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Abstract Studies have shown that fatty acids ingested into a body can affect the body's inflammatory status. In this study, eight
kinds of fatty acids, which commonly presents in human daily diet, were added into bone marrow derived mouse microphages,
respectively, then the mRNA abundance of the inflammation marker genes was analyzed to unveil the effects of fatty acids on
macrophages inflammation. Results showed that saturated fatty acids, Palmitate acid (PA), Stearic acid (SA), Behenic acid (BA) and
Lignoceric acid (LA), induced upregulation of TNFa, which indicated the macrophage became pro-inflammatory, and the effects of
PA were highest. Unsaturated fatty acids, Palmitoleate acid (PO), Arachidonic acid (ARA), Eicosapentaenoic acid (EPA) and
Docosahexaenoic acid (DHA), induced upregulation of IL10, which indicated the macrophage became anti-inflammatory, and the
effects of DHA were the highest. Furthermore, added unsaturated fatty acids could reduce inflammatory states induced by PA, the
effects of ARA were the most significant, followed by DHA. Western blot showed that the effects of PA, LA, ARA and DHA on
macrophages inflammation were through NF-kB signaling pathway. In summary, saturated fatty acids PA, SA, BA and LA induce
macrophages pro-inflammatory, while unsaturated fatty acid PO, ARA, EPA and DHA can alleviated macrophages inflammatory,
with the best effects of ARA.
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With the development of social economy, the problem of obesity is becoming more and more serious (Saltiel.,
2016). Recent studies have shown that a variety of diseases closely related to obesity are related to chronic
low-grade inflammation (CLI) caused by obesity (Amano et al., 2014). Chronic low-grade inflammatory response
refers to a non-specific, chronic and persistent low-grade inflammatory pathological state. The chronic
inflammatory response of the body is caused by immune cells infiltrating tissues and secreting inflammatory
factors. Macrophages are the main cells that cause chronic low-grade inflammation in the body. Obesity in the
body will cause more macrophages to infiltrate fat, muscle, liver and other tissues, inducing chronic low-grade
inflammation (Amano et al., 2014). Macrophages can be in non-inflammatory state MO in vivo, and under the
stimulation of specific signals, they can be polarized into inflammatory state M1, the expression of tumor necrosis
factor a (TNFa), interleukin 6 (IL6), inducible nitric oxide synthase (iNOS), CXC-motif chemokine ligand 1
(CXCL1) of genes related to inflammatory response increases, or they can be polarized into anti-inflammatory
state M2. The expression of anti inflammatory gene type I arginase (Arginasel, Argl), macrophage galactose-type
lectin2 (Mgl2), interleukin 10 (IL10), mannose receptor gene 1 (Mrcl) increased (Wynn et al., 2013; Van et al.,
2014; Boniakowski et al., 2017).

Various fatty acids in human diet not only serve as nutrients, but also as signal molecules to change the
physiological state of the body. Animal experiments have shown that feeding -3 unsaturated fatty acids (DHA)
to mice can significantly reduce chronic low-grade inflammation and improve insulin sensitivity (Calder, 2017).
In vitro cell experiments showed that when macrophages were exposed to saturated fatty acids, macrophages
could be polarized into M1-like cells, showing inflammation. However, exposure to unsaturated fatty acids causes
macrophages to polarize into M2-like, showing an anti-inflammatory state, mediated by the NF-kB signaling
pathway (Chan et al., 2015; Calder, 2017; Li et al, 2019). NF-xB is an important intracellular nuclear
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transcription factor involved in the expression and regulation of many genes. IkBa can inhibit NF-kB activity, so
its expression level can reflect the activity of this signaling pathway (Zheng et al., 2016). The inflammatory genes
involved in this study were all activated by NF-«B. It can be seen that fatty acids, as signaling substances, have an
important effect on the inflammatory state of the body.

Similar reports have also been reported in China, but most of the studies were conducted using immortalized
macrophage cell lines (Luo et al., 2015). Since the immortalized cell line has been artificially modified, it is
different from the physiological state of macrophages. In this study, macrophages derived from the differentiation
of mouse bone marrow cells were selected for primary culture, and eight fatty acids were studied in order to
clarify their effects on the inflammatory state of macrophages, provide theoretical guidance for the diet of obese
people, and lay a foundation for the molecular nutrition research of fatty acids.

1 Results and Analysis

1.1 Polarization of macrophages derived from murine bone marrow

In the absence of stimulatory factors, macrophages showed irregular morphology (Figure 1A), which was MO type.
Under the combined action of LPS and IFN-y, macrophages became spherical in shape and enlarged in size
(Figure 1B), and the mRNA abundance of iNOS increased by more than 10 000 times (Figure 1D), indicating that
the cells underwent a typical inflammatory response and were polarized into M1 macrophages. Under the action
of IL4, macrophages became elongated and dendritic (Figure 1C), and the mRNA abundance of Argl increased
by more than 15 000 times (Figure 1E), indicating that the cells underwent a typical anti-inflammatory response
and were polarized into M2 macrophages. These results indicate that the bone marrow-derived macrophages used
in this study can respond to external inflammatory signals.
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Figure 1 The morphologies and marker genes expression analysis of polarized macrophages
Note: A-C The morphologies of unpolarized macrophages (MO0), polarized macrophages (M1) and polarized macrophages (M2); D&
E The mRNA abundance of iNOS and Argl in three types of macrophages

1.2 Effects of saturated fatty acids on the inflammatory state of macrophages

After the addition of four saturated fatty acids, the expression levels of iINOS and TNFa were significantly
upregulated (Figure 2A&B). Although the expression level of Argl did not change significantly (Figure 2C), the
expression level of IL10 was significantly decreased (Figure 2D), indicating that the four saturated fatty acids
could cause inflammation in macrophages. It produces M1-like macrophages. However, fatty acids with different
carbon chain lengths had significant differences in the intensity of inflammatory response. Combined with the
mRNA abundance changes of TNFa and IL10, 16-carbon palmitic acid (PA) caused the strongest inflammatory
response. This conclusion was confirmed by enzymolinked immunoassay (ELISA), which measured the amount
of TNFa secreted by M1-like macrophages into the medium (Figure 2E).
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Figure 2 The effects of saturated fatty acids on inflammatory genes expression in mouse macrophages
Note: A-D: The relative mRNA abundance of iNOS, TNFa, Argl and IL10 in macrophages after the administration of saturated fatty;
E: The Elisa analysis of TNFa in macrophages medium after the administration of saturated fatty

1.3 Effects of unsaturated fatty acids on the inflammatory state of macrophages

EPA and DHA caused a significant decrease in iNOS expression, while PO and ARA caused an insignificant
decrease in iNOS expression (Figure 3A). The four unsaturated fatty acids all caused a downregulation of TNFa
expression (Figure 3B), and an up-regulation of anti-inflammation gene Arg/ and IL10 expression (Figure 3C&D).
It can be seen that the four unsaturated fatty acids not only do not cause inflammatory response of macrophages,
but also can cause anti-inflammatory response to varying degrees, resulting in macrophages polarization into
M2-like cells, among which DHA has the most significant effect. The above conclusions were confirmed by the
amount of TNFa secreted by M2-like macrophages into the culture medium by ELISA (Figure 3E).

1.4 The alleviatory effects of unsaturated fatty acids on saturated fatty acid inflammation

In order to determine whether unsaturated fatty acids can relieve the inflammatory state of the body, saturated
fatty acid PA was used in this study to stimulate macrophages. After changing the medium, an unsaturated fatty
acid was added. 48 h later, the expression abundance of inflammatory marker genes iNOS, TNF-o and
anti-inflammatory marker genes Argl and /L10 was analyzed by Real-time PCR. The results showed that the
expression levels of inflammatory marker genes iNOS and TNF-o were significantly decreased (Figure 4A&B),
ARA was significantly decreased, followed by DHA. The expression level of the anti-inflammatory marker gene
Argl was increased (Figure 4C), but only the DHA group showed a significant difference. The expression of the
anti-inflammatory marker gene /L0 was significantly increased (Figure 4D), among which the ARA group had
the largest increase. Both unsaturated fatty acids can relieve the inflammatory response caused by PA, and the
relieving ability is corresponding to the anti-inflammatory response ability caused by unsaturated fatty acids,
among which ARA has the best relieving effect, followed by DHA. The amount of TNFa secreted by
macrophages into the culture medium was measured by ELISA (Figure 4E), which confirmed the above
conclusions.



@ International Journal of Molecular Medical Science 2023, Vol.13, No.1, 1-10
Medsci Publisher® http://medscipublisher.com/index.php/ijjmms

15 1.5

-
o
INOS/ADbt1
o

TNFa/Abt1
a2
o

e
o

Arg1/Abti

& Aal
C D
150
E
32
2
£ :._100
@ E
2
£= g
:
w
=z
=
0

Figure 3 The effects of unsaturated fatty acids on inflammatory genes expression in mouse macrophages
Note: A-D: The relative mRNA abundance of iNOS, TNFa, Argl and IL10 in macrophages after the administration of unsaturated
fatty; E: The Elisa analysis of TNFa in macrophages medium after the administration of unsaturated fatty
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Figure 4 The alleviatory effects of unsaturated fatty acids on macrophages inflammation induced by PA
Note: A-D: The relative mRNA abundance of iNOS, TNFa, Argl and IL10 in macrophages after the administration of fatty acids; E:
The Elisa analysis of TNFa in macrophages medium after the administration of fatty acids
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1.5 Effects of fatty acids on NF-kB signaling pathway

In order to explore how the addition of fatty acids affects the NF-kB signaling pathway, the two saturated fatty
acids PA and LA, which cause the most significant inflammatory reaction, and the two unsaturated fatty acids
ARA and DHA, which have the most significant anti-inflammatory reaction, were selected for Western blot
analysis of their effects on the expression level of IkBa after treatment (Figure 5A). The results showed that
compared with the BSA control group (Figure 5B), PA and LA treatments significantly reduced the expression
level of IxBa, increased the activity of NF-«xB, and activated inflammation-related genes. ARA and DHA
treatments increased the expression of IkBa and inhibited the activity of NF-«kB, which affected the expression of
inflammation-related genes. The results of this study indicated that the effects of four fatty acids on macrophages
were related to the NF-kB signaling pathway.
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Figure 5 The effects of fatty acids on NF-kB signaling pathway
Note: A: Effects of PA, ARA and DHA on the IxBa abundance in macrophages; B: Relative quantification analysis of the western
blot results

2 Discussion

Fatty acids are the most important molecules (nutrients) in the energy supply of all animals, and they are also
synthetic precursors of eicosanoid acids (prostaglandins, hemoxane, and leukotrienes). However, in recent years,
more and more evidence shows that fatty acids are involved in transcriptional regulation of gene expression.
Based on these findings, a breakthrough has been made in the study of the effects of fatty acids on inflammatory
states in animals. DHA has been reported as the object of most studies, from feeding in living animals
(Bascoul-Colombo et al., 2008), to intracellular signaling pathways (Hernandez-Rodas et al., 2017), and the
molecular mechanism of action. DHA is believed to inhibit inflammatory gene-related nuclear transcription factor
NF-«xB and activate anti-inflammatory transcription factor peroxidase proliferator receptor y (PPARY) by altering
the composition of phospholipid fatty acids in cell membranes and disrupting lipid rafts (Calder, 2017). These
studies help to understand the mechanism behind the effects of DHA rich deep-sea fish oil on human health, and
suggest that fatty acids, as signaling molecules, have complex effects on human health.

But the effect of most fatty acids on inflammatory states in animals has not been known. In this study, 8 kinds of
common fatty acids were selected, and macrophages cultured in mouse primary culture were taken as the research
object to analyze the effects of these 8 kinds of fatty acids on the inflammatory state of macrophages, and strive to
find regular conclusions. The 16-carbon saturated fatty acid PA involved is mainly found in tallow oil and palm
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oil, the 18-carbon stearic acid SA is mainly found in animal fat and cocoa butter, the 20-carbon BA is abundant in
soybean oil and sesame oil, and the 22-carbon LA is found in peanut oil, all of which are common fatty acids in
Chinese recipes, but there has been no previous study on its correlation with inflammation. The unsaturated fatty
acids involved in this study, PO, are found in milk fat, fish oil, and algae foods. The health benefits of ARA, EPA
and DHA have been known for a long time and are found in egg yolks and deep-sea fish. In this study, they were
selected as representatives of unsaturated fatty acids and compared with saturated fatty acids to study their effects
on the inflammatory state of macrophages. The results showed that the four saturated fatty acids selected in this
study can cause macrophage inflammatory response, while the unsaturated fatty acids can cause macrophage
anti-inflammatory response, but the amplitude is much smaller than the typical inflammatory/anti-inflammatory
response induced by LPS and IFN-y/IL4. Fatty acid stimulation led to the up-regulation of inflammatory marker
genes iNOS by 40 to 50 times, while LPS and IFN-y stimulation led to the up-regulation of inflammatory marker
genes iNOS by more than 10 000 times. The anti-inflammatory marker Arg/ was upregulated by 4-12 fold by
unsaturated fatty acids, while IL4 was upregulated by more than 15 000 fold. The result is in line with our
expectation. LPS is a thick layer of lipid-like polysaccharide located in the outermost layer of the cell wall of
Gram-negative bacteria (Kim et al., 2016). It stimulates the immune system and triggers an acute inflammatory
response, usually in bacterial infections. When fatty acids enter the body, the stimulation of immune formation is
slow and cumulative. For example, people who eat a high-heat diet for a long time often have a low degree of
chronic inflammation.

In addition, the intensity of inflammatory/anti-inflammatory response induced by different fatty acids was
different under the premise of consistent stimulus concentration. The 16-carbon saturated fatty acid PA caused the
highest intensity of inflammatory response in the four inflammatory/anti-inflammatory marker genes. The
intensity of inflammatory response caused by the other 3 saturated fatty acids was similar, and lower than PA. The
anti-inflammatory effect caused by unsaturated fatty acids, ARA of carbon 20 is the strongest, EPA of carbon 22
and DHA of carbon 24 are similar, and PO of carbon 16 is the weakest. Therefore, there was no significant
correlation between fatty acid-induced inflammatory/anti-inflammatory response and carbon chain length.

In order to compare the protective effect of unsaturated fatty acids on the body in anti-inflammatory response,
saturated fatty acids PA was used to stimulate macrophages to produce inflammatory response, and then
unsaturated fatty acids were added. It was found that all four kinds of unsaturated fatty acids could alleviate the
inflammatory response caused by PA to a certain extent. This remission was correlated with the anti-inflammatory
response induced by unsaturated fatty acids, with ARA having the strongest protective effect, EPA and DHA
having similar effects, and PO having the weakest effect. ARA belongs to the ®-6 polyunsaturated fatty acids,
which are direct precursors to the synthesis of eicosane derivatives such as prostaglandins, thromboxanes and
leukotrienes, and are essential for human health. In addition, ARA has multiple physiological functions, such as
promoting the growth of skeletal muscle (Trappe and Liu., 2013) and being closely associated with Alzheimer's
disease (Schaeffer et al.,, 2009; Amtul et al., 2012). There is no consensus on the effect of ARA on
anti-inflammatory response and on the health care of chronic low-grade inflammatory response. There have been
several reports that when a certain amount of ARA is supplemented daily (between 840 and 2 000 mg) for 50 days,
the inflammatory marker molecules in vivo are not changed (Nelson et al., 1997; Harris et al., 2009). However, a
study at Baylor College of Medicine found that 1 000 mg of ARA supplementation daily for 50 days reduced the
levels of inflammatory marker molecules IL1 and IL6 and increased the levels of anti-inflammatory marker
molecules TNFP in the blood (Ferrucci et al., 2006). The studies show different results, which may have
something to do with the organization, conduct and population. However, in this study, cultured macrophages
were used as materials to confirm the effect of ARA on relieving chronic low-grade inflammatory response. The
-3 fatty acids EPA and DHA have been widely recognized for their role in reducing chronic low-grade
inflammation. However, compared with the two, ARA has a wider range of sources, relatively low price, and has
better application prospects.
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In conclusion, saturated fatty acids selected in this study can cause inflammatory responses of macrophages to
varying degrees, while unsaturated fatty acids can cause anti-inflammatory responses of macrophages. This
suggests that we should try to reduce the intake of saturated fatty acids and moderately increase the intake of
unsaturated fatty acids when choosing food for people suffering from low-grade chronic inflammatory reaction,
which will help alleviate low-grade chronic inflammatory reaction and improve their health.

3 Materials and Methods

3.1 Materials

C57BL/6N mice, male, about 6 weeks old, were purchased from the Genome Resource Center of Cambridges-SU
University and kept in the Laboratory Animal Center (SPF) of Jiaxing University School of Medicine. Eight fatty
acids (Table 1), macrophage colony-stimulating factor (M-CSF) (Sigma Corporation, USA); R/MINI1 640
culture-medium, fetal bovine serum (FBS) and non-essential amino acids (Gibco, USA), B-mercaptoethanol
(Amresco, UK); TNFa Elisa kit, Nanjing Jiancheng Biotechnology Co., LTD.

Table 1 Saturated/unsaturated fatty acids used in this study

Fatty acids Abbreviation Type Carbon chain length
Palmitate acid PA Saturated 16: 0

Stearic acid SA Saturated 18: 0

Behenic acid BA Saturated 22:0

Lignoceric acid LA Saturated 24: 0

Palmitoleate acid PO Unsaturated 16:1

Arachidonic acid ARA Unsaturated 20: 4 (w-6)
Eicosapentaenoic acid EPA Unsaturated 20: 5 (-3)
Docosahexaenoic acid DHA Unsaturated 22: 6 (0-3)

3.2 Isolation and culture of mouse macrophages derived from bone marrow

The mice were killed by cervical vertebra dislocation. Two hind legs were removed. After the muscle was
removed, the leg bones were cut at both the upper and lower positions of the knee joint, and the bone marrow cells
were collected by centrifugation at a temperature of 12 000 r/min at 4°C for 10 s. The leg bones were discarded
and 1 mL of R/MINI1 640 medium preheated at 37°C was added to the precipitate. The precipitate was suspended,
the massive tissue was removed, and then centrifuged again at 12 000 r/min at 4°C. The supernatant was
abandoned and re-suspended precipitated with R/MINI1 640 medium (10% FBS, 1% non-essential amino acids,
0.5% B-mercaptoethanol), counted, and inoculated into six-well plates with about 1x106 cells per well. After
adherent for 2 h, the medium was changed and R/MINI1 640 complete medium was added with macrophage
colony stimulating factor (M-CSF, 50 ng/mL). The medium was cultured in an incubator with 5% CO,, saturated
humidity and 37°C every 3 days. After 7 days, the cell morphology was observed under laser focusing
microscope.

3.3 Polarization of macrophages

Macrophages were divided into three groups. The first group did not add any reagent, the second group added
stimulatory factor LPS (50 pg/mL) and IFN-y (5 ng/mL), and the third group added stimulatory factor IL4(10
ng/mL). The macrophages were cultured in 5% COa, saturated humidity and 37°C for 2 days. Cytoskeleton was
stained with Phalloidin and cell morphology was observed under laser confocal microscope.

3.4 Stimulating macrophages with fatty acids

Macrophages were uniformly inoculated into culture dishes with a cell density of 70-80%. Eight kinds of fatty
acids (0.5 mmol /L) were added to macrophages, respectively. With BSA as the control, the cells were collected
after 2 days of culture in 5% CO; incubator at 37°C.
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3.5 Detecting inflammatory response marker genes by Real-time PCR

Total RNA was extracted by Trizol method and cDNA was synthesized by SuperScript II. The Real-time PCR
reaction procedure was as follows: 95°C predenaturation for 20 s, 95°C denaturation for 1 s, 60°C extension for
20 s, 40 cycles, 72°C 10 min. With Abtl as the reference gene, A A Ct calculated that the target gene was
relatively rich in expression. The Real-time PCR primers were synthesized by Sangon Biotech (Shanghai) Co.,
Ltd. (Table 2).

Table 2 Primers used for real-time quantitative PCR analysis

Primer Sequences 5° —3’

INOS-F GTGTTCCACCAGGAGATGTTG
INOS-R CTCCTGCCCACTGAGTTCGTC
TNFo-F CTTCTCATTCCTGCTTGTGG
TNFa-R GGTCTGGGCCATAGAACTGA
ARG-F CTCCAAGCCAAAGTCCTTAGAG
ARG-R AGGAGCTGTCATTAGGGACATC
IL10-F TGCCCAGAAATCAAGGAGG
IL10-R CAGCAGACTCAATACACACT
Abt1-F CCCCTTCCGTTATGACCTGTG
Abtl-R TGTTGTCCCTGTTCTACGTTTCG

3.6 The changes of IkBa detected by Western blot

When the cell density was appropriate, the cell medium was removed, and the cells were washed twice with cold
PBS. After adding an appropriate amount of RIPA lysate, the culture plate was placed in the ice domain, the cells
were scraped off, centrifuged at 4°C at 13 000 r/min for 6 min, the supernatant was absorbed into 1.5 mL
enzyme-free centrifuge tube, the protein loading buffer was added, mixed and boiled for 10 min for denaturation.
Take supernatant for quantification. The denatured proteins were subjected to 10% SDS-PAGE electrophoresis.
The protein was transferred to 0.45 pm PVDF membrane, sealed with 5% skim milk powder and shaker at 37°C
for 60 min. The primary antibody (IkBa and Actininl) was incubated overnight at 4°C, washed three times with
TBST for 5 min each time, and the secondary antibody was added and incubated in the shaker at room
temperature for 1 h, washed three times with TBST for 5 min each time. After being developed by the developer,
the gel imaging system takes photos and analyzes the gray value of each band.

3.7 The secretion of TNFa detected by Elisa

The secretion of TNFa was detected according to the instructions of Elisa kit. The description is as follows: add
50 pL standard diluent to each well (not to blank well), then add 50uL biotin antigen working solution, mix gently,
seal the film, and incubate at 37°C for 30 min. Remove the membrane, discard the liquid, add 300uL washing
solution, stand for 30 s, then discard the liquid, repeat 5 times, add 50 uL avidin-HRP, mix, incubate at 37°C for
30 min. Repeat the washing process. Add 50 pL color developing agent A, then add 50 pL color developing agent
B, mix well, and develop color at 37°C for 10 min away from light. The reaction was terminated by adding 50 pL
termination solution to each well. The absorbance (OD value) was measured at 450 nm wavelength with blank
hole zeroing. The standard curve was drawn with logistic curve model in ELISAcalc software. Use the same
method to measure the absorbance of the sample and calculate the corresponding concentration.

3.8 Stimulating PA-stimulated macrophages with unsaturated fatty acids

PA was added to macrophages and cultured in a 5% CO?2 incubator at 37°C. After 2 days of culture, the cell status
was observed. Fresh medium was changed and 4 kinds of unsaturated fatty acids were added. As control, Bsas
were cultured in an incubator with 5% CO», saturated humidity and 37°C. After 2 days, the cells were collected
and the expression level of marker genes was verified by Real-time PCR.
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3.9 Statistical analysis of data
The experiment was repeated three times and the results were represented by SEM. SPSS17.0 software was used
for descriptive analysis and t test analysis, and the test level 0=0.05 (Mean+SEM, n=3; *: P<0.05; **: P<0.01).
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