (supplementary Fig. I), which is generated for each time point
2528
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individually. These gene lists are specifically used for pathway enrichment. The second type of analysis uses a gene
list based on the minimum of Pearson correlation and an
amplified-distance-based correlation between the time
course of the same gene in the two cell types upon KLA
treatment (see Materials and Methods section). Results
from both are presented in the appropriate context.
As listed in Table 2, some genes are uniquely and highly
upregulated in RAW264.7 cells only. Some examples of
such genes are myristoylated alanine-rich protein kinase C
substrate (Marcks) (22-fold at 4 h and 47-fold at 24 h),
granulocyte macrophage colony-stimulating factor 2 (or
CSF2) (13.5-fold at 4 h and 8-fold at 24 h), chemokine
(C-C motif) ligand (Ccl)6 (39-fold at 24 h), activating transcription factor 3 (5.2-fold at 4 h and 4.6-fold at 24 h), and
growth arrest and DNA-damage-inducible 45 ! (Gadd45a)
(8-fold at 24 h).
On the other hand, as listed in Table 3, there are also
many genes which are considerably upregulated in the
TGEM cells, but not in RAW264.7 cells. Some of these
genes are related to immune response; for example, interleukin 12b (Il12b) (46-fold upregulated at 4 h) and interleukin 12 receptor $1. Cystatin F (Cst7), which has been
implicated in the regulation of antigen presentation and
other immune processes (34, 35), is highly upregulated
only in TGEM cells (18-fold upregulated at 24 h). Besides, Il12a, Cxcl1, Cxcl3, and vascular cell adhesion molecule 1 are also highly upregulated in TGEM cells only.
These play an important role in inflammation and immune system-related processes. In addition, some of those
genes commonly regulated only in primary cells are related to lipid metabolism, such as cholesterol 25-hydroxylase (Ch25 h) (more than 100-fold upregulated in TGEM
cells at 8 h). Acyl-CoA synthetase long-chain family member 1 (Acsl1) is also highly upregulated in TGEM cells
(e.g., more than 10-fold at 12 and 24 h; not shown in Table
3 as the minimum of Pearson correlation and distancebased correlation is more than %0.5 threshold). The same
is true for Cav1, for which the fold changes in TGEM cells
are more than 12-fold at 4 and 8 h.
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at 4 h and 24 h. For example, TLR signaling pathway is
enriched more than 12-fold at 4 h and 24 h. Pathway enrichment p-values for all time points are listed in supplementary Table III (pathways with p-values less than 0.01
are included). NOD-like receptor signaling pathway, which
generally acts in concert with the TLR4 signaling pathway,
is also enriched more than 12-fold at 4 h and 24 h. Cytokinecytokine receptor interaction pathway is 5-fold enriched
with commonly regulated genes in both cells. Several other
interesting pathways such as the chemokine signaling
pathway and cell adhesion molecules (CAMs) are also enriched (Table 1).
Furthermore, we have used a computational motif discovery software, Allegro (29), to search for potential
transcriptional regulatory elements enriched in the promoter sequences of 550 genes commonly regulated in
both cell types at 4 h (intersection zone in the Venn diagram of supplementary Fig. I). The sequence GAAAccGAAA is identified as the most significant motif enriched
in the promoter sequences of these 550 genes. This motif
is nearly identical to the consensus sequence of interferon response factor (IRF)3 and the IFN-sensitive response element (30–32). The IFN-sensitive response
element induces IFN$. Several other IRFs such as IRF1,
IRF2, and IRF8 are also identified as having similar motifs. Further analysis shows that the genes sharing this
motif include interferon-activated or -induced genes
such as interferon inducible GTPase 1 (Iigp1), interferon
activated genes 204 and 205 (Ifi204, Ifi205); matrix metallopeptidase 14; various cytokines and cytokine receptors such as colony stimulating factor (Csf)1, IL-1, IL-10,
IL-15, numerous chemokines, and chemokine receptors.
Interferon activates JAK-STAT pathways (33). Thus STAT1
and STAT3/4/5/6 are also identified as enriched motifs
in this analysis.
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TABLE 2.

Genes highly upregulated in RAW264.7 cells, but not in TGEM cells upon KLA treatment

Top 10 genes in decreasing order of geometric mean of fold-change time course for RAW264.7 cells and minimum (Pearson correlation,
distance-based correlation) & %0.50 are listed. Color-scale: 0.1, dark green; 1, white; 4, dark red (linear).

TABLE 3.

function-related pathways are chemokine signaling pathway, extracellular matrix-receptor interaction, focal adhesion, and JAK-STAT signaling pathway. All these pathways
are enriched by 2-fold or more with a p-value less than 0.01
at either 4 h or 24 h. Genes uniquely regulated in TGEM
cells alone are also highly enriched in proteasome (almost
6-fold at 24 h; all 12 out of 12 genes are significantly upregulated). PPAR signaling pathway is enriched more than
4-fold at 24 h with mixed up- and downregulation. Among
the KEGG lipidomics pathways, glycerophospholipid metabolism is enriched more than 2-fold with mixed up- and
downregulation.
Comparison of the transcriptomic responses at the
pathway level
While different gene products in a pathway may have
different significance in determining the physiological
functionality of the pathway, a standard statistical test can
only consider each gene with equal importance. Despite
this limitation, a statistical test is still useful in order to
systematically examine every KEGG pathway on the null
hypothesis that the gene expression on the pathway level
does not differ significantly between two cell types. In our
study, we have applied the nonparametric two-sampled
Kolmogorov-Smirnov test. Table 5 lists the pathways that
are differently regulated between the two cell types. These
pathways include diverse biological processes such as signal
transduction, cell growth and death, genetic information

Genes highly upregulated in TGEM cells, but not in RAW264.7 cells upon KLA treatment

Top 12 genes in decreasing order of geometric mean of fold-change time course for TGEM cells and minimum (Pearson correlation, distancebased correlation) & %0.50 are listed. Color-scale: 0.1, dark green; 1, white; 4, dark red (linear).

Comparison of TLR4 stimulated RAW264.7 and primary macrophages
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Table 4 shows a list of biological pathways [Kyoto Encyclopedia of Genes and Genomes (KEGG)-based] where
the uniquely regulated genes in each of the two cell types
are enriched at 4 h or 24 h (see also supplementary Table
IV for the enrichment p-values at all time points). For instance, the cell cycle pathway is enriched about 4-fold at
24 h with genes uniquely regulated in RAW264.7 cells. Further study shows 33 cell cycle genes are significantly regulated only in RAW264.7 cells, and remarkably, 26 out of 33
are significantly downregulated. It can be noted that these
results, based on fold-change with respect to standard culture conditions (control), do not contradict the fact that
RAW264.7 cells proliferate under control conditions
whereas TGEM cells remain largely postmitotic (in the Go
phase). Other genes uniquely regulated in RAW264.7 cells
are also enriched in DNA replication (enrichment factor
is 9 at 24 h; 21 out of 22 regulated genes are downregulated), mismatch repair (6-fold at 24 h; 9 out of 10 genes
downregulated), and pyrimidine metabolism (15 out of 17
genes are downregulated). Systemic lupus erythematosusrelated genes are also enriched with a p-value less than
10%9 with mixed up- or downregulation (13 genes upregulated and 13 genes downregulated).
The genes for CAMs are also enriched in RAW264.7
cells at 4 h with mixed up- and downregulation. Genes
uniquely regulated in TGEM cells at 4 h and 24 h are also
highly enriched in several pathways such those related to
immune function and inflammation. Examples of immune
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TABLE 4.

Pathways enriched with genes uniquely regulated in RAW264.7 and TGEM cells upon KLA treatment at 4 h and 24 h

KEGG Pathway Name

RAW264.7 cells
CAMs
Cell cycle
DNA replication
Glutathione metabolism
Lysosome
Mismatch repair
Pyrimidine metabolism
Systemic lupus erythematosus
TGEM cells
Chemokine signaling pathway
ECM-receptor interaction
Focal adhesion
Glycerophospholipid metabolism
Jak-STAT signaling pathway
Lysosome
Phagosome
PPAR signaling pathway
Proteasome
Toll-like receptor signaling
pathway

Total
Number

Number
Regulated

UP

DOWN

EF

p

Number
Regulated

UP

DOWN

EF

p

144
122
35
53
122
22
93
93

4 h (Regulated genes: 275)
7
3
4
3.70
7
2
5
4.37
4
0
4
8.70
1
1
0
1.44
3
2
1
1.87
3
0
3
10.38
3
0
3
2.46
3
1
2
2.46

2.99E-03
1.16E-03
1.11E-03
5.04E-01
2.16E-01
2.87E-03
1.24E-01
1.24E-01

13
33
22
10
16
10
17
26

24 h (Regulated genes: 1,435)
8
5
1.32
1.89E-01
7
26
3.95
4.76E-12
1
21
9.17
1.32E-17
4
6
2.75
2.88E-03
11
5
1.91
9.19E-03
1
9
6.63
6.70E-07
2
15
2.67
1.76E-04
13
13
4.08
3.91E-10

172
84
197
78
145
122
161
76
44
96

4 h (Regulated genes: 1,303)
13
8
5
1.21
8
5
3
1.53
25
19
6
2.04
13
8
5
2.68
15
14
1
1.66
12
5
7
1.58
15
11
4
1.50
11
5
6
2.33
6
6
0
2.19
17
14
3
2.84

2.75E-01
1.51E-01
5.57E-04
9.90E-04
3.67E-02
7.76E-02
7.71E-02
7.18E-03
5.37E-02
8.19E-05

19
10
19
7
16
15
22
15
12
11

24 h (Regulated genes: 969)
12
7
2.39
4.02E-04
2
8
2.57
5.35E-03
8
11
2.08
2.06E-03
3
4
1.94
6.91E-02
14
2
2.38
1.13E-03
2
13
2.66
5.18E-04
15
7
2.95
5.32E-06
7
8
4.26
1.73E-06
12
0
5.89
4.84E-07
9
2
2.48
4.80E-03

processing, cell communication, and energy metabolism.
The genes involved in the cell cycle pathway are significantly downregulated in RAW264.7 cells more than in the
TGEM cells at 12 h and 24 h (p ! 0.001 and p < 0.001, respectively). The ribosome pathway in TGEM cells is also
significantly differently regulated than in RAW264.7 cells
at 2 h (p ! 10%5). The focal adhesion pathway is also differentially regulated in the two cell types, especially at 24 h
(p < 10%5), the average fold-change over all genes being
1.85 (more upregulated) in RAW264.7 cells and 1.27 in
TGEM cells. Figure 2 shows a comparison of a select set of
pathways in the two cells based on the time course of the
fraction of significantly regulated genes (see Materials and
Methods section). The four pathways shown in Fig. 2 show
differences between the two cell types in terms of kinetics
and/or magnitude of the fraction of regulated genes. Cytokine-cytokine receptor interaction, JAK-STAT signaling
pathway, and toll-like receptor signaling pathway exhibit
differences in terms of the magnitude even though the
shapes are similar. The cell cycle pathway exhibits differences in terms of both the kinetics and the magnitude of
changes.
Detailed comparison of inflammatory responses
TLR4 is the transmembrane receptor that recognizes
molecules derived from gram-negative bacteria (36). In
our study, the TLR4 gene itself is not highly regulated
for both RAW264.7 and TGEM cells at the seven time
points. It is 0.54- and 0.68-fold downregulated at 24 h in
RAW264.7 and TGEM cells, respectively (Fig. 3, supplementary Table V).
TLR4 activates the downstream nuclear factor kappalight-chain-enhancer of activated B cells (NF-"B) signaling
pathway via two different sets of adapters (37, 38). An early
2530
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activation of NF-"B is mediated by a MyD88-dependent
pathway (Fig. 3) (39, 40). In this part of the pathway,
MyD88 has been upregulated in both cells at 4 h, 8 h, and
12 h, but returns to basal level at 24 h for RAW264.7 cells
only. IL-1 receptor-associated kinase (IRAK)3 (also known
as IRAK-M), which negatively regulates TLR4 signaling by
preventing dissociation of phosphorylated IRAK1 and
IRAK4 from MyD88 (41), is upregulated in both cells at 8,
12, and 24 h. A late activation of NF-"B is through the
TRIF-dependent pathway (Fig. 3) (42). Two noncanonical
I"B kinases, TANK-binding kinase 1 (TBK1) and inducible I"B kinase (IKKi) (also known as IKK'), are significantly upregulated for both cell types at the four late time
points (4, 8, 12, and 24 h). IRF3 is constitutively expressed
and not inducible, whereas IRF7 and the IRF target gene
TNF! are upregulated in both cells at the same four late
time points. IFN$ (Ifnb1) is also highly upregulated up to
8 h but later returns to close to basal level at 24 h (foldchange 1.43 in RAW264.7 cells and 2-fold in TGEM cells),
especially when compared with its peak response (foldchange 43.28 at 4 h for RAW264.7 cells and 65-fold at 1 h
for TGEM cells).
The NF-"B signaling pathway is activated, in both early
and late responses to LPS/KLA, through the TRAF6-TAK1
complex, which activates I"B kinase (IKK) complexes. The
IKK complex consists mainly of IKK1 (IKK!), IKK2 (IKK$),
and NEMO (the regulatory subunit NF-"B essential
modulator, also known as IKK#). The gene expression
of this family is largely noninduced upon KLA treatment,
except that IKK2 is marginally upregulated for TGEM cells
at 2 h and 4 h.
The I"B family consists of three isoforms: I"B!, I"B$,
and I"B' (Nfkbia/b/e). In our study, I"B! is upregulated
in both cells at all seven time points, but the fold changes
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EF: the enrichment factor of uniquely regulated genes for a pathway is the ratio of the fraction of such genes among all genes in this pathway
over the fraction in the 20,932 genes examined. All selected pathways have a p-value less than 0.01 and the number of regulated genes in the pathway
is at least 10 or the fold-change for RAW264.7 or TGEM cells is at least five (at 4 h or 24 h). ECM, extracellular matrix.
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TABLE 5.

KEGG pathways differentially regulated on the gene expression level upon KLA treatment

Data are according to the p-values of Kolmogorov-Smirnov two-sample test. Values listed are %log10 (p-value). Color-scale: white, p = 0.01); dark
red, p & 1E-5 [linear with respect to %log10 (p-value)].

cells. P50 and c-Rel are significantly upregulated in both
cells at 1, 2, and 4 h, but at 12 h c-Rel remains significantly
upregulated only in RAW264.7 cells (2.1-fold at 12 h).
As shown in Fig. 3, the majority of the NF-"B target
genes, such as inducible nitric oxide synthase (iNOS) 2
and various cytokines, are significantly induced in both
cell types at later time points (4, 8, 12, and 24 h). Meanwhile, A20 (Tnfaip3), the potent inhibitor of TNF-induced
NF-"B activation by facilitating the degradation of receptor interacting protein RIP (43), is also significantly upregulated for both cell types at all seven time points.
However, there are some differences. Vascular cell adhesion molecule 1 is upregulated in TGEM cells at six later
time points (1, 2, 4, 8, 12, and 24 h), whereas the expression level stays unchanged for RAW264.7 cells at these
later time points (supplementary Table V). Intercellular
adhesion molecule 1 is upregulated at 1, 2, and 4 h in both
cell types. However, it’s fold-change in TGEM cells is two to
four times higher than in RAW264.7 cells (e.g., 4.2-fold at 2 h

Fig. 2. The time course of the fraction of significantly regulated genes in select pathways with differential regulation in RAW264.7 (RAW) and TGEM
cells.

Comparison of TLR4 stimulated RAW264.7 and primary macrophages

2531

Downloaded from www.jlr.org by guest, on August 18, 2017

in TGEM cells are at about one and a half to three times as
large as in the RAW264.7 cell line except at 0.5 and 24 h
(supplementary Table V). I"B$ is mildly upregulated in
both cells. I"B' is considerably upregulated in TGEM cells
at later time points (8, 12, and 24 h; 4- to 6-fold), while it is
not upregulated at all in RAW264.7 cells at these later time
points (8, 12, and 24 h). Furthermore, at 24 h when I"B'
is still upregulated by more than 4-fold (fold-change of
4.16) in TGEM cells, it is downregulated in RAW264.7 cells
by 2-fold (fold-change of 0.66).
The NF-"B family includes RelA (p65), RelB, Rel
(c-Rel), NF-"B1 (p50 and its precursor p105), and NF-"B2
(p52 and its precursor p100). In both cell lines, RelA and
RelB are upregulated during early response. RelA returns
to basal level at 4 h in RAW264.7 cells and at 24 h in TGEM
cells. In RAW264.7 cells, RelB peaks at 2 h and returns to
basal levels by 8 h whereas in TGEM cells it peaks at 8 h
and remains upregulated until 24 h. The p52 gene is more
significantly upregulated in TGEM cells than in RAW264.7

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2013/06/17/jlr.M040212.DC1
.html
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Fig. 3. Comparison of gene expression in RAW264.7 (RAW) and TGEM cells treated with KLA for the TLR4 signaling pathway. Ctrl,
control.

in RAW264.7 cells, and 10-fold at 2 h and 16.2-fold at 4 h
in TGEM cells). Further, at 24 h it is more than 8-fold upregulated in TGEM cells but about 2-fold downregulated
in RAW264.7 cells (fold-change 0.58).
2532

Journal of Lipid Research Volume 54, 2013

Comparison of cytokine responses
Cytokines are a pleiotropic group of molecules that are
usually secreted by cells of the hematopoietic lineage and
provide autocrine or paracrine regulation of hematopoietic

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2013/06/17/jlr.M040212.DC1
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TABLE 6.

Cytokine Family

Chemokines
Class I cytokines
(hematopoietin family)
Class II cytokines
(interferon/IL-10 family)
IL-1 family
IL-17 family
PDGF family
TGF-$ family
TNF family

4 h (2.4-fold) and returns to the basal level at 24 h. On the
other hand, some chemokines, such as Ccl6, are much
more upregulated in RAW264.7 cells (upregulation increases with time; 39-fold at 24 h) than in TGEM cells.
Ccl6 is involved in cell-cell communication and also has
chemo-attractant properties. Although a detailed mechanism is not established, early activation of granulocyte
M-CSF (Csf2) and granulocyte colony-stimulating factor
(Csf3) in RAW264.7 cells may contribute to upregulation
of Ccl6 at later times.
Class I cytokines (hematopoietin) stimulate the survival,
proliferation, and differentiation of both immature and
maturing hematopoietic cells through class I cytokine receptors (45, 46). Several common and distinct temporal
patterns exist. Gene expression of IL-6 is upregulated substantially in both cell types throughout the time course
(e.g., 23-fold and 179-fold in RAW264.7 and TGEM cells,
respectively, at 4 h) (supplementary Table VI). IL-6 is both
pro- and anti-inflammatory and it can also stimulate immune response (47). Oncostatin-M (OSM) is upregulated
in RAW264.7 cells only. IL-15 is upregulated in RAW264.7
cells only at 4 h (6-fold), whereas it is upregulated at all t (
2 h in TGEM cells. Upregulation of granulocyte colonystimulating factor (Csf3) increases with time in RAW264.7
cells (4.7-, 17.8-, and 29.8-fold at 1, 4 and 24 h, respectively) whereas in TGEM cells, it achieves a maximum of
3-fold at 8 h and then decreases to 2.5-fold at 24 h. IL-12!
and IL-12$ are upregulated at most time points in TGEM
cells only. IL-2, -3, -4, -5, -7, -11, and -13 are not significantly
regulated in either cell type (not listed in supplementary
Table VI). Gene expression of Csf2 is highly upregulated
in RAW264.7 cells at several time points (13.5-, 20-, 32-,
and 8-fold at 4, 8, 12, and 24 h, respectively), but in TGEM
cells, it is significantly upregulated only at 1 h (4.3-fold)
and 2 h (2.6-fold). Cardiotrophin-like cytokine factor 1
(Clcf1) and IL-23, ! subunit p19 (Il23!), are not upregulated in RAW264.7 cells, but in TGEM cells they are upregulated at early time points. Interestingly, IL-9 is the
only gene that is downregulated (mildly in RAW264.7 cells
and significantly in TGEM cells).
Class II cytokines show divergent physiological roles, although they share structural similarities and the similar
class II cytokine receptors. For example, IL-10 is a major
anti-inflammatory cytokine, while IFN-# is a major proinflammatory cytokine. Several interferons also have antiviral

Number of upregulated genes among each cytokine family
Number of Genes Upregulated in RAW264.7 Cells

Number of Genes Upregulated in TGEM Cells

Number of
Genes

0.5 h

1h

2h

4h

8h

12 h

24 h
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0
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cell differentiation or regulation of immune function
(44). There are eight cytokine families, which include
chemokines (34 members investigated), class I cytokines
(hematopoietin family, 27 members), class II cytokines
(interferon/IL-10 family, 11 members), PDGF family (25
members), TNF family (17 members), IL-1 family (9 members), IL-17 family (6 members), and TGF-$ family (22
members). Our study shows that chemokines, cytokines,
and the IL-1 family are the mostly highly upregulated cytokine families in both RAW264.7 and TGEM cell types
(Table 6, Fig. 3). Several cytokines from the TNF family
are also highly upregulated in TGEM cells. In RAW264.7
cells, only a few of these are significantly upregulated (supplementary Table VI).
Chemokines direct the chemotactic migration of leukocytes from the blood, across the endothelium, and into an
affected tissue during an inflammatory response. Our
study shows approximately 50% of chemokines are upregulated upon KLA treatment for both the cells types at
one or more time points (Table 6). Some highly induced
genes are listed in supplementary Table VI. The highly induced genes include macrophage inflammatory proteins
[e.g., MIP1! (Ccl3) and monocyte chemotactic protein
(MCP)1$ (Ccl4)], MCPs [e.g., MCP2 (Ccl7) and MCP3
(Ccl8)], interferon #-inducible protein 10 (IP-10) (also
known as Cxcl10), regulated on activation normal T-cell
expressed and secreted (RANTES) (also known as Ccl5),
etc. Essentially, they are coexpressed during macrophage
activation for immune response. On the other hand, some
chemokines, such as stromal cell-derived factor 1 (SDF-1)
(Cxcl12), macrophage derived chemokine (MDC) (Ccl22),
thymus-expressed chemokine (TECK) (Ccl25), and EBI
(EBV-induced gene) 1-ligand chemokine (ELC) (Ccl19),
are not significantly regulated. Despite the similar patterns
of gene regulation among the chemokine family in the
RAW264.7 and TGEM cells, there are also some evident
differences. A few chemokines are much more upregulated in TGEM cells than in RAW264.7 cells at several time
points. For example, Cxcl1 (also known as KG or GRO1) is
only upregulated in TGEM cells during the entire time
course (maximum fold-change 177 at 2 h) (supplementary
Table VI). In RAW264.7 cells, KG is not regulated. Cxcl9
(also known as MIG) is considerably upregulated in TGEM
cells at several time points (>22-fold at 8 h and 16-fold at
24 h), while only mildly upregulated in RAW264.7 cells at
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It is about 3-fold more upregulated in RAW264.7 cells than
in TGEM cells. Several cytokine receptors and related molecules such as the IL-1 receptor antagonist (IL1r-n), IL-4
receptor ! (IL4ra), IL10ra, and IL13ra1 are also anti-inflammatory (supplementary Table VI). Similar to IL-10,
IL1r-n and IL13ra1 are also more upregulated in RAW264.7
cells. IL4ra is upregulated in RAW264.7 cells but unregulated in TGEM cells, whereas IL10ra is the only interleukin
receptor that is only mildly upregulated in RAW264.7 cells
versus more upregulated in TGEM cells. Overall, there is
an interesting similarity, albeit with some interesting differences, between the two cell types with respect to proand anti-inflammatory cytokines.
Detailed comparisons of lipid metabolism
Eicosanoids. Eicosanoids (e.g., PGs and leukotrienes)
are well-established signaling molecules involved in inflammatory responses (50). The pathway for the production of PGs is illustrated in Fig. 4.
In our experiments, several phospholipase A2 (PLA2)
isoforms are significantly upregulated in both RAW264.7
and TGEM cells (Fig. 4, supplementary Table VII). Arachidonate 5-lipoxygenase (Alox5) is downregulated in both
cells at 8, 12, and 24 h, and 5-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid (5-HETE) was not different from control experiments in either cell type consistent with a failure
to activate 5-lipoxygenase by this stimulation sequence.
Prostaglandin E synthase (Ptges) is upregulated by up to
about 8-fold in RAW264.7 cells (24 h) and up to about 19fold in TGEM cells (8 and 12 h).
Despite the above similarities, there are some clear differences (Fig. 4). Cyclooxygenase (Cox)1 (Ptgs1) is not regulated in RAW264.7 cells, but is downregulated in TGEM
cells at later time points (8, 12, and 24 h). Cox2 (Ptgs2) is
significantly upregulated in both cells. However, the expression profile of Cox2 is different: its upregulation is 7-fold
(2 h) to 45-fold (24 h) in RAW264.7 cells, whereas its upregulation is about 6-fold at 2 h, 11-fold at 4 h, and returns
to a moderate fold-change of 3 at 24 h in TGEM cells (supplementary Table VII). Consistent with this expression pattern of the inducible Cox2 gene, the media level of all the
PGs measured (i.e., PGD2, PGE2, PGJ2, PGF2a, 15-deoxyPGD2, and 15-deoxy-PGJ2) are significantly increased (e.g.,
more than 100-fold for PGD2 and PGJ2 at 8, 12 and 24 h) by
KLA treatment in the RAW264.7 cells. The PG productions
upon KLA treatment are much attenuated in TGEM cells
with an increase of no more than 3-fold. Particularly, the
production of PGF2a, PGJ2, and 15-deoxy-PGD2 either does
not increase at all (PGF2a) or increases slightly (1.4-fold for
PGJ2, and 1.75-fold for 15-deoxy-PGD2) in TGEM cells.
Sphingolipids. Sphingolipids are major components of
the eukaryotic plasma membrane. The pathway of sphingolipid biosynthesis, with lipidomic data mapped only for
the N-acyl C16 chain length, is illustrated in supplementary Fig. II (pathway maps with data projected for all chain
lengths are shown in supplementary Fig. III). The mRNAs
for two subunits of serine palmitoyltransferase (Sptlc1/2),
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and antitumor properties, which are exploited by the immune system in fighting viral infection and blocking its
spread (48). IL-10 gene expression is significantly upregulated in both cell types. In RAW264.7 cells its expression
peaks at 8 h (18.9-fold) and then reduces to 5.8-fold at 24 h,
whereas in TGEM cells it peaks during 2–4 h (6- to 7-fold)
and then slowly reduces to 2.6-fold at 24 h. Thus, some temporal and magnitude differences still exist. IFN# is upregulated in TGEM cells at t ( 4 h, while not significantly
regulated in RAW264.7 cells at any time. IFN! gene expression is not significantly regulated in either cell type. IFN$1
gene expression is significantly upregulated in both cell
types during 1–8 h (RAW264.7 cells) and 1–24 h (TGEM
cells).
Other cytokines, such as IL-1!, IL-1$, and IL-18 (members of the IL-1 family), are similarly upregulated in both
cell types at several time points. IL-1 stimulates the immune response at the tissue level (49). M-CSF (Csf1), TNF
and TNF-related apoptosis-inducing ligand (TRAIL)
(Tnfsf10), and Tnfsf9 are also similarly upregulated in
both cell types at some time points. On the other hand,
platelet-derived growth factors (Pdgfa, Pdgfb, and Pdgfc)
are either mildly upregulated or unregulated in RAW264.7
cells, but are mildly or significantly downregulated in
TGEM cells at both early and late time points. Angiopoietin 2 (Angpt2) and vascular endothelial growth factor B
(Vegfb) are both downregulated in both cell types, although temporal differences exist for Angpt2. For example, Angpt2 is downregulated in RAW264.7 cells at both
early and late time points, whereas in TGEM cells its response
returns to basal levels at 24 h. This suggests that at the tissue
level, vascular growth and angiogenesis are reduced.
Supplementary Table VI also lists the relevant cytokines
as being pro- or anti-inflammatory. RAW264.7 and TGEM
cells show some common and some distinct patterns with
respect to these cytokines. For example, various CCLs,
such as Ccl2, -3, -4, -5, and -7 are upregulated in both cell
types. The level of upregulation is stronger in TGEM cells,
e.g., fold-change for Ccl4 is 36 and 44 at 4 and 12 h, respectively, in RAW cells, whereas the corresponding foldchanges in TGEM cells are 255 and 13.9, respectively.
Overall, a similar pattern is observed for IFN$1, IL-1!, IL1$, and TNF! (Tnf). On the other hand, Ccl8, IFN#, and
IL-12! are upregulated in TGEM cells but do not change
in RAW264.7 cells. A different pattern is observed for colony-stimulating factors Csf2, Csf2ra (CSF2 receptor A), and
Csf3 which are more upregulated in RAW264.7 cells. For
example, Csf3 is 20- to 30-fold upregulated in RAW264.7
cells during 8–24 h as compared with 2- to 3-fold in TGEM
cells (supplementary Table VI). Also, in RAW264.7 cells,
the level of upregulation of Csf3 monotonically increases,
whereas in TGEM cells the response peaks at 8 h (3-fold)
and then reduces to 2-fold at 12 h and again increases to
2.5-fold at 24 h.
IL-6 can function as both a pro- and anti-apoptotic molecule (see the text for class I cytokines). It is upregulated in
TGEM cells. The number of cytokines that have anti-inflammatory characteristics is less than that of pro-inflammatory
cytokines. IL-10 is a prominent anti-inflammatory cytokine.
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the enzyme catalyzing the first and rate-limiting step of
sphingolipid biosynthesis, go up moderately for RAW264.7
and TGEM cells (supplementary Table VIII). Lass6 (CerS6),
which preferentially produces ceramides with C14 and
C16 N-acyl chains (51), goes up for both cells (up to 2-fold
for RAW264.7 cells and 5.5-fold for TGEM cells). The gene
expression data suggests an upregulation of de novo synthesis of sphingolipids by the KLA treatments. In fact, C16,
C18, C20, C22, C24, and C24:1 N-acyl chain ceramides increase considerably at 24 h in RAW264.7 and TGEM cells.
On the other hand, some important differences can be
found between RAW264.7 and TGEM cells in our experiments. For instance, Sphk2 is modestly upregulated in
RAW264.7 cells at 8, 12, and 24 h, but not in TGEM cells.
Sphk1 does not change much in RAW264.7 cells, but in
TGEM cells it is upregulated by 4-fold at 4 h and later it is
downregulated at 24 h (fold-change of 0.6). Ceramide kinase (Cerk) is downregulated in both cell types (2-fold in
RAW264.7 cells and 3-fold in TGEM cells at 4 h), but because ceramide levels increase slightly at 12 and 24 h in

both cell types, the level of ceramide phosphate (CerP) shows
a mixed response although the change is small.
Cholesterol. Cholesterol is a major component of the
eukaryotic plasma membrane and plays an indispensable
role in maintaining lipid rafts in a functional state (52–55).
In addition to the structural function, cholesterol is an important precursor of signaling molecules such as oxysterols
and steroid hormones. The cellular cholesterol level is
tightly controlled by de novo biosynthesis, metabolism,
transport, influx, and efflux. In our study, we focus mainly
on de novo biosynthesis, influx, and efflux of cholesterol.
A simplified version of de novo biosynthesis of cholesterol is illustrated in Fig. 5. In both RAW264.7 and
TGEM cells, the gene expressions of HMG-CoA reductase
(Hmgcr) and squalene epoxidase (Sqle) are modestly upregulated and downregulated, respectively (supplementary Table IX). At 24 h, lanosterol goes up about 30-fold
in RAW264.7 cells, whereas it only goes up by 1.7-fold in
TGEM cells. At 24 h, desmosterol goes up about 2-fold in
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Fig. 4. A comparison of the gene expression and eicosanoid metabolite changes in RAW264.7 (RAW) and
TGEM cells treated with KLA is shown for the arachidonic acid metabolism pathway. Eicosanoid changes
were measured in the media. Ctrl, control.
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RAW264.7 cells, whereas its levels actually decreases in
TGEM cells.
Cellular influx or uptake of cholesterol can take several
different pathways. Modified lipoproteins such as oxidized
or acetylated lipoproteins can be taken up by macrophages
via scavenger receptors, including scavenger receptor A
(SR-A, Msr1), CD36, macrophage receptor with collagenous structure (MARCO), lectin-like oxidized LDL receptor (LOX-1), and scavenger receptor-BI (SR-BI) (56, 57).
Our results show that expression of SR-A is upregulated in
both RAW264.7 and TGEM cells during 4–24 h (supplementary Table X). CD36, a member of class B scavenger
receptors, is upregulated in RAW264.7 cells (2.2-fold at
8 h and 7.2-fold at 24 h), but is downregulated in TGEM
cells (fold-change is 0.7 at 4 h and 0.4 at 24 h). MARCO is
significantly upregulated in TGEM cells (4.2-, 7.2-, and 14fold at 8, 12, and 24 h, respectively), but not in RAW264.7
cells. The gene expression of LOX-1 (Olr1) is upregulated
substantially in TGEM cells during 1–24 h (9.6-fold at 8 h).
In RAW264.7 cells, its level is significantly upregulated
only at 2 h (2.7-fold). In addition to the above receptors
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which bind modified lipoproteins, macrophages also utilize some other receptors to take up unmodified lipoproteins. Those receptors include the SR-BI, the LDL receptor,
the VLDL receptor, and the LDL receptor-related protein
1 (56). In our experiments, the gene expression of SR-BI
is mildly downregulated in both cell types (supplementary
Table X). Meanwhile, the LDL receptor is modestly upregulated in both cell types at two to three time points,
and the LDL receptor-related protein 1 is mildly downregulated in TGEM cells at later time points.
The major mechanism of cholesterol efflux in macrophages is to utilize ATP binding cassette transporters
(ABCs) (58–61). In our experiments, gene expression of
Abca1 is upregulated by more than 2-fold at 8 h in
RAW264.7 cells and at 8 and 12 h in TGEM cells (supplementary Table X). Abcg1 is downregulated in both cell
types at both early and late time points. In RAW264.7 cells,
at 2 and 4 h, Abcg1 is downregulated by more than 2-fold,
whereas in TGEM cells the downregulation is about 3- and
5-fold, respectively. At 24 h, Abcg1 is downregulated by
about 2-fold in either cell type. Abcg4 remains unchanged
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Fig. 5. A comparison of gene expression and lipid metabolite changes in RAW264.7 (RAW) and TGEM cells treated with KLA is shown
for the sterol biosynthesis pathway. Ctrl, control.
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DISCUSSION
Later time peaked response of RAW264.7 cells to
inflammatory stimulus
Our results show that a much lower number of genes
are significantly regulated in RAW264.7 cells than in
TGEM cells at 4 h, but the result is opposite at 24 h after
treatment with KLA. This result is self-evident in Fig. 1.
The number of regulated genes in RAW264.7 cells monotonically increases with time until 24 h, whereas for TGEM
cells it peaks at 4 h. A similar trend persists for the number
of genes upregulated and downregulated for the two cell
types. In general, at all times, the number of genes upregulated is more than the number of genes downregulated.
Further analysis into the temporal aspect of the time
courses for fold-change for genes showed that there are
about 500 genes which show an early peak (upregulated or
downregulated; tpeak & 8 h) in TGEM cells but a late peak
(at 24 h) in RAW264.7 cells. On the contrary, there are
only about 100 genes which show an early peak in
RAW264.7 cells and a late peak in TGEM cells.
Upregulation of Marcks and downregulation of cell cycle
in RAW264.7 cells
Marcks is a predominant specific substrate of protein
kinase C (PKC), and its phosphorylation has been used as
a marker of PKC activation in vivo (65). It was reported to
be phosphorylated during macrophage activation by LPS
two decades ago (66). In contrast to substantial upregulation of Marcks in RAW264.7 cells upon KLA treatment
(Table 2), it is expressed constitutively at high levels in
TGEM cells. A similar observation is reported in the literature for BMDM cells due to the induction by M-CSF (or
Csf-1) (67), which is present in the cell culture medium.
For TGEM cells as well, Csf-1 or other cytokines produced
during in vivo stimulation by thioglycolate are a possible

cause for high levels of Marcks. Marcks is also a cross-linking protein between the plasma membrane and the actin
filament, and besides its phosphorylation by PKC, it is
also regulated by calmodulin (68, 69). It appears to be an
essential component in membrane-cytoskeletal signaling
events for controlling cell shape changes such as cell adhesion, migration, secretion, endocytosis, exocytosis, and
phagocytosis in a variety of cell types (65, 70). Moreover,
growing evidence has suggested a role for Marcks in regulating cell cycle. For example, the concentration of Marcks is
attenuated in several transformed cell lines (71–73). Marcks
over-expression strongly depresses the proliferation of cancer cells, such as human tumor-derived choroidal melanoma
cells (OCM-1) (74). Consistently, our results show that the
expression level of cell-cycle genes is downregulated in
RAW264.7 cells with the drastic upregulation of Marcks.
Effect on cell cycle progression
RAW264.7 cells proliferate under resting conditions
(control), while TGEM cells are for the most part in the Go
phase. This is observed in the DNA measurements for the
controls in the two cell types (not shown). However, this
characteristic difference in the two cell types changes under KLA-treatment conditions. There are temporal differences between the two cell types with respect to the
expression level fold-changes for several key genes controlling the progression of the cell cycle. The Gadd45a
gene is upregulated at all time points in RAW264.7 cells
(e.g., !8-fold upregulated at 2 h and 24 h and 5-fold upregulated at 12 h) but in TGEM cells it is downregulated at
most of the time points (0.4-fold downregulated at 4 h and
0.34-fold downregulated at 24 h) (supplementary Fig. IV,
supplementary Table XI). The Gadd45a gene is a member
of a group of genes whose transcript levels are increased
following stressful growth arrest conditions and treatment
with DNA-damaging agents (75). The levels of Gadd45a
are regulated in response to environmental stresses via activation of the p38/JNK pathway followed by activation of
MTK1/MEKK4 kinase. The DNA damage-induced transcription of this gene is mediated by both p53-dependent
and -independent mechanisms. Because p53 transcript
levels are not changed significantly at any time point in
both RAW264.7 and TGEM cells (a fold-change of 0.57 in
RAW264.7 cells at 24 h is still more than the threshold of
0.5), Gadd45a upregulation in RAW264.7 cells may be
through a p53 independent mechanism. The strong upregulation of Mdm2, which inhibits p53 in both cell types,
provides further evidence for this hypothesis. The increase
in Gadd45a levels results in significant downregulation of
cyclin B2 (Ccnb2) in RAW264.7 cells (0.2-fold at 24 h),
which inhibits G2 to M phase transition. Cyclin E1 (Ccne1)
is another important molecule for the progression of cell
cycle. Cyclin E1 forms a complex with and functions as a
regulatory subunit of cyclin-dependent kinase 2 (CDK2),
whose activity is required for cell cycle G1/S transition
(76). The downregulation of cyclin E1 in RAW264.7 cells
(e.g., 0.4-fold at 4 h) implicates that cell cycle progression
is reduced at this stage. Compared with this, in TGEM cells
cyclin E1 levels are upregulated at t ( 4 h. Similar to cyclin
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in both cell types. In addition, ApoE molecules can mediate the cholesterol efflux from the macrophages that originally secreted it (autocrine effect) or from surrounding
macrophages (paracrine effect) (62–64). In our results,
ApoE is downregulated in both cell types during 8–24 h.
Overall, the cellular cholesterol level increases only
slightly in either cell type (1.4-fold at 24 h in RAW264.7
cells and 1.3-fold at 12 h in TGEM cells). Sterol O-acyltransferase 2 (Soat2) is upregulated in RAW264.7 cells
moderately at 12 h (2-fold) and 24 h (1.6-fold). Consistently, the level of several cholesterol esters goes up by
2-fold at 12 h and 24 h in RAW264.7 cells, but does not
change much in TGEM cells. At the extreme, in RAW264.7
cells cholesterol ester CE(20:2) increases by 50.7-fold and
cholesterol ester CE(22:1) increases by 13.6-fold at 4 h.
The expression of cholesterol 25-hydroxylase (Ch25h) goes
up considerably for TGEM cells at later time points [4 h
(82-fold), 8 h (110-fold), 12 h (90-fold), and 24 h (34-fold)]
but does not change in RAW264.7 cells (largest fold-change
is only 1.3-fold at 4 h). Consistently at 24 h, the 25-hydroxycholesterol level increases only 1.3-fold for RAW264.7
cells, whereas it increases 80-fold in TGEM cells.

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2013/06/17/jlr.M040212.DC1
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Similarity of TLR4 signaling pathway regulation between
RAW264.7 and TGEM cells
The gene regulation of the TLR4/LPS signaling pathway appears to be similar between the RAW264.7 and
TGEM cells. Particularly, the gene regulation in the IRF
branch of the TLR4 signaling pathway is largely common
between the two cell types. Because the activation of IRF3
belongs to the late-phase response to LPS/KLA, it is not
surprising that the IRF3 binding site is found to be the
most significant motif enriched in the promoter sequences
of the commonly regulated genes at 4 h.
In the I"B family, I"B! is the most potent negative regulator and also one of the target genes of NF-"B. Continued
cycles of I"B! degradation and synthesis can give rise to oscillations in NF-"B activity. I"B$ and I"B' have functional
roles in damping the oscillatory propensity of the NF-"BI"B! negative feedback loop (80). Our results show that
I"B! is less upregulated in RAW264.7 cells than in TGEM
cells, and I"B' is considerably upregulated in TGEM cells,
but downregulated in RAW264.7 cells at 24 h. Despite some
differences, as elaborated above and presented in the Results section, the TLR4 pathway response is similar in the
two cell types. This is also evident from the similar qualitative shapes of the time course of the fraction of genes up- or
downregulated in the two cell types (Fig. 2, left-bottom
panel). Nevertheless, the specific differences do suggest
some uncertainty as to which cell type is the best model to
study the kinetics of the TLR4 signaling pathway.
Critical differences between RAW264.7 and TGEM cell
lipid metabolism
In sphingolipid metabolism, both transcriptomic and lipidomic data suggest the upregulation of de novo synthesis
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of sphingolipids upon KLA treatment. Gene expression
levels for Sptlc1/2, which catalyze the rate-limiting step of
sphingolipid synthesis, go up moderately for both cell
types (supplementary Table VIII). Lass6 (CerS6) is also
upregulated for both cell types. At the lipid level, C16,
C18, C20, C24:1, C26, and C26:1 N-acyl chain ceramides
increase substantially at 12 or 24 h for both cells. Sphingosine-1-phosphate (S1P) is increased in RAW264.7 cells
at only 12 h (fold-change 1.42). In TGEM cells, S1P is increased by 1.64-fold at 1 h and 1.53-fold at 4 h. This temporal difference is likely to be biologically significant
because the S1P levels in cells are tightly regulated by the
balance between its synthesis and degradation. Numerous
studies have shown that ceramide and sphingosine mediate apoptosis, cell cycle arrest, and differentiation, whereas
S1P promotes proliferation, survival, and inhibition of
apoptosis (81–83). Because ceramide, sphingosine, and
S1P exert opposing effects on cell survival and these sphingolipid metabolites are inter-convertible with each other,
sphingolipid rheostat has been proposed implying that
the relative levels of these lipids in response to stress stimuli determine the cell fate (83, 84). Supplementary Fig. VI
shows the changes in the ratio of fold-change (KLA/control) of S1P to sphingosine in RAW264.7 and TGEM cells.
In RAW264.7 cells, the S1P to sphingosine ratio initially
decreases up to 8 h and then returns to about 1.2 at 12 and
24 h (similar to its value at 0.5 h), while in TGEM cells this
ratio increases up to 1.9 at 8 h and then returns to a value
of 1 at 24 h (supplementary Fig. VI). The shift of this ratio
in RAW264.7 cells may serve as a counterbalance against
the downregulation of cell cycle genes, so that a fine control of cell fate can be achieved.
In eicosanoid metabolism, the difference between
RAW264.7 and TGEM cells is remarkable. The media level
of most PGs measured are significantly increased (e.g.,
more than 100-fold for PGD2 and PGJ2 at 8, 12, and 24 h)
by KLA treatment in the RAW264.7 cells. However, the
media levels of all the PGs measured go up only modestly
or do not change at all across the time points for TGEM
cells upon treatment with KLA. In fact, the diminished capacity of PG production in TGEM cells has been demonstrated as a consequence of in vivo inflammatory stimulus
such as thioglycolate (85, 86). Based on our results, several
plausible explanations can account for the diminished
arachidonic acid metabolism in TGEM cells. For example,
the deacylation of membrane phospholipids, which is the
rate-limiting step of PG production, can be repressed in
TGEM cells. No significant increase of arachidonic acid
release has been found for TGEM cells in the current experiment, whereas levels of arachidonic acid in the media
go up more than 1.3-fold as early as 0.5 h after treatment
with KLA, and more than 3-fold at 1 h in RAW264.7 cells.
Moreover, the induction of Cox2 (Ptgs2) gene expression
has been much attenuated in TGEM cells (supplementary
Table VII). Similar results are also found in other microarray
experiments (87). Upregulation of Cox2 levels in RAW264.7
cells is also observed at the proteomic level (27).
In cholesterol homeostasis, the de novo synthesis of cholesterol upon KLA treatment goes up more significantly
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E1, cyclin D2/3 forms a complex with cdk6 whose activity
is also required for cell cycle G1/S transition (77). Cyclin
D2 and cyclin D3 are less upregulated in RAW264.7 cells
(less than 2.5-fold at any time) compared with TGEM cells
(9- to 21-fold during 2–12 h; supplementary Table XI).
The net effect of cyclin E1 and cyclin D2/3 appears to inhibit cell cycle progression at G1/S phase in RAW264.7
cells. In contrast, in TGEM cells G1/S phase transition
may be promoted due to strong upregulation of cyclin
D2/3. The replication process-related genes are also differently regulated in the two cell types at later time points.
Mini-chromosome maintenance proteins are highly conserved and are essential for the initiation of eukaryotic genome replication (78). Mini-chromosome maintenance
proteins 2–7 are downregulated in RAW264.7 cells at t (
4 h, suggesting that replication (DNA biosynthesis) is downregulated whereas there is little effect on these genes in
TGEM cells. Further support for reduced DNA replication
in RAW264.7 cells comes from the downregulation of origin recognition complex (ORC) proteins Orc2 and Orc6
which promote the initiation of DNA replication (79).
Consistent with all these transcriptomic changes is the
finding that DNA-level fold-changes with respect to the
control are reduced significantly at 24 h in RAW264.7 cells
[a fold-change of 0.67 (supplementary Fig. V)].

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2013/06/17/jlr.M040212.DC1
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receptors (LXRs), can also regulate cholesterol trafficking through the activation of LXRs, which can induce
Abca1, Abcg1, Abcg5, etc. The gene expression for LXRs
(e.g., Nr1h3) is unchanged to slightly downregulated in
RAW264.7 cells at 24 h (0.8-fold). However, in TGEM
cells it is downregulated until 2 h (0.76-fold at 2 h) and
upregulated at later times (3.2-fold at 8 h), which is also
consistent with the increase in 25-OH-Ch in TGEM cells.
These results are partially consistent with other reports
that TLR4 activation suppresses LXR levels (94, 95). Lss,
a target of LXR, shows a moderate downregulation in
RAW264.7 cells despite the moderate increase in 25OH-Ch, suggesting a negative regulation of Lss by LXRs.
However, in TGEM cells 25-OH-Ch is increased and LXR
is also upregulated but expression levels of Lss are unchanged, possibly suggesting a different mechanism than
in RAW264.7 cells. Beyond the capacity to regulate cholesterol homeostasis in a variety of ways, oxysterols can
also play an important anti-inflammatory role through
the activation of LXRs. In LPS-activated macrophages activated LXRs suppress the induction of a number of inflammatory genes including prostaglandin E synthase
(Ptges), iNOS, IL-6, MCP-1, IL-1$, matrix metalloproteinase 9, and osteopontin (Spp1) (3, 94–99). It is possible
that the dynamics of various oxysterols decide the LXR’s
functional specificities. Correlated with the different oxysterol levels among RAW264.7 and TGEM cells, our
studies also show that some of the LXR targets are regulated differently. For example, matrix metalloproteinase-9 and osteopontin are considerably upregulated in
only RAW264.7 cells (supplementary Table XII). Cox2
is strongly upregulated in RAW264.7 cells (supplementary Table VII) at late time points. Abca1 is upregulated
significantly in only RAW264.7 cells at several times
points whereas it is upregulated in TGEM cells at 8, 12,
and 24 h. The coupling of cholesterol homeostasis and
inflammatory responses through the oxysterol-LXR signaling pathway is particularly relevant in the context of
atherogenesis.

Fig. 6. Changes in the genes and processes related
to mitochondrial metabolism in RAW264.7 and
TGEM cells treated with KLA. The up or down arrows indicate whether the gene (or most of the
genes in the case of a pathway) is upregulated or
downregulated commonly in both cells. For the
genes showing different/unique regulation in the
two cell types, the gene is enclosed in an ellipsoid
and upregulation (red) or downregulation (green)
is indicated in two circles (left circle, RAW264.7
cells; right circle, TGEM cells). Based on a diagram
by Yihua Zhao.
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in RAW264.7 than in TGEM cells, as demonstrated by
the considerable increase in the intermediates lanosterol
and desmosterol in RAW264.7 but not in TGEM cells.
Genes involved in the influx and efflux of cholesterols
are also differently regulated, as stated in the Results section and supplementary Table IX. Overall, the cellular
cholesterol level increases only moderately in either cell
type. The tight regulation of the cholesterol levels can be
owed in part to the fact that it is being produced and
used in several reactions besides being affected by the
influx and efflux through the plasma membrane. Also, the
level of overall cholesterol esters increases in RAW264.7
cells at 12 and 24 h, but does not change much in TGEM
cells.
Cholesterol 25-hydroxylase (Ch25h) and its product
25-hydroxy-cholesterol (25-OH-Ch) are strongly upregulated in TGEM cells at later time points (110-fold at
8 h), but not so strongly in RAW264.7 cells (at most 1.3fold at 4 h). 24,25-Epoxy-cholesterol increases slightly in
RAW264.7 cells but it decreases in TGEM cells at several
time points (0.56-fold at 24 h). Differences can be found
in other oxysterols between the two cells. The levels of
those oxysterols provide negative feedback inhibition to
the cholesterol biosynthesis. Among them, 25-hydroxycholesterol has been known as the most potent suppressor of Hmgcr and Sqle gene transcription in cultured
cells (88–93). This suppressive effect of 25-OH-Ch (more
increase in TGEM cells) on Sqle (more downregulated in
TGEM cells) is clearly observed in our experiments (Fig. 5,
supplementary Table IX) although Hmgcr shows slight
upregulation for either cell type. Partially consistent with
lesser downregulation of Sqle in RAW264.7 cells, more
increase is observed in lanosterol at later time points
( Fig. 5 ). This is despite moderate downregulation of
lanosterol synthase (Lss) in RAW264.7 cells (supplementary Table IX); unmeasured levels of the substrates/
precursors of lanosterol, namely, squalene and squalene2,3-epoxide may account for the apparent mismatch.
Further, oxysterols, as the endogenous ligands of liver X
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Differences between genes related to energy metabolism
in RAW264.7 and TGEM cells
Figure 6 shows a schematic of energy metabolism in the
mitochondria and related processes. Fatty acids (FAs) are
transported inside the cell via the FA transporters (FAT/
CD36). FAT is upregulated in RAW264.7 cells (more than
7-fold at 24 h), but is downregulated in TGEM cells (more
than 2-fold downregulated at 12 and 24 h) (supplementary Table XIII). Inside the cells, FAs are converted into
acyl-CoA through the enzyme acyl-CoA synthases (ACSs).
In our experiments, long-chain ACSs are more strongly
upregulated in TGEM cells than in RAW264.7 cells,
whereas short-chain ACSs are moderately upregulated in
TGEM cells but show mixed response in RAW264.7 cells
(up- and downregulated at different time points). AcylCoA is transported into the mitochondria by the enzymes
carnitine palmitoyltransferase 1a (Cpt1a or CPT-1) and
CPT-2. While CPT-1 is downregulated in both RAW264.7
cells (relatively strongly) and TGEM cells (mildly), CPT-2 is
relatively less downregulated in RAW264.7 cells than in
TGEM cells. Inside the mitochondria, the key processes,
such as $-oxidation which converts longer-chain-length acylCoA into acetyl-CoA (100, 101), TCA cycle (102), and oxidative phosphorylation, are all downregulated in both cell
types. The citrate made in the TCA cycle is transported out
of mitochondria through the mitochondrial citrate transport protein which is moderately upregulated in RAW264.7
cells but generally unchanged in TGEM cells {see Slc25a1
[solute carrier family 25 (mitochondrial carrier, citrate transporter), member 1] in supplementary Table XIII}. Other
important genes involved in FA metabolism, such as malonyl-CoA decarboxylase (Mlycd or MCD), fatty acid synthase
(Fasn or FAS), and FA transporter protein (genes Slc27a1/4
in supplementary Table XIII) are all overall downregulated
in both cell types. FA transporter protein appears to exhibit
mixed response. Other genes, such as ATP citrate lyase
(Acly) and citrate synthase (Cs), are not regulated in either
cell type. Overall, energy metabolism is downregulated in
both cell types, more so in RAW264.7 cells. For RAW264.7
cells, this may contribute in part to less cellular proliferation
and more cell death (supplementary Figs. IV, V).
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