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ABSTRACT Neutrophils are the most abundant circulating leukocytes in humans
and are essential for the defense against invading pathogens. Like many other cells
of an organism, neutrophils can be highly influenced by the diet. We have previ-
ously described that mice fed a high-fat diet rich in polyunsaturated fatty acids
(HFD-P) present a higher frequency of neutrophils in bone marrow than mice fed a
high-fat diet rich in saturated fatty acids (HFD-S). Interestingly, such an increase cor-
related with improved survival against bacterium-induced sepsis. In this study, we
aimed to investigate the effects of dietary polyunsaturated and saturated fatty acids
on neutrophil homeostasis. We found that HFD-P specifically induced the accumula-
tion of neutrophils in the marginal pools of the spleen and liver. The accumulation
of neutrophils in the spleen was a result of a dual effect of polyunsaturated fatty ac-
ids on neutrophil homeostasis. First, polyunsaturated fatty acids enhanced the re-
cruitment of neutrophils from the circulation into the spleen via chemokine secre-
tion. Second, they delayed neutrophil cell death in the spleen. Interestingly, these
effects were not observed in mice fed a diet rich in saturated fatty acids, suggesting
that the type of fat rather than the amount of fat mediates the alterations in neutro-
phil homeostasis. In conclusion, our results show that dietary polyunsaturated fatty
acids have a strong modulatory effect on neutrophil homeostasis that may have fu-
ture clinical applications.
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Neutrophils are the most abundant circulating leukocytes in humans and constitute
the first cellular line of defense against invading pathogens (1). Their importance

is exemplified in patients with neutrophil deficit caused either by diseases, such as
congenital neutropenia, or by therapy-induced side effects. These neutropenic patients
are highly susceptible to infections by fungal and bacterial pathogens (2, 3).

Neutrophils are rapidly recruited to the site of infection. Once there, they destroy
invading microorganisms by direct phagocytosis and through the secretion of special-
ized antimicrobial molecules (4). However, excessive or prolonged neutrophil activation
results in chronic inflammation and collateral damage of host tissues. Neutrophil-
induced tissue damage is often observed in diseases such as acute respiratory distress
syndrome (5) and arthritis (6). Thus, regulation of neutrophil activation and homeostasis
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is essential for the balance between the elimination of invading microorganisms and
self-damage.

Under homeostatic conditions, neutrophils are produced in the bone marrow from
precursor cells via granulocyte colony-stimulating factor (G-CSF)- and granulocyte-
macrophage colony-stimulating factor (GM-CSF)-induced granulopoiesis (7, 8). Large
quantities of newly synthesized neutrophils rest inside the bone marrow until they are
released into the circulation and toward specific organs. Marginal pools of neutrophils
can be found in the spleen and the liver (9). The migration of neutrophils from the bone
marrow is induced by the C-X-C motif chemokine receptor 2 (CXCR2) and its ligands,
whereas the retention of neutrophils in the bone marrow is mediated by the binding
of the C-X-C motif chemokine receptor 4 (CXCR4) to its ligand C-X-C motif chemokine
ligand 12 (CXCL12) (1). In mice, four ligands for CXCR2 have been characterized to
date: keratinocyte chemoattractant/C-X-C motif chemokine ligand 1 (KC/CXCL1), mac-
rophage inflammatory protein 2/C-X-C motif chemokine ligand 2 (MIP-2/CXCL2),
lipopolysaccharide-induced CXC chemokine/C-X-C motif chemokine ligand 5 (LIX/
CXCL5), and lungkine (10). Increased CXCR4 expression has also been found in aged
neutrophils, promoting their homing back to the bone marrow for elimination (11, 12).
G-CSF interaction with the neutrophil G-CSF receptor (G-CSFR) also contributes to the
induction of neutrophil release from the bone marrow into the circulation (13).

Upon immunological stress, such as an infection, neutrophils are quickly recruited
from the bloodstream to the site of inflammation by signals secreted by injured or
infected cells (14). These signals vary in nature and range from lipid mediators to
chemokines. Neutrophils express a great variety of receptors that sense and integrate
signals from damaged tissues (15).

Due to their potential inflammatory properties, an appropriate number of circulating
and tissue neutrophils must be maintained through the balance between their pro-
duction and release from the bone marrow and their destruction in three main organs:
the spleen, the liver, and the bone marrow itself (14). Aged or damaged neutrophils are
detected, phagocytosed, and eliminated by tissue-resident macrophages (16). Interest-
ingly, recent studies suggest that the spleen may serve as a reservoir of neutrophils and
that this cell type exerts important immunomodulatory functions in the spleen (17, 18).
Splenic neutrophils induce the differentiation of naive T cells into inflammatory Th1
cells by the secretion of cytokines, such as interleukin-12 (IL-12) (17). Moreover,
neutrophils perform antigen presentation to B cells from the spleen marginal zone (18).

In previous studies, we demonstrated how a diet rich in polyunsaturated fatty acids
increases survival against Staphylococcus aureus infection as well as the frequency of
neutrophils in the bone marrow and blood (19). However, the effects of dietary fatty
acids on neutrophil homeostasis still remain largely unknown. Hence, this study aims to
further investigate the impact of dietary polyunsaturated and saturated fatty acids on
neutrophil homeostasis.

RESULTS
Dietary polyunsaturated fatty acids (PUFA) increase spleen size. In the course of

our investigations, we observed that mice fed a high-fat diet rich in polyunsaturated
fatty acids (HFD-P) for 4 weeks had significantly larger spleens (Fig. 1A) than mice fed
a high-fat diet rich in saturated fatty acids (HFD-S) (P � 0.001) and a low-fat diet (LFD)
(P � 0.0001). After 4 weeks of feeding, mice fed HFD-S had 25% more body weight than
mice fed LFD. Mice fed HFD-P (containing the same caloric density as HFD-S) had the
same body weight as mice fed LFD (Fig. 1B). Therefore, alterations of body weight
caused by the diets do not reflect changes in spleen size. The spleen weight normalized
to body weight still showed enlarged spleens in HFD-P-fed mice compared with HFD-S-
and LFD-fed mice (Fig. 1C; P � 0.0001) after 4 weeks of diet. After 8 weeks, however,
both high-fat diets increased body weight, as we have previously shown (19), but they
did it to different extents. Whereas mice fed HFD-S had 40% more body weight than
mice fed LFD, mice fed HFD-P had only 15% more body weight than mice fed LFD after
8 weeks of diet. Spleen size normalized to body weight still reflected enlarged spleens
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in HFD-P-fed mice compared to mice fed the other diets (see Fig. S1A and B in the
supplemental material).

We have previously reported that mice fed HFD-S have an increased liver size
compared with mice fed LFD and HFD-P after 8 weeks of diet (20). However, after 4
weeks of diet, the size of the liver was not altered by either HFD-S or HFD-P (Fig. 1D and
E). The size of the thymus remained unaltered by the diets after 4 weeks (Fig. 1F),
although HFD-S-fed mice had a decreased thymus weight/body weight ratio compared
with LFD-fed mice (Fig. 1G). No differences in thymus size were observed between the
different groups after 8 weeks of diet (Fig. S1C and D).

PUFA promote accumulation of innate immune cells in the spleen. Along with
spleen enlargement, an increase in the total number of spleen cells was observed in the
spleens from mice fed HFD-P (Fig. 2A) compared with that in the spleens from mice fed
HFD-S (P � 0.0001) and LFD (P � 0.0001).

We have previously shown that feeding mice HFD-P induces the accumulation of
neutrophils in the bone marrow and increases the frequency of circulating neutrophils
(19). These results prompted us to perform neutrophil quantification in the spleens of
mice fed the different diets.

Live neutrophils (7-aminoactinomycin D [7-AAD]-negative [7-AAD�] Ly6G-positive
[Ly6G�] cells) in the spleens of mice were quantified using flow cytometry after 4 weeks
of feeding of LFD, HFD-S, or HFD-P. A 7-fold increase in the number of neutrophils was
found in the spleens from mice fed HFD-P (Fig. 2B) compared with those from mice fed
LFD (P � 0.001) and HFD-S (P � 0.001). This effect persisted when the diets were
prolonged for 8 weeks (Fig. S2A). No changes in the number of neutrophils in the livers
of mice fed LFD, HFD-S, and HFD-P for 4 weeks were found (Fig. S2B). However, a
significant increase in neutrophil frequency was found in the livers of mice fed HFD-P
(P � 0.001) compared with the livers of mice fed the other two diets after 8 weeks of
feeding (Fig. S2C).

Multiple types of immune cells from both the innate and the adaptive immune
systems converge in the spleen. To clarify whether the increased frequency of neutro-
phils in mice fed HFD-P was a cell-specific effect or a general activation of the immune
system, we also quantified by flow cytometry the number of macrophages/monocytes
(7-AAD� F4/80�), CD4 T cells (7-AAD� CD4�), CD8 T cells (7-AAD� CD8�), and B cells
(7-AAD� CD19�) in the spleens of mice fed the different diets. We chose to perform our

FIG 1 A high-fat diet rich in polyunsaturated fatty acids (HFD-P) increases spleen size. The spleen weight (A), body weight (B), spleen weight normalized to body
weight (C), liver weight (D), liver weight normalized to body weight (E), thymus weight (F), and thymus weight normalized to body weight (G) in mice fed LFD,
HFD-S, and HFD-P for 4 weeks are shown. Data are for 27 mice per group for panels A, B, and C; 6 mice per group for panels D and E; and 10 mice per group
for panels F and G. For panels A and C, data from two different experiments were pooled and the results are shown as the estimated marginal means � SEM.
For panels B, D, E, F, and G, the data are shown as the mean � SEM. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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analysis after 4 weeks of diet since that time was enough to induce the increase in
spleen size and the accumulation of neutrophils in the HFD-P-fed mice. Our analysis
revealed that mice fed HFD-P induced a 3-fold increase in the number of splenic
macrophages (Fig. 2C) compared with the number in mice fed HFD-S (P � 0.001) and
LFD (P � 0.001). In contrast, there was no effect on the numbers of CD4 (P � 0.05) and
CD8 (P � 0.01 and P � 0.001) T cells (Fig. 2D and E, respectively) and of B cells (Fig. 2F)
in the spleens from mice fed HFD-P compared with those in the spleens from mice fed
the other two diets. Since the spleens from HFD-P-fed mice had a higher total number
of cells than spleens from mice fed LFD and HFD-S, we also calculated the percentages
of splenic neutrophils, macrophages, CD4 T cells, CD8 T cells, and B cells (Fig. S2D to H).
After this normalization, the spleens of mice fed HFD-P still presented higher percent-
ages of both neutrophils and macrophages, whereas the percentages of CD4 and CD8
T cells were decreased in the spleens of HFD-P-fed mice, likely caused by the increase
in the percentage of macrophages and neutrophils (Fig. S2F and G). These results
indicate that the addition of PUFA into the high-fat diet (HFD) specifically increases the
splenic frequencies of innate immune cells, with a more pronounced effect on neutro-
phils.

The accumulation of neutrophils in the spleens of HFD-P-fed mice was further
confirmed by immunofluorescence analysis after 4 weeks of diet (Fig. 2G and H). We
observed that splenic neutrophils localized exclusively in the red pulp at the perimar-
ginal zone (peri-MZ) (Fig. 2G). The same distribution was found by immunohistochem-
istry analysis in mice fed HFD-P and in mice fed LFD and HFD-S for 8 weeks (Fig. S2I).
In the liver, neutrophils were found to be distributed evenly throughout the tissue (Fig.
S2J).

To test whether the increase in spleen size in mice fed HFD-P was associated with
the increased infiltration of neutrophils, we treated mice fed HFD-P with antibodies

FIG 2 Dietary polyunsaturated fatty acids (PUFA) promote accumulation of innate immune cells in the spleen. (A) Quantification of the total number of cells
in the spleens of mice fed LFD, HFD-S, and HFD-P for 4 weeks. Data are for 17 mice per group. (B to F) Quantification of neutrophils (B), macrophages (C), CD4
T cells (D), CD8 T cells (E), and B cells (F) in the spleens of mice fed the different diets for 4 weeks. Data are for 10 mice per group. (G) Immunofluorescence
staining of spleen neutrophils (red) in mice fed the different diets for 4 weeks. Nuclei were stained with DAPI (blue). Asterisks mark the perimarginal zone. (H)
Quantification of immunofluorescence staining of spleen neutrophils normalized per area. Data are for 10 mice per group. (I and J) Frequency of spleen
neutrophils (I) and spleen weight (J) in mice fed HFD-P upon treatment with anti-G-CSF antibody or an isotype control. Data are for 10 mice per group. For
panels A to F, I, and J, data from two different experiments were pooled and the results are shown as the estimated marginal means � SEM. For the rest of
the panels, data are shown as the mean � SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.001.
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directed against G-CSF in order to deplete neutrophils. The anti-G-CSF treatment
effectively reduced (P � 0.001) the frequency of splenic and blood neutrophils to the
level observed in mice fed LFD (Fig. 2I and Fig. S2K, respectively). More importantly, the
treatment partially rescued the increase in spleen size (P � 0.01) in mice fed HFD-P
compared with the size of the spleens from mice fed the same diet but treated with an
isotype control (Fig. 2J).

The increased frequency of splenic neutrophils upon HFD-P is not caused by
higher levels of G-CSF or GM-CSF. We have previously shown that mice fed HFD-P
present a modest increase in the frequency of bone marrow precursors compared with
mice fed HFD-S after 8 weeks of diet (19). However, this difference seems to be
insufficient to explain the 7-fold increase in splenic neutrophil numbers found in mice
fed HFD-P. Therefore, we hypothesized that such an effect may be driven by increased
stimulation of the differentiation of precursor cells into mature neutrophils. To test this
hypothesis, we analyzed the levels of G-CSF and GM-CSF in the bone marrow, serum,
and spleen.

We observed no significant differences in the amounts of G-CSF and GM-CSF in the
bone marrow from mice fed the different diets for 8 weeks (Fig. 3A and B, respectively),
indicating that mice fed HFD-P do not have enhanced stimulation of the differentiation
of precursor cells into neutrophils in the bone marrow. Also, no differences in the levels
of G-CSF in the serum from mice fed the different diets for 4 weeks were found (Fig. 3C).
We found higher levels of serum GM-CSF in mice fed HFD-S than in mice fed LFD and
HFD-P. However, HFD-P-fed mice did not have altered levels of serum GM-CSF (Fig. 3D).
Finally, we quantified the G-CSF and GM-CSF concentrations in the spleens of mice fed
the different diets for 4 weeks. The G-CSF concentration in the spleen was not altered
by any of the diets (Fig. 3E). However, mice fed HFD-P had a significantly lower
concentration of GM-CSF (normalized to the number of micrograms of protein) than
mice fed LFD (P � 0.001) or HFD-S (P � 0.05), whereas mice fed HFD-S presented an
intermediate GM-CSF concentration in the spleen (Fig. 3F). Therefore, the accumulation
of neutrophils in the spleens of mice fed HFD-P cannot be explained by the increased
levels of G-CSF or GM-CSF in the bone marrow, spleen, or serum.

HFD-P induced the secretion of chemoattractant molecules to recruit neutro-
phils into the spleen. Bone marrow-differentiated neutrophils migrate to the liver and
spleen in a process regulated by chemotaxis. Egression of neutrophils from the bone

FIG 3 The increased frequency of splenic neutrophils upon HFD-P is not caused by higher levels of G-CSF or GM-CSF. (A and B) Quantification of G-CSF protein
(A) and GM-CSF protein (B) in bone marrow from mice fed LFD, HFD-S, and HFD-P for 8 weeks. Data are for 16 mice per group. (C and D) Quantification of G-CSF
protein (C) and GM-CSF protein (D) in serum from mice fed LFD, HFD-S, and HFD-P for 4 weeks. Data are for 8 to 10 mice per group. (E and F) Quantification
of G-CSF protein (E) and GM-CSF protein (F) in the spleens from mice fed LFD, HFD-S, and HFD-P for 4 weeks. Data are for 10 mice per group. Data are shown
as the mean � SEM. *, P � 0.05; ****, P � 0.0001.
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marrow is controlled by the ligand-mediated activation of the neutrophil receptor
CXCR2 (7). Senescent neutrophils from the circulation that home back to the bone
marrow for destruction present increased expression of the surface receptor CXCR4 (7).
We analyzed the surface expression of CXCR2 and CXCR4 by bone marrow neutrophils
to assess whether HFD-P may alter chemokine-chemokine receptor activation through
the regulation of chemokine receptor expression and, therefore, promote the localiza-
tion of neutrophils in the marginal pool.

Although mice fed HFD-P presented a frequency of CXCR2-positive neutrophils in
the bone marrow similar to that in mice fed LFD or HFD-S (Fig. 4A), the surface
expression of CXCR2 by bone marrow neutrophils from mice fed HFD-P was reduced,
as indicated by the mean fluorescence intensity (MFI) (Fig. 4B), in comparison with its
expression by bone marrow neutrophils from mice fed LFD (P � 0.001) or HFD-S
(P � 0.001). Bone marrow from mice fed HFD-P contained fewer CXCR4-positive neu-
trophils (Fig. 4C) than bone marrow from mice fed LFD (P � 0.05). Additionally, bone
marrow neutrophils in mice fed HFD-P expressed less surface CXCR4 (Fig. 4D) than
bone marrow neutrophils from mice fed LFD (P � 0.05) and HFD-S (P � 0.05). These
data suggest that neutrophil egression from the bone marrow may not be induced in

FIG 4 HFD-P induces the secretion of chemoattractant molecules to recruit neutrophils into the spleen. (A to D) Quantification of the percentage of CXCR2�

neutrophils (A), the CXCR2 mean fluorescence intensity (MFI) of neutrophils (B), the percentage of CXCR4� neutrophils (C) and the CXCR4 MFI of neutrophils
(D) in the bone marrow of mice fed LFD, HFD-S, and HFD-P for 8 weeks. Data are for 10 mice per group. (E to H) Quantification of the percentage of CXCR2�

neutrophils (E), the CXCR2 MFI of neutrophils (F), the percentage of CXCR4� neutrophils (G), and the CXCR4 MFI of neutrophils (H) in the spleens of mice fed
LFD, HFD-S, and HFD-P for 4 weeks. Data are for 10 mice per group. (I to K) Gene expression of CXCL2 (I), CXCL5 (J), and CXCL1 (K) in the spleens of mice fed
LFD, HFD-S, and HFD-P for 8 weeks normalized to actin expression. Data are for 4 mice. (L and M) Heat map representation of the chemokine and cytokine
secretion profile in the spleen (L) and serum (M) of mice fed LFD, HFD-S, and HFD-P for 4 weeks (P � 0.05). Data are for 7 to 9 mice per group. Data are shown
as the mean � SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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mice fed HFD-P, although the diet could prevent neutrophil homing in the bone
marrow to a certain extent by reducing the expression of CXCR4.

Next, we analyzed by flow cytometry the expression of CXCR2 and CXCR4 on the
surface of neutrophils from the spleens of mice fed the different diets for 4 weeks. We
found that the diets did not alter the percentage of CXCR2-positive neutrophils in the
spleen (Fig. 4E). However, HFD-P increased the expression of CXCR2 on the surface of
spleen neutrophils compared with LFD (P � 0.001) and HFD-S (P � 0.01) (Fig. 4F). The
percentage of CXCR4-positive neutrophils and the expression of surface CXCR4 by
splenic neutrophils were not affected by the diets (Fig. 4G and H).

We have previously reported the results of a complete microarray analysis of several
tissues, including the spleen, from mice fed LFD, HFD-S, and HFD-P (20). When
extracting gene expression data corresponding to chemokines or chemokine receptors
from that analysis (20), we found no differences in the expression levels of CXCR2 in the
spleens from mice fed LFD, HFD-S, and HFD-P (Fig. S3A). However, the mRNA expres-
sion of the chemoattractant molecules for neutrophils MIP-2/CXCL2 and LIX/CXCL5
(both CXCR2 ligands) was found to be significantly higher in the spleens from mice fed
HFD-P than in the spleens from mice fed the other two diets (Fig. 4I and J, respectively;
P � 0.05). Our microarray analysis detected KC/CXCL1 as well, but none of the diets
altered its expression (Fig. 4K).

We next analyzed the protein concentration of secreted chemokines and cytokines
in the spleens of mice fed the different diets. Our analysis included the simultaneous
quantification of 33 chemokines and cytokines, including KC/CXCL1, MIP-2/CXCL2, and
LIX/CXCL5. We found that the concentrations of 23 out of 33 cytokines/chemokines
were significantly altered in the spleen by the diets with a P value of �0.05 (Fig. 4L).
Interestingly, as shown in the heat map representation, HFD-P was found to be the diet
altering the cytokine/chemokine profile in the spleen. Moreover, LIX/CXCL5 and MIP-
2/CXCL2 were found among the 7 cytokines/chemokines whose concentrations were
exclusively increased (P � 0.05) in the spleens from mice fed HFD-P. KC/CXCL1 was
found at a very low concentration in the spleen, and its concentration was not altered
by any of the diets (data not shown). Mice fed HFD-P also showed increased splenic
concentrations of the chemokines C-C motif chemokine ligand 3 (CCL3)/MIP-1�,
CXCL12, CXCL16, and RANTES and of the cytokine IL-16. In contrast, the concentration
of chemokines specific for the recruitment of other immune cells and most of the
cytokines was reduced in the spleens from mice fed HFD-P.

When the same analysis was applied to serum samples from mice fed the different
diets, the result did not resemble our observations for the spleen (Fig. 4M). Of the 33
cytokines/chemokines analyzed, the concentrations of 22 were significantly altered by
the diets (P � 0.05). However, in serum, both HFD exerted the same increase in
cytokine/chemokine concentrations compared to those in mice fed LFD. These obser-
vations suggest that the high concentrations of MIP-2/CXCL2 and LIX/CXCL5 observed
in the spleens of HFD-P-fed mice result from local production.

Our data therefore suggest a specific and exclusive enhancement of the recruitment
of neutrophils from the circulation into the spleen induced by HFD-P.

Dietary PUFA delays neutrophil cell death in the spleen. An ultimate factor that
could lead to the HFD-P-induced accumulation of neutrophils in the spleen is cell
death. Therefore, we next analyzed by flow cytometry the percentage of apoptotic and
dead neutrophils using the markers annexin V and 7-AAD. The percentages of early
apoptotic and late apoptotic/necrotic neutrophils in the blood and in the spleens of
mice fed the different diets were quantified. None of the diets exerted significant
changes in the frequency of circulating early apoptotic neutrophils at either the
moment of sample extraction (Fig. 5A) or 16 h after sample extraction (Fig. 5B), nor did
the diets alter the frequency of late apoptotic/necrotic neutrophils in blood at any of
the time points analyzed (Fig. 5C and D).

The same frequency of early apoptotic neutrophils was found in the spleens of mice
fed HFD-P and those of mice fed LFD or HFD-S (Fig. 5E) when analyzed at the time of
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sample extraction. However, at 16 h after extraction, mice fed HFD-P were found to
have a significantly lower frequency of early apoptotic spleen neutrophils (Fig. 5F) than
mice fed HFD-S (P � 0.01) and LFD (P � 0.01). Mice fed HFD-P had a decreased
frequency of late apoptotic/necrotic spleen neutrophils after sample extraction (Fig. 5G)
and after 16 h (Fig. 5H) compared with mice fed HFD-S (P � 0.01) and LFD (P � 0.05).

The presence of phosphatidylserine in the external surface of the cellular membrane
of neutrophils (here detected by annexin V staining) serves as one of the signals that
promote their phagocytosis by macrophages (21). On the other hand, cells block being
phagocytized by macrophages by expressing CD47 on their surface (22). We found that
neutrophils from the spleens of mice fed HFD-P had increased surface expression of
CD47 compared to neutrophils from the spleens of mice fed LFD or HFD-S (Fig. 5I).

Therefore, our results suggest that HFD-P induces an antiapoptotic environment in
the spleen, contributing to the prolonged survival of spleen neutrophils.

DISCUSSION
Neutrophil homeostasis is altered by the addition of polyunsaturated fatty

acids to HFD and not by the increase in dietary fat. In the present study, we
investigated the effects of high-fat diets rich in saturated or polyunsaturated fatty acids
on neutrophil homeostasis under noninflammatory conditions. We performed different
analyses with bone marrow, blood, liver, and spleen. Interestingly, we found that most
of the alterations in neutrophil homeostasis induced by the high-fat diets occurred in
the spleen and not in the other tissues. Moreover, these alterations were mainly caused
by HFD-P, whereas the neutrophil homeostasis in the spleens of HFD-S-fed mice was
comparable to that in LFD-fed mice for most of the parameters analyzed. This suggests
that such alterations were caused by the addition of PUFA into the diet and not by the
increase in fat content, since both HFD-S and HFD-P contain the same percentage of fat.

This pattern is in accordance with the findings of our previous microarray analysis
performed in the spleen, bone marrow, skeletal muscle, white adipose tissue, and
brown adipose tissue from mice fed LFD, HFD-S, or HFD-P (20). In such an analysis, bone
marrow and skeletal muscle were relatively unchanged by the diets, whereas both
white and brown adipose tissues were similarly affected by HFD-S and HFD-P. However,
changes in the spleen transcriptomic profile were exerted exclusively by HFD-P, in line
with our observations presented in this study.

Neutrophil accumulation in the spleens of mice fed HFD-P results in spleen
enlargement. We found that mice fed a diet rich in PUFA had an increased frequency

FIG 5 Dietary PUFA delays neutrophil cell death in the spleen. (A and B) Percentage of early apoptotic neutrophils in blood analyzed immediately after sample
extraction (A) and 16 h after sample extraction (B). (C and D) Percentage of late apoptotic and necrotic neutrophils in blood analyzed immediately after sample
extraction (C) and 16 h after sample extraction (D). (E and F) Percentage of early apoptotic neutrophils in the spleen analyzed immediately after
sample extraction (E) and 16 h after sample extraction (F). (G and H) Percentage of late apoptotic and necrotic neutrophils in spleen analyzed immediately after
sample extraction (G) and 16 h after sample extraction (H). Mice were fed LFD, HFD-S, and HFD-P for 8 weeks (blood) or 4 weeks (spleen). (I) Quantification of
CD47� neutrophils in the spleens of mice fed the different diets for 4 weeks. Data are for 20 mice per group for panels A and C; 10 mice per group for panels
B, D, and I; and 20 to 25 mice per group for panels E, F, G, and H. Data are shown as the mean � SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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of neutrophils in the spleen and the liver, suggesting a general increase in neutrophil
frequency in the marginal pool organs. Spleen neutrophils were located in the peri-
marginal zone (peri-MZ) of the red pulp surrounding the white pulp. Recently, it has
been shown that neutrophils colonize the peri-MZ both under inflammatory conditions
and in the absence of infection or other inflammatory stimuli (18). This location is
fundamental for neutrophil-mediated antigenic presentation to B cells in the spleen.
This indicates that the increase in neutrophils induced by HFD-P could be a mechanism
to enhance antigenic presentation to B cells.

Feeding mice HFD-P induced an enlargement of the spleen, but this effect was not
extended to other organs where marginal pool neutrophils accumulate (liver), nor was
it a general effect on immune organs, since the thymus size also remained unaltered.
Additionally, the increase in spleen size was not caused by a proportional increase in
overall body weight, since mice fed HFD-P have a lower body weight than mice fed
HFD-S (19). HFD-P-induced spleen enlargement correlated with an increase in spleen
cellularity. Spleens from mice fed HFD-P contained approximately 75 million more cells
than those from mice fed LFD or HFD-S. However, the increase in the numbers of
neutrophils could account for only approximately 30% of the increase in spleen
cellularity. We found that the number of macrophages in the spleens from mice fed
HFD-P was also significantly higher than that in the spleens from mice fed the other
diets, which accounted for most of the remaining spleen hypercellularity in mice fed
HFD-P. However, we cannot exclude the possibility that the frequency of other splenic
cell types not included in our analysis may also be increased by HFD-P.

Spleen enlargement and hypercellularity have previously been linked to increased
numbers of neutrophils in the bone marrow, blood, peritoneum, and spleen in a mouse
model lacking macrophages in the splenic marginal zone, the bone marrow, and the
peritoneum (16). In that context, treatment of mice with a neutralizing antibody against
G-CSF effectively restored both neutrophil accumulation and the spleen size to basal
levels. In agreement with the results described above, we found that treatment of mice
with anti-G-CSF antibody produced a splenic neutrophil frequency in HFD-P-fed mice
comparable to that in mice fed LFD. However, a complete rescue of the spleen size was
not obtained, suggesting that other factors, such as the increase in spleen macrophage
frequency, contribute to spleen enlargement in mice fed HFD-P. The simultaneous
depletion of both spleen neutrophils and macrophages should be performed to test
this hypothesis.

The effect of dietary PUFA on the spleen immune populations was specific for cells
of the innate branch, as we found the total number of CD4� and CD8� T cells and B
cells to be unaltered by the PUFA-rich diet. The relative frequencies of these popula-
tions were slightly reduced by HFD-P, which was likely a consequence of the increase
in neutrophils and macrophages rather than a reduction of the total level of CD4� and
CD8� T cells and B cells in mice fed HFD-P. Of note, the fact that HFD-P did not alter
the number of T cells and B cells in the spleen suggests that the observed spleen
enlargement was not caused by an autoimmune disorder.

No effect of PUFA on the differentiation of cells from the bone marrow into
neutrophils. In order to explain the accumulation of neutrophils in the spleen caused
by HFD-P, we studied the levels of G-CSF and GM-CSF in the bone marrow, blood, and
spleen as a readout for granulopoiesis. G-CSF and GM-CSF production in the bone
marrow and G-CSF levels in serum were unaltered by the diets. Although we have
previously shown an increased frequency of precursor cells in the bone marrow of mice
fed HFD-P (19), it seems insufficient to explain the 7-fold increase in the absolute
number of neutrophils in the spleens of those mice, even with the same concentration
of G-CSF. Local spleen granulopoiesis has previously been detected under specific
conditions, such as inflammation or anemia (23). In our model, the concentration of
GM-CSF in the spleen was actually reduced in mice fed HFD-P, whereas the levels of
spleen G-CSF were unaltered by the diets, confirming that there is no increased
medullary or extramedullary granulopoiesis induced by HFD-P. In fact, decreased levels
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of GM-CSF could be a negative regulatory mechanism caused by the increased number
of neutrophils in the marginal pools (24).

Neutrophils are actively recruited into the spleen in mice fed HFD-P. The release
of neutrophils into the circulation and their retention in the bone marrow are processes
regulated by the activation of two receptors present in neutrophils: CXCR2 and CXCR4,
respectively (25). We analyzed the surface expression of CXCR2 by bone marrow
neutrophils from mice fed the different diets, and we found that although the per-
centage of neutrophils expressing CXCR2 remained unchanged, CXCR2 expression per
neutrophil was significantly reduced by the PUFA-rich diet. Therefore, HFD-P did not
induce an enhanced release of neutrophils from the bone marrow by a CXCR2-
dependent mechanism. In contrast, the expression of CXCR2 by spleen neutrophils was
increased in mice fed HFD-P compared with that by neutrophils from the spleens of
mice fed the other diets, suggesting that dietary PUFA promote the recruitment of
neutrophils into this organ.

In contraposition to CXCR2, activation of neutrophil CXCR4 promotes the retention
of neutrophils inside the bone marrow (13). We found that the percentage of CXCR4�

neutrophils in the bone marrow from mice fed HFD-P was reduced and that neutrophils
from mice fed HFD-P expressed less surface CXCR4 than those from mice fed the other
diets. These results suggest that the retention of differentiated neutrophils in the bone
marrow could be partially prevented by dietary PUFA.

Since neutrophils released from the bone marrow do not excessively accumulate in
the circulation of mice fed HFD-P (19) but, rather, accumulate in the spleen, we next
analyzed the chemoattractant molecules secreted from this tissue. Our quantification of
secreted spleen chemokines and cytokines showed that dietary PUFA induced the
secretion of the chemokines MIP-2/CXCL2 and LIX/CXCL5, both of which are ligands for
the neutrophil receptor CXCR2, indicating an active recruitment of neutrophils by
splenocytes. The HFD-P-induced increase in MIP-2/CXCL2 and LIX/CXCL5 was regulated
at the transcriptional level, as confirmed by our microarray analysis.

Besides MIP-2/CXCL2 and LIX/CXCL5, MIP-1�/CCL3, CXCL12, CXCL16, RANTES, and
IL-16 were also found among the 7 cytokines/chemokines upregulated by HFD-P in the
spleen. Although MIP-1�/CCL3 is classically known as a chemoattractant molecule for
mononuclear cells (26), it can also recruit and activate neutrophils (27, 28). CXCL12 has
recently been characterized to be one of the main factors inducing extramedullary
hematopoiesis for the production of neutrophils in the spleen (29). The roles of CXCL16
and IL-16 in the spleen have not yet been explored; however, CXCL16 acts as a
chemoattractant specifically for neutrophils and macrophages into injured muscle (30),
whereas IL-16 controls neutrophil recruitment to the lung in the pristane-induced lung
inflammation model (31). RANTES stimulates the secretion of the neutrophil chemo-
kines KC/CXCL1 and MIP-2/CXCL2 by dendritic cells (DCs) (32) and promotes the
accumulation of antigen-presenting cells (APCs) in the marginal zone of the spleen (33).
Further experiments are required to decipher the different mechanisms behind the
regulation of the production of the above-mentioned chemokines by HFD-P in the
spleen.

The fact that the concentrations of MIP-2/CXCL2, LIX/CXCL5, MIP-1�/CCL3, CXCL12,
CXCL16, RANTES, and IL-16 were not increased in the blood of HFD-P-fed mice
compared with the blood of mice fed the other diets indicates that their secretion was
locally regulated rather than systemically regulated.

Interestingly, neutrophils are not only the target but also the main cells producing
and secreting KC/CXCL1, MIP-2/CXCL2, and MIP-1�/CCL3 (34) in order to expand the
inflammatory response. Further investigations will be required to discern whether the
increase in these chemokines is a consequence or a cause of neutrophil accumulation
in the spleens of mice fed HFD-P. The production and secretion of KC/CXCL1 and
MIP-2/CXCL2 by neutrophils is induced by multiple factors, such as the cytokines tumor
necrosis factor alpha (TNF-�), interleukin-1� (IL-1�), interleukin-15 (IL-15), GM-CSF, and
the lipid-mediator leukotriene B4 (35). We found reduced levels of TNF-�, IL-1�, and
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GM-CSF in the spleens of mice fed HFD-P, excluding the possibility that they are the
initial inducers of neutrophil accumulation. The synthesis of leukotrienes B4 and B5 is
dependent on the fatty acid cellular composition (36). A possible mechanism for the
induced splenic recruitment of neutrophils could be the increased production of
leukotriene B4, a lipid mediator derived from PUFA (37). Neutrophils initially recruited
by leukotriene B4 could be responsible for the secretion of MIP-2/CXCL2 and the
subsequent expansion of the neutrophil population in the spleen (the lipid-cytokine-
chemokine cascade hypothesis). Which cell type is responsible for the initial leukotriene
B4 secretion and what kind of stimulus triggers such secretion will be the subject of
future investigations.

Neutrophil cell death is reduced in spleens from mice fed PUFA. Neutrophil
homeostasis is regulated by their production in the bone marrow, their migration
toward marginal pools, and, ultimately, their death and subsequent elimination. The
spleen has, in fact, been characterized to be the main organ for the clearance of
neutrophils under noninflammatory conditions (16). Gordy et al. demonstrated that
depletion of macrophages results in an increased number of neutrophils in the bone
marrow, the spleen, and the blood under noninflammatory conditions (16). Further, the
spleen marginal zone macrophages and not the liver Kupffer cells were pointed out to
be the cells responsible for homeostatic neutrophil elimination (16).

However, our investigations showed a concomitant increase in both spleen macro-
phages/monocytes and neutrophils in mice fed HFD-P. This effect could be explained
by the fact that dietary PUFA reduce the percentage of spleen neutrophils that show
apoptotic and necrotic markers which are recognized by macrophages and which
induce the phagocytosis of dead cells (21). Moreover, HFD-P induced a marked increase
in the expression of the surface receptor CD47, known as a “do not eat me” signal that
prevents phagocytosis of those cells expressing it by macrophages (22). In combination
with the increased recruitment of neutrophils, the PUFA-mediated extension of neu-
trophil viability contributes to the accumulation of neutrophils initially observed in the
spleens of mice fed HFD-P.

In summary, our study demonstrates that a high-fat diet rich in PUFA enhances the
accumulation of viable neutrophils in the spleen as a result of increased chemokine-
mediated attraction toward the spleen, in combination with the delay of neutrophil
death by PUFA. Moreover, these effects were specifically caused by the addition of
PUFA and not by a general increase of the percentage of fat in the diet, since mice fed
HFD-S did not have alterations of neutrophil homeostasis compared to mice fed LFD.

MATERIALS AND METHODS
Experimental protocol. Seven-week-old male C57BL/6 mice were obtained from Janvier Labs

(France) or Harland (The Netherlands). The mice were housed under standard conditions of light and
temperature at the animal facility of the Laboratory for Experimental Biomedicine at the University of
Gothenburg (Gothenburg, Sweden). Water and food were provided ad libitum. From 8 weeks of age, the
mice were fed a low-fat diet (LFD), a high-fat diet rich in saturated fatty acids (HFD-S), or a high-fat diet
rich in polyunsaturated fatty acids (HFD-P) as previously described (19). LFD (catalog number D12450B;
Research Diets, USA) has a caloric density of 3.9 kcal/g, from which 10% of kilocalories comes from fat,
20% of kilocalories comes from protein, and 70% of kilocalories comes from carbohydrate. HFD-S (catalog
number D12492; Research Diets, USA) has a caloric density of 5.2 kcal/g, from which 60% of kilocalories
comes from fat, 20% of kilocalories comes from protein, and 20% of kilocalories comes from carbohy-
drate. HFD-P (catalog number D09020505; Research Diets, USA) has the same caloric content and the
same proportion of nutrients as HFD-S, but 69% of the lard (a saturated fat) was exchanged for
menhaden oil (a polyunsaturated fat). A more detailed list of the composition of the diets can be found
in our previous publications (20). Food was exchanged three times per week for a total duration of 4 or
8 weeks. After 4 or 8 weeks on diet, the mice were euthanized according to ethical protocols and tissues
were harvested for subsequent analysis. All animal experiments were done in accordance with the
guidelines of the local welfare committee in Gothenburg, Sweden.

Anti-G-CSF treatment. Mice fed HFD-P were intraperitoneally (i.p.) injected with either 10 �g
antibody against G-CSF (Bio-Techne, USA) or 10 �g isotype control IgG (Bio-Techne) 2 times per week for
4 weeks. The mice were euthanized 2 days after the last dose, and blood and spleens were extracted.
Blood samples were collected into tubes containing EDTA and analyzed for the granulocyte count using
a Vetscan analyzer (Abaxis).

Flow cytometry analysis of immune populations in the spleen and liver and expression of
surface receptors by splenic neutrophils. Spleen and liver were homogenized by mechanical disrup-

Dietary PUFA and Neutrophil Homeostasis Infection and Immunity

August 2019 Volume 87 Issue 8 e00270-19 iai.asm.org 11

https://iai.asm.org


tion through a 40-�m-mesh-size cell strainer (BD Biosciences, USA) in sterile phosphate-buffered saline
(PBS). To isolate bone marrow, one femur was cleared of surrounding tissue and flushed with 2%
formaldehyde–PBS. Homogenized samples were kept on ice for the duration of the procedure unless
stated otherwise. Red blood cells (RBC) were lysed with RBC lysis buffer (BD Biosciences) according to the
manufacturer’s instructions. After washing, cells were resuspended in 3% bovine serum albumin (BSA)–
PBS and counted. One million cells per sample were used for each experiment. Fc receptors were blocked
prior to antibody incubation with anti-mouse CD16/CD32 antibody (BD Biosciences) to avoid unspecific
binding of antibodies. For the analysis of the frequency of immune populations in the liver and spleen,
the following antibodies were used: anti-mouse Ly6G-phycoerythrin (PE) (Miltenyi, Germany), anti-mouse
Ly6G-fluorescein isothiocyanate (FITC) (BD Biosciences), anti-mouse F4/80-FITC (Miltenyi), anti-mouse
CD4-peridinin chlorophyll protein-Cy5.5 (BD Biosciences), anti-mouse CD8-PE (BD Biosciences), and
anti-mouse CD19-FITC (BD Biosciences). For the analysis of splenic neutrophil surface receptors, the
antibodies anti-mouse CXCR4-allophycocyanin (R&D Systems, USA), anti-mouse CXCR2-PE (R&D Sys-
tems), and anti-mouse CD47-PE (BD Biosciences) were used. All antibody incubations were performed at
4°C for 20 min. Additionally, 7-AAD (Invitrogen, USA) was added to the samples to exclude dead cells
from the analysis of the frequency of immune populations. Data were acquired with a FACSCanto II
cytometer (BD Biosciences) and FACSDiva software (BD Biosciences). Analysis was performed with FlowJo
software (FlowJo, LLC, USA). Cells were gated according to size and morphology in the forward scatter
(FSC)/side scatter plot, and only single cells were selected for analysis according to the FSC area/FSC
height plot. The gating strategies are described in Fig. S4 in the supplemental material. The absolute
quantity of immune cells in the spleen was calculated as the product of the immune cell frequency and
the total number of cells in the spleen.

Immunostaining of neutrophils in spleen and liver. The spleens and livers from mice were
perfused with 4% formaldehyde, incubated in 30% sucrose solution in phosphate buffer for 48 h for
dehydration, and then frozen in cryo-embedding medium (OCT). Ten-micrometer sections were cut with
a cryostat for analysis. Before staining, sections were rehydrated with PBS. For immunofluorescence
staining, sections were blocked with Fc blocker (BD Biosciences) for 30 min at room temperature (RT) and
then incubated with anti-mouse Ly6G-PE (Miltenyi) and DAPI (4=,6-diamidino-2-phenylindole) for 1 h at
RT, followed by extensive washing. PE isotype antibody staining was used as a negative control. For
immunoperoxidase staining, following rehydration with PBS, endogenous peroxidase was blocked using
0.6% H2O2 for 15 min. Next, avidin-biotin blocking was performed (Vector Laboratories, USA) and samples
were incubated with 10% rabbit serum for 30 min. Sections were incubated with rat anti-mouse Ly6G
antibody (BD Biosciences) or an isotype control antibody. Staining was detected with an ABC alkaline
phosphatase kit (Vector Laboratories) and, subsequently, diaminobenzidine (Vector Laboratories).

Multiplex analysis of chemokines and cytokines in serum, spleen, and bone marrow. Bone
marrow and spleen homogenates were resuspended in Bio-Plex lysis buffer (Bio-Rad, USA). The total
protein content was quantified using a bicinchoninic acid protein assay kit (Sigma-Aldrich, USA). Serum
was obtained after centrifugation of blood extracted transcardially from the mice and diluted in Bio-Plex
lysis buffer. A Bio-Plex Pro 33-plex mouse chemokine panel was used to quantify 33 different chemokines
and cytokines (including GM-CSF) in bone marrow, spleen, and serum samples. Data from the bone
marrow and spleen were normalized to the total protein content. The Bio-Plex Pro mouse cytokine G-CSF
set (Bio-Rad) was used for the quantification of G-CSF in the bone marrow, spleen, and serum. Data from
the bone marrow and spleen were normalized to the total protein content. A heat map representation
of the multiplex results was performed using Qlucore Omics Explorer software (Qlucore AB). Only
cytokines that were found to be regulated by the diets with a P value of �0.05 were included in the heat
map.

Flow cytometry analysis of neutrophil cell death. Blood samples were collected transcardially and
stored in heparin-containing tubes on ice until the apoptosis analysis was performed. Murine neutrophils
were isolated by Percoll gradient centrifugation. In short, samples were diluted in Hanks balanced salt
solution (HBSS), a 3-layer Percoll gradient of 78%, 63%, and 50% Percoll, respectively, diluted in HBSS
(100% Percoll � 9 parts of Percoll and 1 part of 10� HBSS) was overlaid, and the samples were
centrifuged at 500 � g for 30 min at 4°C. The neutrophils were harvested from the 63%-78% interface
after carefully removing the cells from the upper phases. After washing the neutrophils, the remaining
red cells in the neutrophil fraction were eliminated by hypotonic lysis (3 ml of water for 30 s and 1 ml of
2.4% NaCl). The step was repeated until no red blood cells remained. Isolated neutrophils (95 to 98%
purity) were then pelleted by centrifugation and resuspended in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS).

Spleen homogenates were diluted in PBS, and red blood cell lysis was performed using RBC lysis
buffer (BD Biosciences) according to the manufacturer’s instructions. The cells were then washed and
resuspended in 3% BSA–PBS.

For both blood and spleen samples, 1 million cells per sample were used. The analysis of neutrophil
cell death was performed immediately after extraction (0 h) or after 16 h of incubation at 37°C in 5% CO2.
Samples for the 16-h time point were left in RPMI 1640 supplemented with 10% FBS during the
incubation.

Cells were stained with anti-mouse Ly6G antibodies for 20 min at 4°C. After washing out the excess
antibody, cells were resuspended in annexin V buffer (10 mM HEPES, 140 mM NaCl, 2.5mM CaCl2, pH 7.4).
7-AAD (Invitrogen) and annexin V (Life Technologies) were added, and the cells were incubated for
15 min at room temperature with protection from light. Samples were acquired with a FACSCanto II
cytometer (BD Biosciences) and FACSDiva software (BD Biosciences). Analysis was performed with FlowJo
software (FlowJo, LLC). Early apoptotic neutrophils were identified as Ly6G�, annexin V-positive (annexin
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V�), and 7-AAD� cells, and late apoptotic and necrotic neutrophils were identified as Ly6G�, annexin V�,

and 7-AAD� cells.
RNA isolation and microarray analysis. Total RNA was isolated from the spleen using an RNeasy

lipid tissue minikit (Qiagen Nordic, Sweden) according to the manufacturer’s instruction. The total RNA
concentration was measured with a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). The
quality of the RNA was evaluated by use of an RNA 6000 Nano LabChip for the Agilent 2100 bioanalyzer
(Agilent Technologies, USA). The RNA was labeled and hybridized to GeneChip Mouse Gene 1� ST arrays
(Affymetrix, USA) at the Genomics Core Facility, Swegene Centre for Integrative Biology at Lund
University (Lund, Sweden). Data were analyzed as previously described (20).

Statistical analysis. Differences between samples were analyzed using the Kruskal-Wallis test
followed by Dunn’s multiple-comparison test. Data are shown as the mean � the standard error of the
mean (SEM). For the analysis of the spleen weight and the absolute quantification of immune cells in the
spleen, data from different experimental days were pooled. In this case, two-way analysis of variance with
the experimental day as a nuisance factor was used. Then, the data were expressed as the estimated
marginal mean � SEM. The number of mice used per experiment and other specific statistical details are
stated in the figure legends. Qlucore Omics Explorer software (Qlucore AB) was used to create heat map
representations of the data.

Accession number(s). All microarray data files are available at the Gene Expression Omnibus (GEO)
database under accession number GSE79434.
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