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Severe infection, including sepsis, is an increasing clinical problem that causes prolonged morbidity and substantial mortality.
At present, antibiotics are essentially the only pharmacological treatment for sepsis. The incidence of resistance to antibiotics is
increasing; therefore, it is critical to find new therapies for sepsis. Staphylococcus aureus is a major cause of septic mortality.
Neutrophils play an important role in the defense against bacterial infections. We have shown that a diet with high levels of di-
etary saturated fatty acids decreases survival in septic mice, but the mechanisms behind this remain elusive. The aim of the pres-
ent study was to investigate how the differences in dietary fat composition affect survival and bacterial load after experimental
septic infection and neutrophil function in uninfected mice. We found that, after S. aureus infection, mice fed a polyunsaturated
high-fat diet (HFD-P) for 8 weeks had increased survival and decreased bacterial load during sepsis compared with mice fed a
saturated high-fat diet (HFD-S), similar to mice fed a low-fat diet (LFD). Uninfected mice fed HFD-P had a higher frequency of
neutrophils in bone marrow than mice fed HFD-S. In addition, mice fed HFD-P had a higher frequency of neutrophils recruited
to the site of inflammation in response to peritoneal injection of thioglycolate than mice fed HFD-S. Differences between the
proportion of dietary protein and carbohydrate did not affect septic survival at all. In conclusion, polyunsaturated dietary fat
increased both survival and efficiency of bacterial clearance during septic S. aureus infection. Moreover, this diet increased the
frequency and chemotaxis of neutrophils, key components of the immune response to S. aureus infections.

Sepsis is often a deadly disease, and survival frequently is asso-
ciated with severe complications. Sepsis has been divided into

sepsis, severe sepsis, and septic shock (1). The mortality rate for
severe sepsis is 25 to 30% and for septic shock is 40 to 70% (2). The
incidence of sepsis, especially the form caused by the Gram-posi-
tive bacterium Staphylococcus aureus, is increasing worldwide (3).
The administration of antibiotics presently is one of the very few
ways to pharmacologically treat septic patients (4). However, an-
tibiotic resistance is increasing and is a great challenge to health
care in general (5, 6). Treatment of S. aureus infections has been
hampered by the occurrence of methicillin-resistant S. aureus
(MRSA) strains, which are becoming increasingly resistant to
multiple antibiotics. Sepsis has been considered a hyperinflamma-
tory disease in which the early phase is dominated by proinflam-
matory cytokines, such as interleukin-1� (IL-1�), IL-6, and tu-
mor necrosis factor alpha (TNF-�) (7). Therefore, a large effort
has been put into finding an anti-inflammatory treatment for sep-
sis. However, numerous large-scale anti-inflammatory treatment
trials have failed (8, 9). Because of these setbacks, a new explana-
tory model has been proposed with an initial hyperinflammatory
state followed by a later hypoimmune state (2, 4, 9, 10). It is during
the hypoimmune state that patients often die, and during that
time it may be of value to stimulate immune function. A better
understanding of the different stages of sepsis might lead to treat-
ments of sepsis focused on modulating the host function, in addi-
tion to killing bacteria with antibiotics.

Neutrophils are the first immune cells that arrive at the site of
inflammation (11). They have the capacity to engulf large num-

bers of bacteria but also can create tissue damage in the host if too
active (12). Neutrophils are important for defense against S. au-
reus infections. They are attracted to sites of infection by proin-
flammatory cytokines, such as TNF-�, IL-1, and IL-6, as well as by
chemokines binding to the chemokine receptor CXCR2 (13).

There are several studies indicating that the dietary fat compo-
sition substantially influences biological functions and health.
Changes in the distribution between saturated and unsaturated
dietary fatty acids especially seem to be of importance for cardio-
vascular and metabolic disease (14, 15). Dietary fats also may be of
importance for the immune defense against infections. We have
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previously observed that mice fed a saturated high-fat diet
(HFD-S) have decreased survival when subjected to septic S. au-
reus infection compared with mice fed a low-fat diet (LFD) (16).
Moreover, mice fed HFD-S displayed increased bacterial load,
suggesting that their immune system has an impaired capacity to
prevent bacterial survival and replication compared with that of
mice fed LFD (16). In the present study, we aimed to compare how
polyunsaturated and saturated dietary fats affect survival and im-
mune response in sepsis. We also investigated how dietary fats
affect the frequency and function of neutrophils, key cells in the
defense against sepsis and S. aureus infections.

MATERIALS AND METHODS
Experimental protocol. The experimental design is shown in Fig. 1. Six-
week-old male C57BL/6 mice were obtained from Harlan Netherlands
B.V. (Horst, The Netherlands). The mice were housed at the animal facil-
ity at the Laboratory for Experimental Biomedicine, University of
Gothenburg, Gothenburg, Sweden, under standard conditions of light
and temperature. Water and food were provided ad libitum. The regional
ethical committee at Gothenburg University approved the experiments
before the studies started. Starting at the age of 7 weeks, the mice were fed
LFD, HFD-S, or polyunsaturated high-fat diet (HFD-P) for 8 weeks. At 14
to 15 weeks of age, the mice were terminated for measurements of im-
mune functions, using flow cytometry or microarray analysis, or intrave-
nously (i.v.) inoculated with S. aureus. Infected mice were terminated on
day 6 after i.v. inoculation for analysis of bacterial load or on day 17 at the
end of survival experiments. Survival was monitored daily during survival
and the bacterial load experiment.

In a follow-up study, four other diets were used for 8 weeks. These
diets were designed to investigate if the ratio between protein and carbo-
hydrate influenced survival when fat source and quantity were kept con-
stant. The new diets included HFD-S with a high protein-to-carbohydrate
ratio (HP/C HFD-S; 30% protein, 10% carbohydrate), HFD-S with a low
protein-to-carbohydrate ratio (LP/C HFD-S; 10% protein, 30% carbohy-
drate), HFD-P with a high protein-to-carbohydrate ratio (HP/C HFD-P;
30% protein, 10% carbohydrate), and HFD-P with a low protein-to-car-
bohydrate ratio (LP/C HFD-P; 10% protein, 30% carbohydrate). These
diets were fed by following the same protocol as that for the previous diets.

At 15 weeks of age, the mice were i.v. inoculated with S. aureus and sur-
vival was monitored daily until day 17 after inoculation, when the survival
experiment was terminated.

Diets. Mice were randomly divided into groups, which received one of
the following diets: LFD (D12450B; 3.9 kcal/g, 10 kcal% fat, 20 kcal%
protein, 70 kcal% carbohydrate; Research Diets, New Brunswick, NJ,
USA), HFD-S (D12492; 5.2 kcal/g, 60 kcal% fat, 20 kcal% protein, 20
kcal% carbohydrate; Research Diets), and HFD-P (D09020505; same
composition as HFD-S of fat, protein, and carbohydrate, but 69% of the
lard was exchanged for menhaden oil; Research Diets). The diets were
matched to have similar contents except for fat composition. The compo-
sition of the diets is shown in Table 1.

FIG 1 Experimental design. Seven-week-old mice were randomized into one of the different diet groups. After 8 weeks on the diets, in week 15, mice were i.v.
inoculated with S. aureus, intraperitoneally (i.p.) injected with thioglycolate for peritoneal lavage, or terminated for collection of bone marrow and blood for flow
cytometry analysis. Mice i.v. inoculated with S. aureus were either terminated after 6 days for bacterial load analysis or monitored continuously up to 17 days for
survival analysis. Mice injected with thioglycolate were terminated after 4 h, and the peritoneal lavage fluid was analyzed. Experimental group abbreviations were
the following: LFD, low-fat diet; HFD-S, saturated high-fat diet; HFD-P, polyunsaturated high fat diet; HP/C - HFD-S, high protein-to-carbohydrate ratio and
saturated high-fat diet; LP/C - HFD-S, low protein-to-carbohydrate ratio and saturated high-fat diet; HP/C - HFD-P, high protein-to-carbohydrate ratio and
polyunsaturated high-fat diet; and LP/C - HFD-P, low protein-to-carbohydrate ratio and polyunsaturated high-fat diet.

TABLE 1 Energy density and composition of experimental diets:
saturated and polyunsaturated diets

Parametera

Value for each diet

LFD HFD-S HFD-P

Energy density (kcal/g) 3.9 5.2 5.2
Macronutrients (% kcal)

Protein 20 20 20
Carbohydrate 70 20 20
Fat 10 60 60

Fat source (% of total fat)
Soybean oil 55.6 9.3 9.3
Lard 44.4 90.7 27.8
Menhaden oil 63.0

Fatty acids (% by wt of total fatty acids)
� SFA 22.7 32.0 28.7
� MUFA 29.8 36.0 27.5
� PUFA 47.5 32.0 43.9
� �-3 total fat 5.2 2.1 25.6
� �-6 total fat 42.4 29.9 16.2
�-6/�-3 8.2 14.1 0.6

a SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; �-3, omega 3 fatty acids; �-6, fatty acids.
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For the experiment investigating the effect of different protein and
carbohydrate distributions, groups of mice were fed either 30 kcal% pro-
tein and 10 kcal% carbohydrate or 10 kcal% protein and 30 kcal% carbo-
hydrate for 8 weeks. These two diets were combined with either 60 kcal%
saturated dietary fat (HP/C HFD-S [D13091403] and LP/C HFD-S
[D13091404]; Research Diet) or 60 kcal% polyunsaturated fat (HP/C
HFD-P [D13091405] and LP/C HFD-P [D13091406]; Research Diet).
The composition of these diets is shown in Table 2.

Bacterial inoculation, survival, and bacterial load. Mice were in-
fected i.v. in the tail vein with 0.2 ml S. aureus LS-1 solution containing
3.8 � 107 to 4.5 � 107 CFU, as previously described (16). For bacterial
load determination, the mice were killed 6 days after i.v. inoculation, and
both kidneys were harvested aseptically, homogenized, and diluted in
phosphate-buffered saline (PBS) to the appropriate concentration. One
hundred �l of each diluted sample then was dispensed onto horse-blood-
agar plates that were incubated at 37°C for 24 h before the bacterial colo-
nies were counted. In the survival experiment, the mice were monitored
and examined for signs of severe sickness (motionless, isolation, piloerec-
tion, dehydration, and hypothermia) after i.v. inoculation. When a mouse
showed three or more out of these five signs, the mouse was euthanized
and considered dead in sepsis.

Body weight and body composition. Body weight was monitored
from the start of diets and every second week until inoculation. Fat and
lean body mass were analyzed 3 days before inoculation by dual-energy
X-ray absorptiometry (PIXImus2; Lunar GE Medical Systems, Madison,
WI, USA). The mice were under inhalation anesthesia with isoflurane
(Forene; Abbot Scandinavia, Solna, Sweden) during the measurement.

Flow cytometry. (i) Collection of bone marrow and blood. Unin-
fected mice were anesthetized before the blood was collected transcardi-
ally into EDTA tubes prior to perfusion with saline at a pressure of 100
mm Hg for 10 min. Bone marrow cells were harvested from femur and
tibia and stored in PBS. Both blood and bone marrow samples were kept
on ice until preparation.

(ii) Collection of peritoneal lavage fluid. Uninfected mice used for
peritoneal lavage were injected with 1 ml of 4% brewer thioglycolate me-
dium (SigmaAldrich, St. Louis, MO, USA) into the peritoneal cavity to
induce local inflammation. Four hours after injection, the mice were anes-

thetized with isoflurane (Abbot Scandinavia) and killed by cervical dislo-
cation. Five ml of cold PBS was injected into the peritoneal cavity, and an
abdominal massage was performed for 1 min. The PBS was recollected
and the process was repeated twice for a total peritoneal lavage fluid vol-
ume of 15 ml. The samples were kept on ice until preparation.

(iii) Preparation and staining. The cell suspensions of bone marrow
and peritoneal lavage fluid were centrifuged, and the supernatant was
discarded. Pharm Lyse (BD Biosciences, Franklin Lakes, NJ, USA) was
added to all samples and incubated for 6 min on ice to lyse the red blood
cells. After washing, the samples were resuspended in PBS. The cell con-
centration was determined with an automated cell counter (Bio-Rad,
Hercules, CA, USA), and 3 � 105 cells from each sample were transferred
to fluorescent-activated cell sorter (FACS) tubes. To avoid unspecific
binding via Fc-receptor interactions, cells were incubated with Fc block
(2.4G2; BD Bioscience, Franklin Lakes, NJ, USA) for 15 min at room
temperature. Cells were labeled with the following antibodies: anti-mouse
Ly6G-fluorescein isothiocyanate (FITC) (clone 1A8; BD Bioscience), an-
ti-mouse marker CD115-allophycocyanin (APC) (clone AFS98; BioLeg-
end, San Diego, CA, USA), anti-mouse CD117-phycoerythrin (PE) (clone
2B8; BioLegend), and 7-amino-actinomycin D (7AAD; BD Bioscience)
for detection of live/dead cells. Cells were examined using a FACSCanto
flow cytometer (BD Bioscience). Compensation was performed using
Comp-Beads (BD Bioscience), and data analyses were performed using
FACSDiva software (version 6.1.3; BD Bioscience). Analysis was started
with a leukocyte gate and thereafter with a live gate using 7AAD. Neutro-
phils then were identified as Ly6G� CD115� (17), precursor cells as
CD117� (18), and monocytes as CD115� (19). Results from flow cytom-
etry are presented as the frequency of living leukocytes. The gating strategy
for bone marrow is shown in Fig. 4A, and the same strategy was applied for
blood and peritoneal lavage fluid, except for CD117, which was not ana-
lyzed for blood and peritoneal lavage fluid.

Microarray analysis and data acquisition. Bone marrow cells were
harvested from femur and tibia by flushing the bones with RNAlater (Life
Technologies). The samples were left in the refrigerator overnight, as rec-
ommended by the company, centrifuged, and kept frozen until the anal-
ysis. RNA was isolated using the RNeasy lipid tissue kit (Qiagen Nordic,
Sollentuna, Sweden), and RNA quantity and quality were assessed by
NanoDrop (Thermo Scientific, Gothenburg, Sweden) and Bioanalyzer
(Agilent Technologies, Kista, Sweden) instruments, respectively. Two
hundred ng high-quality RNA of each sample was prepared and hybrid-
ized to Affymetrix mouse gene 1.0 ST arrays according to Affymetrix’s
recommended protocol. Hybridization and analysis were performed ac-
cording to the manufacturer’s instructions at the SCIBLU Genomics core
facility (Swegene Centre for Integrative Biology at Lund University, Lund,
Sweden).

Statistical analysis. Survival was illustrated with Kaplan-Meier curves
and analyzed using a log-rank test. Bacterial load was analyzed using the
nonparametric Kruskal-Wallis test followed by a Mann-Whitney test. Be-
cause the values for some of the samples were set to zero, nonparametric
tests were used; therefore, no measure of the spread of data for bacterial
load is presented. These data are presented as scatter plots with a line
indicating the median. Body weight and body composition were analyzed
using analysis of variance (ANOVA) followed by Tukey’s post hoc test.
When Levene’s test revealed unequal variance, Dunnett’s T3 post hoc test
was used for comparisons of numeric data between the three experimental
groups, and data were expressed as means 	 standard errors of the means
(SEM). For flow cytometry analysis, experiments were pooled from dif-
ferent experiments and experimental days, and two-way ANOVA, with
experiment as a nuisance factor, was used. Logarithmic transformations
were used when appropriate to ensure normal distribution of data. Data
from flow cytometry analysis were expressed as estimated marginal
means 	 SEM for all graphs except for blood, where data were expressed
as geometric means 	 SEM. For microarray analysis, all raw intensity files
(.CEL) were normalized and processed together using probe logarithmic
intensity error (PLIER) with an iterative algorithm, and quintile normal-

TABLE 2 Energy density and composition of experimental diets:
protein and carbohydrate diets

Parametera

Value for each diet

HP/C
HFD-S

LP/C
HFD-S

HP/C
HFD-P

LP/C
HFD-P

Energy density (kcal/g) 5.2 5.2 5.2 5.2
Macronutrients (% kcal)

Protein 30 10 30 10
Carbohydrate 10 30 10 30
Fat 60 60 60 60

Fat source (% of total fat)
Soybean oil 9.3 9.3 9.3 9.3
Lard 90.7 90.7 27.8 27.8
Menhaden oil 63.0 63.0

Fatty acids (% by wt of total fatty acids)
� SFA 32.0 32.0 28.7 28.7
� MUFA 36.0 36.0 27.5 27.5
� PUFA 32.0 32.0 43.9 43.9
� �-3 total fat 2.1 2.1 25.6 25.6
� �-6 total fat 29.9 29.9 16.2 16.2
�-6/�-3 14.1 14.1 0.6 0.6

a SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; �-3, omega 3 fatty acids; �-6, fatty acids.
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ization was chosen to estimate the expression signal. Differential gene
expressions based on three different comparisons, i.e., HFD-P versus
LFD, HFD-P versus HFD-S, and LFD versus HFD-S, were evaluated using
a moderate Student’s t test (20). The calculated P values were transformed
into Q values by correcting for multiple testing using methods described
by Benjamini et al. (21). Differences in n are due to laboratory errors or
lack of sample material. All tests are two sided. P 
 0.05 was considered
significant. SPSS software (version 18.0.2 for Windows; IBM Corpora-
tion, Armonk, NY, USA) was used for statistical analysis.

Transcriptome data accession number. All of the transcriptome data
are available at the Gene Expression Omnibus (GEO) under accession
number GSE58358.

RESULTS
Mice fed HFD-P had increased survival and decreased bacterial
load compared with mice fed HFD-S. Mice fed HFD-P or LFD for
8 weeks had an increased level of survival after i.v. inoculation
with S. aureus compared to that of mice fed HFD-S (P 
 0.001 and
P � 0.02, respectively). There was no difference in survival be-
tween mice fed LFD and HFD-P (Fig. 2A). Bacterial load 6 days
after i.v. inoculation mirrored the survival data, as mice fed
HFD-S for 8 weeks had a 3.5-fold higher bacterial load than mice
fed LFD (P � 0.03) and 5.7-fold higher bacterial load than mice
fed HFD-P (P � 0.004). There was no difference in bacterial load
between mice fed LFD and HFD-P (Fig. 2B).

After 8 weeks on experimental diets, mice fed HFD-S had 57%
higher body weight (P 
 0.001) and 3-fold higher fat mass (P 

0.001) than mice fed LFD, while mice fed HFD-P had 26% higher
body weight (P 
 0.001) and 2-fold higher fat mass (P 
 0.001)

than mice fed LFD. Mice fed HFD-P had significantly lower body
weight (P 
 0.001) and lower fat mass (P 
 0.001) than mice
fed HFD-S. The lean mass did not differ between groups (Fig.
3A and B).

Mice fed HFD-P had a higher frequency of neutrophils in
bone marrow than mice fed HFD-S. Neutrophils are the first cells
migrating to a site of inflammation. To investigate the dietary
effect on neutrophils, the frequency of neutrophils in bone mar-
row and blood from uninfected mice was analyzed using flow
cytometry after 8 weeks of the respective diet. In bone marrow,
mice fed HFD-P had 13% higher frequency of neutrophils (P 

0.001) than mice fed HFD-S and 8% higher frequency (P 
 0.001)
than mice fed LFD (Fig. 4B). In blood, mice fed HFD-P tended to
have a 25% higher frequency of neutrophils than mice fed HFD-S
(P � 0.056) and 37% higher frequency than mice fed LFD (P �
0.009). There was no difference in neutrophil frequency between
mice fed LFD and HFD-S (Fig. 4C). Six days after i.v. inoculation
of S. aureus, there was an 8-fold increase in the frequency of neu-
trophils in blood compared to that of uninfected mice. However,
there was no difference in neutrophil frequency in blood between
the different dietary groups (see Fig. S1 in the supplemental ma-
terial). There were no differences in the frequency of monocytes in
bone marrow in uninfected mice between the dietary groups
(Fig. 4D).

To investigate if the dietary fat composition affects neutrophil
recruitment, thioglycolate was injected into the peritoneal cavity
in uninfected mice following exposure to different diets for 8

FIG 2 HFD-P increased survival and decreased bacterial load. (A) Survival after 8 weeks on different diets at 0 to 17 days after S. aureus i.v. inoculation. Data were
analyzed by log-rank test, with n � 20 mice per group. (B) Bacterial load in kidneys after 8 weeks on diet and 6 days after S. aureus i.v. inoculation. Data were
analyzed by Kruskal-Wallis test (global P � 0.02) followed by Mann-Whitney test, with n � 10 mice per group. Data are presented as scatter plots with the line
indicating the median. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.

FIG 3 HFD-P increased body weight and body composition but not as much as HFD-S. (A) Body weight in uninfected mice after 8 weeks of diet. One-way
ANOVA with Dunnett’s T3 post hoc test. Data are reported as means 	 SEM, with n � 24 mice per group. (B) Lean mass and fat mass of uninfected mice after
8 weeks on diet, measured by dual-energy X-ray absorptiometry. Data were analyzed by one-way ANOVA with a Dunnett’s post hoc test for lean mass and Tukey’s
test for fat mass. Data are reported as means 	 SEM, with n � 24 mice per group. ***, P 
 0.001.
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FIG 4 HFD-P increased the frequency of neutrophils in bone marrow and peritoneal lavage fluid. (A) Gating strategy for neutrophils, monocytes, and precursor
cells in bone marrow from uninfected mice. The same strategy was used in blood except for precursor cells. SSC, side scatter; FSC, forward scatter. (B) Frequency
of neutrophils in bone marrow from uninfected mice, n � 18 to 20 mice per group. (C) Frequency of neutrophils in blood from uninfected mice, n � 39 to 40
mice per group. (D) Frequency of monocytes in bone marrow from uninfected mice, n � 10 mice per group. (E) Frequency of neutrophils in peritoneal lavage
fluid 4 h after thioglycolate injection from uninfected mice, n � 6 to 10 mice per group. Data in panels B, D, and E and in panel C were pooled from 2 and 3
experiments, respectively, of uninfected mice after 8 weeks on different diets and compared using two-way ANOVA, with experiment as a nuisance factor. Data
are shown as estimated marginal means 	 SEM (B, D, and E) and as geometrical means 	 SEM (due to skewed distribution, analysis was done on log data and
results back transformed) (C). **, P 
 0.01; ***, P 
 0.001.
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weeks. Peritoneal lavage fluid was collected after 4 h. In mice
fed HFD-P there was a 117% higher frequency of neutrophils in
peritoneal lavage fluid (P 
 0.001), and in mice fed LFD there
was a 93% higher frequency of neutrophils (P 
 0.001) than in
mice fed HFD-S. There was no difference between mice fed
LFD and HFD-P (Fig. 4E).

To investigate if dietary fats can affect progenitor cells in gen-
eral, bone marrow cells from uninfected mice were stained with
the general precursor cell marker CD117. Mice fed HFD-P for 8
weeks had a 15% higher frequency of precursor cells in their
bone marrow (P � 0.003) than mice fed HFD-S. There was no
difference between mice fed HFD-P and LFD or HFD-S and
LFD (Fig. 5).

Genome-wide expression analysis revealed an upregulation
of cathepsin D in mice fed HFD-P compared with mice fed
HFD-S. To examine the transcriptional responses in bone marrow
from uninfected mice after 8 weeks on the different diets, microar-
ray analyses were performed. Based on a statistical cutoff-adjusted
P value of 0.05 from the three comparisons (HFD-P versus LFD,
HFD-P versus HFD-S, and LFD versus HFD-S), 43, 38, and 7
transcripts, respectively, were identified as having differential gene
expression (see Table S1 in the supplemental material for more
details). To investigate the specific impact of HFD-P on the gene
expression in bone marrow, the Venn diagram of the differently
expressed genes for the three comparisons was constructed (see
Fig. S2 in the supplemental material). The diagram showed 18
genes that are in common when HFD-P was compared with the
other diets, indicating the specific impact of HFD-P on gene ex-
pression. Interestingly, one of the 18 genes encoded cathepsin D
(ctsD), which is known to be associated with neutrophil apoptosis
(22), and it was 31% upregulated in mice fed HFD-P compared
with mice fed HFD-S (adjusted P of 0.002) and mice fed LFD
(adjusted P of 0.003) (Fig. 6).

Protein/carbohydrate ratio did not affect survival. To inves-
tigate if the ratio between protein and carbohydrates affects the
survival in sepsis, diets with 60% fat, either mostly saturated or
polyunsaturated, were combined with 30% protein and 10%
carbohydrates (HP/C) or 10% protein and 30% carbohydrates
(LP/C) and fed to mice for 8 weeks. There was no difference in
survival after i.v. inoculation of S. aureus between mice fed satu-
rated fatty acids combined with either of the two different propor-

tions of protein and carbohydrates, HP/C HFD-S or LP/C HFD-S.
Likewise, there was no difference between mice fed polyunsatu-
rated fatty acids combined with either of the two different propor-
tions of protein and carbohydrates, HP/C HFD-P or LP/C HFD-P
(Fig. 7). However, the rate of survival was higher (hazard ratio,
0.17; P � 0.001) in mice fed polyunsaturated fatty acids than in
those fed saturated fatty acids, in line with the results shown in
Fig. 2A.

DISCUSSION

In the present study, we investigated the effect of dietary fat com-
position on the immune response to S. aureus infection. Mice fed
HFD-P had a higher level of survival than mice fed HFD-S and did
not differ in survival compared with mice fed LFD. Consistent
with this, mice fed HFD-P and LFD had lower bacterial loads in
their kidneys than mice fed HFD-S, indicating that mice fed

FIG 5 HFD-P increased the frequency of precursor cells in bone marrow. The
frequency of precursor cells in bone marrow from uninfected mice was mea-
sured after 8 weeks on different diets in uninfected mice. Data were pooled
from 2 different experiments and were analyzed using two-way ANOVA. Ex-
periment was considered a nuisance factor. Data are shown as estimated mar-
ginal means 	 SEM, with n � 10 mice per group. **, P 
 0.01.

FIG 6 HFD-P increased cathepsin D gene expression in bone marrow. Ex-
pression level of cathepsin D, from microarray analysis in bone marrow, after
8 weeks of the different diets in uninfected mice. Data were evaluated using a
moderate Student’s t test and are shown as means 	 SEM, with n � 4 per
group. Two asterisks indicate an adjusted P of 
0.01.

FIG 7 Protein or carbohydrate composition did not affect survival. Shown is
survival after 8 weeks on different diets 0 to 17 days after S. aureus i.v. inocu-
lation, with n � 20 mice per group. Cox regression was performed with fat
source and protein proportion as factors, where polyunsaturated fatty acid
diets had decreased risk compared with saturated fatty acid diet (hazard ratio,
0.17; P � 0.001), and the high-protein diet had no difference in risk from the
high-carbohydrate diet (hazard ratio, 0.8; P � 0.6). ***, P 
 0.001. Experimen-
tal groups included the following: HP/C HF-S, high protein-to-carbohydrate ratio
and saturated high-fat diet; LP/C HF-S, low protein-to-carbohydrate ratio and
saturated high-fat diet; HP/C HF-P, high protein-to-carbohydrate ratio and poly-
unsaturated high-fat diet; and LP/C HF-P, low protein-to-carbohydrate ratio and
polyunsaturated high-fat diet.
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HFD-P or LFD have a better defense against S. aureus-induced
sepsis. These findings confirm and extend our previous study
showing impaired immune response in mice fed HFD-S com-
pared with mice fed LFD (16). The present study implicates that
high-fat diet per se is not necessarily deleterious, but rather that a
high grade of saturation of the fat impairs the immune response.

Given that 8 weeks of exposure to HFD-S diet induces obesity,
the impairment of the immune response to S. aureus could be
caused directly by the diet or could be secondary to the obesity.
Our earlier studies indicate that obesity per se affects the defense
against S. aureus-induced sepsis, as ob/ob (obese) mice on LFD
have a lower level of survival than wild-type mice (16). The pres-
ent results, however, suggest that HFD-P can protect against in-
fections independently of its effect on obesity. Although the HFD-
P-fed mice were more obese than mice fed LFD, there was no
difference in survival between HFD-P- and LFD-fed mice. Fur-
thermore, there was no difference in lean mass between the three
groups, indicating that this aspect of body composition does not
mediate the effects of diet on defense against sepsis.

Neutrophils are of great importance for the immune response
to bacterial infections, especially for defense against S. aureus (23,
24). By flow cytometry we analyzed neutrophils in bone marrow,
blood, and peritoneal lavage fluid. These organs were chosen to
show the production and function of neutrophils. Clinically, high
frequencies of leukocytes in the blood, especially neutrophils, are
regarded as a sign of an ongoing infection. However, the increased
frequency of neutrophils in bone marrow and the numeric ten-
dency in blood from uninfected mice fed HFD-P does not seem to
be a symptom of inflammation, since inflammatory markers in
serum did not differ between the groups (data not shown). Rather,
the increase in neutrophils may reflect improved basal neutrophil
efficiency or improved immune function in general in mice fed
HFD-P. This in turn would increase the capacity to combat S.
aureus infection. Hence, these findings suggest that it is possible to
stimulate the capacity to fight infections (e.g., with HFD-P) with-
out causing the deleterious effects associated with chronic inflam-
mation, i.e., chronic immune activation in the absence of infec-
tion. Further, monocytes in bone marrow were not affected by the
different diets, indicating that this is a specific effect on neutro-
phils by the diet and not on all innate immune cells. Six days after
infection, the frequency of neutrophils found in blood had in-
creased by 8-fold; however, there was no difference between the
groups. These results show that all mice had the capacity to in-
crease the frequency of circulating neutrophils, but this finding is
difficult to interpret, since neutrophils are both produced and
consumed during an infection.

To investigate if the migratory capacity of neutrophils also was
affected by the diet, thioglycolate was injected into the peritoneal
cavity. Indeed, the frequency of neutrophils in peritoneal lavage
fluid from mice fed HFD-P and LFD was increased compared to
that of mice fed HFD-S, indicating that neutrophils in these mice
have an increased migratory capacity. This finding still was pres-
ent when taking into account that the neutrophil frequency in
bone marrow was increased in mice fed HFD-P compared to mice
fed LFD or HFD-S (data not shown).

The increase in bone marrow neutrophils in mice fed HFD-P
prompted us to investigate progenitor cells in this organ. HFD-P
had a higher frequency of precursor cells than mice fed HFD-S.
CD117 or c-Kit is the receptor for stem cell factor/steel factor and
is an overall hematopoietic precursor cell marker (26). We spec-

ulate that mice fed HFD-P are more prepared to quickly mobilize
a leukocyte defense in general to fight off bacteria thanks to the
higher levels of hematopoietic precursor cells.

Cathepsin D is a lysosomal protein found in polymorphonu-
clear leukocytes, monocytes, and macrophages (27), and it is im-
portant in regulating apoptosis (22, 28). In the present study, mice
fed HFD-P have higher levels of cathepsin D mRNA in bone mar-
row than mice fed HFD-S. Previous studies show that cathepsin D
deficiency leads to impaired bacterial clearance (29, 30). This is in
line with our results where mice fed HFD-P have higher cathepsin
D expression and decreased bacterial load.

It has been suggested previously that the ratio between dietary
protein and carbohydrates impacts the immune system (31–33).
In the current study, the protein/carbohydrate ratio did not influ-
ence survival during sepsis. Instead, the proportions between sat-
urated and polyunsaturated fat had a large impact, in line with
results discussed above. Taken together, the results of the present
study show that the distribution between saturated and polyun-
saturated fatty acids exerts a robust effect on septic survival irre-
spective of large variations in protein and carbohydrate content of
the diet.

In summary, mice fed HFD-P seem to have a larger capacity to
combat S. aureus infection than mice fed HFD-S. The reason for
this is unknown but may be related to the fact that the mice fed
HFD-P had a higher frequency of neutrophils in bone marrow and
blood prior to infection. Moreover, mice fed HFD-P had a higher
frequency of neutrophils in peritoneal lavage fluid after thiogly-
colate-induced inflammation; thus, these mice seem to have more
efficient chemotaxis than neutrophils from mice fed HFD-S.
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