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ABSTRACT: Calorie-dense obesogenic diet (OBD) is a prime risk factor for cardiovascular disease in aging. However,
increasing age coupled with changes in the diet can affect the interaction of intestinal microbiota influencing the
immune system,which can lead to chronic inflammation.Howageandcalorie-enrichedOBDinteractwithmicrobial
flora and impact leukocyte profiling is currently under investigated. Here, we tested the interorgan hypothesis to
determine whether OBD in young and aging mice alters the gut microbe composition and the splenic leukocyte
profile in acute heart failure (HF). Young (2-mo-old) and aging (18-mo-old) mice were supplemented with standard
diet (STD,∼4%saffloweroildiet) andOBD(10%saffloweroil) for 2moandthensubjected tocoronaryartery ligation
to inducemyocardial infarction. Fecal sampleswere collectedpre- andpost–diet intervention, and themicrobial flora
were analyzed using 16S variable region 4 rRNA gene DNA sequencing and Quantitative Insights Into Microbial
Ecology informatics. TheSTDandOBD in agingmice resulted in an expansionof the genusAllobaculum in the fecal
microbiota. However,we found apathologic change in the neutrophil:lymphocyte ratio in agingmice in comparison
with their young counterparts. Thus, calorie-enrichedOBDdysregulated splenic leukocytes by decreasing immune-
responsiveF4/80+ andCD169+macrophages in agingmice.OBDprogrammedneutrophil swarmingwith an increase
in isoprostanoid levels, with dysregulation of lipoxygenases, cytokines, andmetabolite-sensing receptor expression.
In summary, calorie-dense OBD in aging mice disrupted the composition of the gut microbiome, which correlates
with the development of integrative and system-wide nonresolving inflammation in acute HF.—Kain, V., Van Der
Pol,W.,Mariappan,N.,Ahmad,A.,Eipers,P.,Gibson,D.L.,Gladine,C.,Vigor,C.,Durand,T.,Morrow,C.,Halade,G.
V.Obesogenicdiet inagingmicedisruptsgutmicrobecompositionandaltersneutrophil:lymphocyte ratio, leading to
inflamed milieu in acute heart failure. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Calorie-dense obesogenic diet (OBD) is the most contro-
versial risk factor for obesity and obesity-related cardio-
vascular disease due to ischemic and nonischemic cardiac

pathology (1). However, the inter-organ mechanism and
disease pathology is incomplete, particularly in the age-
related disease phase of life (i.e., in aging). Furthermore,
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the prevalence of chronic heart failure (HF) increases with
age, in part because of increased incidences of obesity,
insulin resistance, and diabetes (2). Our previous study
suggests that OBD intensified the post-myocardial acute
inflammatory response in aging with the marked sign of
nonresolving inflammation in heart and renal organs (3).
An imbalance of nutrients and diet, exercise, and sleep are
the ultimate cause of many cardiometabolic diseases (4).
From a nutrition and obesity epidemic perspective, the
American diet is enrichedwith n-6 fatty acids (e.g., linoleic
acid), and the percentage of n-6 fatty acids has increased
from3 to 7.21%(which is quite similar to the trendnoted in
the Australian population) because of industrialization
and labor-saving technology (4–6).

Age-dependent diet and nutrient interaction with host
intestinal microbiota plays a fundamental role in the
function and defense training of the immune system (7).
The commensal microbiota promotes and calibrates mul-
tiple aspects of the immunedefense system, in contrast, the
imbalance of intestinal microbiota or microbiome, a phe-
nomenon termed dysbiosis that leads to several chronic
inflammatorydiseases includingobesity, insulin resistance,
and diabetes (8). However, age-related diversification of
nutrients-microbial flora interaction is unclear. The diet-
responsive and age-dependent microbiome consists of an
integrative systemofmicro-organisms,which covers over a
million different species of commensal bacteria, including a
small amount of potentially pathogenic bacteria surviving
in a symbiotic relationship with its host (9). Evolutionary,
both humans and mice have relatively similar immune
systems, microbiota, and susceptibility to encounter in-
fectious agents and respective diseases (10–12). Twomajor
bacterial phyla are present in the in the human gut, Bac-
teroidetes and Firmicutes, and a smaller number of bacteria
are represented by the proteobacteria and actinobacteria
phyla (9, 13). The Bacteroidetes and Firmicutes phyla are of
major interest as both mouse and human shared many
classes and families of these phyla (10). An alteration in the
ratio of these phyla in response to diet or age is also known
to occur in inflammatory bowel disease, aging, diabetes,
and the metabolic syndrome (14). High levels of n-6 with
low levels of-n-3 fatty acids in the diet has been linked to
several other proinflammatory conditions such as insulin
resistance, atherosclerosis, diabetes, and myocardial in-
farction (MI) (15–19). Disruption of immune-responsive
bacterial populationsdue to aging anddiet alterationon the
immunologic scale is incomplete. Therefore, the current
study was designed to define the interorgan interaction of
n-6 fatty acids enriched diet with microbiome and the
splenic immune response in aging during acute HF.

Age-associateddysbiosis ismarkedby the change in the
ratio of the major bacterial phyla in the gut (20). Further-
more, age-related derangement of human and mice have
been shown in the Firmicutes population, and a higher
abundance of facultative anaerobic bacteria is associated
with increased inflammation (21). It has also been shown
that diet independently dysregulates microbiome (8, 22)
but it is not known if how age-related changes in diet can
influence microbiota compositions and impacts splenic
leukocytes phenotype. With coexistence of imbalanced
diets predominantly composed of n-6 fatty acids, we

hypothesized that OBDs would cause dysbiosis in aging
mice with alteration in splenic leukocyte profiling fol-
lowing MI in acute HF. The present study showed that
OBD leads to an expansion of the genusAllobaculumwith
an expansion of neutrophils and disruption of neutrophil:
lymphocyte ratio in aging. Thus, OBD dysregulated
splenic immune cells with impaired interorgan immune
metabolism and decreased immune-responsive F4/80+

and CD169+ macrophages with increased neutrophil
swarming, which leads to the development of systemic
inflammation in acute HF.

MATERIALS AND METHODS

Animal care and compliance

All animal MI surgery procedures and treatments were con-
ducted according to the Guide for the Care and Use of Laboratory
Animals [Eighth Edition, 2011; National Institutes of Health
(NIH), Bethesda, MD, USA] and American Veterinary Medical
Association (AVMA; Schaumburg, IL, USA) Guidelines for the
Euthanasia of Animals (2013 edition) and were approved by the
Institutional Animal Care andUse Committees at the University
of Alabama at Birmingham.

Age-related study design and diet
intervention protocol

Male C57BL/6J mice, 6 mo (young) and 18mo (aging) old, were
sourced from the National Institute of Aging colony (NIH) and
were maintained with free access to water and maintained on
standard diet (STD, ;4% safflower oil diet) and OBD (10% saf-
flower oil) for 2mo under a constant temperature of 19.8–22.2°C.
Young adult and agingmicewere randomized into 4 groups and
designated as young-STD, young-OBD, aging-STD, and aging-
OBD groups. The detailed study design is presented in Fig. 1A.

Fecal sample collection and microbiome analysis

Aging colony acclimatized 2 wk before adding on diet protocol.
A minor difference between the National Institute of Aging and
The University of Alabama at Birmingham microbiota was
noted. Fecal sampleswere collected in sterile tubes before thediet
initiation and at the end of OBD and stored at 280°C before
analyses. Microbial genomic DNA was isolated using a Fecal
DNA Isolation Kit from Zymo Research (Irvine, CA, USA) fol-
lowing the manufacturer’s instructions. Once the sample DNA
was prepared, PCR was used with unique barcoded primers to
amplify the variable region 4 of the 16S rDNA gene to create an
amplicon library from individual samples (23, 24). The PCR
product of;255 bases from the variable region 4 segment of the
16S rDNA gene was sequenced using single-end reads using the
MiSeq (Illumina, San Diego, CA, USA) followed by quality (23).
To support the analysis ofmicrobiome data, we have established
an analytical pipeline (24, 25) based on the latest version of the
Quantitative Insights Into Microbial Ecology (QIIME) tool suite
(26). The first step in our analysis was to assess the quality of the
raw data using FastQC, and then low-quality data was filtered
out using the FastX toolset (StarNet, Santa Clara, CA, USA). The
Ribosomal Database Project (Michigan State University, East
Lansing, MI, USA) classifier trained using the Greengenes
(v.13.8) 16S rRNA gene database was used to make taxonomic
assignments for all operational taxonomic units (OTUs) at con-
fidence threshold of 80% (0.8). The resulting OTU table included
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all OTUs, their taxonomic identifications, and abundance in-
formation. OTUs whose mean abundance was ,0.005% were
filtered out. OTUs were then grouped together to summarize
taxon abundance at different hierarchical levels of classification
(i.e., phylum, class, order, family, genus, and species). These
taxonomy tableswere alsoused togenerate stacked columnbar
charts of taxon abundance using Microsoft Excel software
(Microsoft, Seattle, WA, USA). Alpha diversity (within sample
diversity) was calculated using Shannon’s metrics as imple-
mented in QIIME. b-Diversity (between sample diversity)
among different samples was measured using weighted Uni-
Frac metrics. Principal coordinates analysis (PCoA) was per-
formed by QIIME to visualize the dissimilarity matrix
(b-diversity) between all the samples. Three-dimensional
PCoA plots were generated using Emperor (23).

Coronary ligation surgery

Young and aging mice without surgery were maintained as d 0
naive controls. To induce acute HF, mice were subjected to per-
manent surgical occlusion of the left anterior descending coro-
nary artery, as previously described in refs. 27 and 28. The mice
were monitored after surgery until MI d 1 (24 hrs) for necropsy.

Hematology

For determination of complete blood counts, bloodwas collected
from heparin-injected mice during necropsy (28). Complete
blood count was determined using an automatic veterinary

hematology analyzer (Hemavet 950 FS; Drew Scientific, Miami
Lakes, FL, USA).

Left ventricle and spleen histology using
hematoxylin and eosin staining

Post-necropsy, the paraffin-embedded left ventricle (LV) and
spleen transverse sections were initially deparaffinized and then
stained with hematoxylin and eosin. Total 5–7 images per slide
permousewerecapturedusingan imagingmicroscope (Olympus,
Tokyo, Japan).

Confocal microscopy

For immunofluorescence imaging, spleen cryosectionswere fixed,
permeated, andblockedand then incubatedwithantibodyagainst
F4/80 (green) and CD169 (red) overnight. In addition, incubated
with secondary antibody were conjugated with Alexa Fluor 555
and Alexa Fluor 488 for 1 h. Nuclei were stained with Hoechst.
Confocal imaging microscopy was performed on a Nikon A1
high-resolution microscope (Nikon, Tokyo Japan), and images
were acquired according to standard protocols. The images are
representative of a 7–8 section area for 3–4 mice per group.

Flow cytometry

Single mononuclear cells were isolated from spleens of young-
STD, young-OBD, aging-STD, and aging-OBD mice, and

Figure 1. Impact of OBD on gut microbiota during aging. A) Study design sketch that delineates C57BL/6 mice age, diet intervention
protocol, and parameters studied before and after MI in acute HF. B) PCoA plot of Bray-Curtis (n = 3–8 mice/group).



leukocytes were profiled by flow cytometry. In brief, splenocyte
count was adjusted to;1–2 million mononuclear cells per stain.
Isolated cell suspensions were finally suspended in 200 ml 1:500
Fc block and incubated for 10 min on ice. A cocktail of
fluorophore-labeled mAb in 23 concentration was added for 30
min on ice as appropriate for each study. We used CD45-
phycoerythrin (BD Biosciences, San Jose, CA, USA), CD11b-
APC, F4/80-Percp (Thermo Fisher Scientific, Waltham, MA,
USA), lymphocyte antigen 6 complex, locus C (Ly6C)–FITC (BD
Biosciences), and Lymphocyte antigen 6 complex locus G
(Ly6G)–pacific blue (eBioscience, San Diego, CA, USA) in a
cocktail. All the population was primarily gated using CD45+

markers for hematopoietic cells. The neutrophilswere defined as
CD11b+ and Ly6G+ cells. Activated macrophages were defined
as the cells having dual expression of CD11b (macrophage-1
antigen) and F4/80+ surfacemarker. Datawere acquired on LSR
II flow cytometer (BD Biosciences) and analyzed with FlowJo
software, v.10.0.8 (BD Biosciences) (29).

Measurement of isoprostanoid markers using
liquid chromatography–tandemmass spectrometry

Isoprostanoids (such as 15-F2t-IsoP) derived fromnonenzymatic
free-radical peroxidation of polyunsaturated fatty acids are ex-
cellent markers of lipid peroxidation in vivo and more generally
of oxidative stress (30). Isoprostanoid quantification by liquid
chromatography–mass spectrometry (LC-MS) currently repre-
sents a significant, specific, and noninvasive method for lipid
peroxidation evaluation. This study consisted of an LC-MS pro-
filing of mainly F2-IsoPs (15- and 5-series) derived from arachi-
donic acid (C20:4 n-6) in plasma.

Isoprostanoid measurements

After extraction of the lipids, oxidative damage to lipids was
measured by levels of isoprostanoids in plasma, based onmicro-
liquid chromotography–tandem mass spectrometry (LC-MS/
MS) (31, 32). The first step consisted of an alkaline hydrolysis
of samples, allowing the global quantification of compounds
(free and bound forms). Then, metabolites were concentrated
thanks to a solid phase extraction step conduced on weak-anion
exchange materials. There with metabolites were analyzed
by micro–LC-MS/MS. Mass spectrometry analyses were per-
formed in a QTrap 5500 (Sciex, Framingham, MA, USA). The
ionization source was electrospray in negative mode. Detection
of the fragmentation ion products from each deprotonated mol-
ecule (M-H)2wasperformed in themultiple reactionmonitoring
mode. Concentration of the analytes was obtained by calibration
curves calculated by the area ratio of the analytes and the internal
standard. Data processing was achieved using the MultiQuant
3.0 software (Sciex) (30–32).

Real-time quantitative PCR for measurements
of gene transcripts

For quantitative PCR (qPCR), RT was performed with 2.0 mg of
total RNA using SuperScript Vilo cDNA Synthesis Kit (Thermo
Fisher Scientific). qPCR for arachidonate 12-lipoxygenase (LOX)
(Alox-12), arachidonate 15-LOX (Alox-15), arachidonate 5-LOX
(Alox-5), IL-1b, TNF-a, C-C motif chemokine ligand 2 (Ccl2), ar-
ginase 1 (Arg-1), mannose receptor C-type 1 (Mrc-1), chitinase-
like protein 3 (Ym-1), formyl peptide receptor (FPR) 2, G-protein
coupled receptor (GPR) 40, and GPR120 genes was performed
using TaqMan probes (Thermo Fisher Scientific) on a Master
Cycler ABI, 7900HT. Gene levels were normalized to hypoxan-
thine phosphoribosyltransferase 1 as the housekeeping control

gene. The results were reported as 22DCt (DDCt) values. All the
experiments were performed in duplicates with n = 5 mice per
group.

Statistical analysis

For the microbiome analysis, samples were grouped by user-
defined variables, and significant differences between groups
were determined by performing a permutational multivariate
ANOVA test on each of the b-diversity indices. Furthermore, a
Kruskal-Wallis test was performed to identify key taxa whose
changes in relative abundances between groups are playing a
significant role in driving the overall group differences. These
statistical tests are performed using tools within the QIIME
package. Data are expressed as means6 SEM. Statistical analyses
wereperformedusingPrism7 (GraphPadSoftware, La Jolla,CA,
USA). Two-way ANOVA was used for comparisons between
young-STD,young-OBD,aging-STD,andaging-OBD.Avalueof
P, 0.05 was considered as statistically significant.

RESULTS

Gut microbe community differences between
young and old mice fed OBD compared
with STD

C57BL/6mice (young; 6moandaged 18mo)were fed the
STD (4% safflower oil) and OBD (10% safflower oil) for
2 mo. To evaluate the effect of OBD on the intestinal
microbiomecomposition,weexamined themicrobes in the
individual fecal samples obtained from the groups of mice
fed STD and OBD using 16S rRNA gene sequencing.
Irrespective of age, OBD independently increased actino-
bacteria. A pie chart displayed the actinobacteria percent-
age at 5% higher in young-OBD than young-STD mice. In
aging, the percentage of actinobacteria in OBD increased a
further ;8%, with no change in aging mice fed STD
(Supplemental Fig. S1). Composition analysis using un-
weighted and weighted UniFrac revealed no microbiome
composition differences between youngmice (6mo of age)
and older mice (18 mo of age) (P . 0.05), whereas a dif-
ference was seen using Bray-Curtis (P, 0.02) (Fig. 1B). In
contrast, comparison of young or aging mice found sig-
nificant differences between the STD and OBD with
Bray-Curtis and unweighted and weighted UniFrac.
However, we also found no significant differences in
microbe composition between the young or old mice
fed the OBD.

We next examined the relative abundance of the gut
microbes in the young and old mice fed the different diets
(Fig. 2).With theexceptionof a singlemouse (X49/AF),we
didnotobserveadysbiosiswithadominantmicrobe in the
young or old mice fed the STD or OBD. Both young and
aging STD-fedmice displayed highest relative abundance
of Bacteroides family S24-7, which has been found many
times to be the predominant microbe in mice (33). A
Kruskal-Wallis test confirmed that the S24-7 was ;2-fold
higher in both the young andold animals fed the STD than
those fed OBD (Supplemental Tables S1–S3). In contrast,
for both young and old mice fed OBD, the genus Allobac-
ulum was the most abundant microbe. A Kruskal-Wallis
test revealed that this microbe was between 4- and 8-fold
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Figure 2. Impact of OBD and aging on distribution of microbiota taxa. A) Relative abundance by Kruskal-Wallis (KW) mean of
the top bacterial phyla. B) Heatmap showing the abundance of significant OTUs. Represented bacterial taxa information (genus,
family, and phylum) of these OTUs is also shown (n = 3–8 mice/group).



higher inmice fed theOBDrather thanSTD.Blastingof the
OTU for this microbe against the National Center for
Biotechnology Information (Bethesda, MD, USA) data-
base revealed that it is most probably Faecalibaculum
rodentium, which has previously been isolated from mice
and has been found to increase in abundance in mice fed
diets rich in fat (34). Collectively, the microbiome analysis
demonstrates that OBD drastically changes the overall
gut microbe composition from mice fed the STD re-
gardless of age.

OBD-fed aging mice displayed feed-forward
systemic inflammation with the expansion
of neutrophils

To determine whether these differences in the microbiota
correlated with changes in the systemic immune pop-
ulation,weperformedhematologic analyses of blood in all
4groups.The clinicalhematologyanalysesofmouseblood
showed that the immune composition was as follows:
lymphocytes and neutrophils (40 and 44%, respectively),
followed by monocytes (10%), eosinophils (5%), and ba-
sophils (1%) in young mice fed STD. The OBD-fed young

mice increased neutrophils to 62% and reduced lympho-
cytes to 29%. Independent of diet, aging alone increased
neutrophils to 67% and decreased lymphocytes to 29%
compared with youngmice fed STD in which neutrophils
were 44%and lymphocyteswere 40%. TheOBD-fed aging
mice displayed similar composition of neutrophils and
lymphocytes as displayed by STD aging mice (Fig. 3A).
The hematologic analysis displays that aging is a primary
variable that increased neutrophils and decreased lym-
phocytes, monocytes, eosinophils, and basophil pop-
ulations (Fig. 3B–F). These results suggest that OBD
increased neutrophils, indicative of systemic inflamma-
tion with major influence from microbiome and aging.

OBD-fed mice develop splenic structural
deformity in aging

Young-STD mice spleens displayed physiologic archi-
tecture composed of red pulp (RP) and white pulp
(WP) regions surrounded by a fibrous capsule; the WP is
surrounded by the splenic marginal zone (MZ) (Supple-
mental Fig. S2E). Histologic analysis revealed that aging-
STD mice showed significant structural disorganization.

Figure 3. Aging and OBD impacted on hematology profile post-MI. A) Pie chart displaying white blood cell differential of in
young and aging mice fed STD and OBD for 2 mo. Bar graphs represent % of B. B–F) Neutrophil (B), lymphocyte (C), monocyte
(D), eosinophil (E), and Basophil (F) population in blood of young and aging mice fed STD and OBD for 2 mo post-MI. BA,
basophil; EO, eosinophil; LY, lymphocyte; MO, monocyte; NEU, neutrophil. Values are means 6 SEM (n = 8–10 mice/group).
*P , 0.05 vs. young-STD.
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STD-fed aging mice spleen WP was shrunken with less-
defined boundaries, and further MZ macrophages were
disrupted, no longer forming a continuous boundary
along the MZ (Supplemental Fig. S2G). Young-OBDmice
spleen had a structure with limited pathophysiological
changes (Supplemental Fig. S2F). However, the aging-
OBD mice displayed an expansion of WP area, with dis-
continuousMZ (Supplemental Fig. S2H). At the structural
level, LV tissue did not display any histologic or patho-
logic changes indicativeof limited impactofdiet andaging
(Supplemental Fig. S2A–D). Thus, spleen and LV mor-
phology results suggest that OBD induced structural dis-
organization of spleen in aging mice.

OBD-fed mice revealed deranged splenic MZ
and WP in aging post-MI

The spleen serves as a leukocyte reservoir in the event of a
cardiac injury and stroke or infection and mobilizes
leukocytes to heart in response to the tissue repair process
to facilitate resolution of inflammation (35). LV structural
changes confirmedpost-MIpathology in young andaging
mice fed on STD andOBDdiet (Supplemental Fig. 3A–D).
Therefore, the splenic structure and morphology were
evaluated to determine the effect of the interaction be-
tween a fatty acid–enriched diet and aging. Post-MI, the
WP area was observed to be expanded with irregular de-
formation, and MZ was shrunken in aging-STD fed mice
compared with young-STD fed mice (Supplemental Fig.
S3E–F). The OBD-fed young and aging mice display de-
rangedWP and MZ (Supplemental Fig. S3G,H) with min-
imal expansion of RP zone. Thus, histologic evaluation of
spleen post-MI explained the deformation of WP area was
prominentbecauseofdietbut independentofMIandaging.

OBD impaired splenic metallophilic
macrophage F4/80+ and CD169+ in aging

The splenic RP contains macrophages (CD169) and stro-
mal cells, which are important in the clearance of patho-
gens, and deficiency can lead to multi-organ damage in
infection (36, 37). Thus, to understand the impact of age
and OBD on metallophilic macrophages (CD169), we
performed immunofluorescence staining. Confocal imag-
ing of spleen showed presence of F4/80+(green) in WP,
MZ, and RP area with the presence of CD169+(red) met-
allophilic macrophages in the MZ (Supplemental Fig.
S4A). The OBD-fed young mice showed the sporadic and
deranged distribution of F4/80+ macrophages with re-
duceddensityof theCD169+ cells (Supplemental Fig. S4B).
Because of aging-STD, the WP area was shrunken, with a
higher expression F4/80+ macrophages and uneven dis-
tribution of CD169+, both F480+ and CD169+ were colo-
calized (yellow) in splenicmorphology (SupplementalFig.
S4C). Thus, OBD in aging mice impacted the expression
anddistributionofCD169+macrophages,whichappeared
to move toward WP area and form uneven colonies
(Supplemental Fig. S4D). Post-MI,WPareaexpandedboth
in young and aging mice with irregular demarcations.
Both STD-fed young and agingmice displayed prominent

expression of F4/80+ and CD169+ (Fig. 4A, C) when
comparedwithOBD. Interestingly,OBD impacted the loss
of CD169+ expression compared with STD-fed mice, in-
dependent of aging (Fig. 4B, D). Thus, OBD serves as a
prime factor indecreasingCD169+macrophages, indicative
of splenic immune dysregulation in cardiac injury.

Aging limits splenic macrophages in OBD and
STD groups

Quantitative analyses of leukocytes CD45+ andCD11b+ in
spleen by flow cytometry showed no difference in the
percentage population in young and aging mice main-
tained on STD in no-MI naive controls. The no-MI controls
displayed lower percentage CD45+ and CD11b+ pop-
ulation in OBD aging mice, which had 0.30% monocytes
compared with young-OBDmice, which displayed 5.61%
of cells (Fig. 5A). In response to cardiac injury, there was a
global increase in splenic CD45+ and CD11b+ population
due to OBD, independent of age. Post-MI, the young and
aging mice fed OBD showed increased percentage of
CD11b+ cells (9.2260.5and1.560.2%;Fig. 5A) compared
with young and aging cohorts fed STD, respectively, in-
dicating OBD increases monocytes independently. The
splenic CD11b+ and F4/80+ cells (macrophages) in young
and aging mice fed STD displayed 0.62 6 0.2 and 0.12 6
0.01%(Fig. 5B) respectively.Theyoung-OBDmice showed
a3.5-fold increase in thepopulationofCD11b+andF4/80+

macrophages compared with aging-OBD. Post–cardiac
injury, therewasanoverall decrease inCD11b+andF4/80+

in aging compared with young mice (Fig. 5B). Post-MI,
splenic leukocyteswereactivatedwithCD11b+andF4/80+

(2.2 6 0.3%) in young-OBD mice compared with young-
STD (0.62 6 0.2%) mice (Fig. 5B and Fig. 5D). However,
overall aging decreased bothmonocytes andmacrophages
in spleen compared with wild type. These results indicate
age served as a diversified factor for splenic macrophages
in acuteHF.Agingunderminesmacrophagepopulation in
OBD- and STD-fed mice compared with young mice.

Aging impacts splenic leukocytes
(macrophages, Ly6C+ and neutrophils, Ly6G+)

Splenic leukocytes (neutrophils and macrophages) are
dysregulated in obese aging (27). Aging serves as a key
factor in decreasing splenic CD11b+, F4/80+, low-Ly6C
(Ly6Clo), and high-Ly6C (Ly6Chi) (macrophage pheno-
type) and CD11b+, F4/802, and Ly6G+ (neutrophils)
population, irrespective of diet (Fig. 6). Macrophages
polarize either toward reparative (Ly6Clo) or proin-
flammatory (Ly6Chi) phenotypes post-MI. No-MI control
aging-OBD mice displayed a significant decrease in
CD11b+, F4/80+, and Ly6Chi (0.11 6 0.02%) compared
with young-OBD mice (1.11 6 0.2%) in spleens (Fig. 6A),
indicating that aging drives macrophage population in-
dependent of diet. The splenic leukocyte population of
Ly6Chi of aging OBD-fed mice (0.27 6 0.1%) was lower
than young OBD-fed mice (2.2 6 0.2%) (Fig. 6A, C).
Simultaneously, young-OBD mice displayed increased
CD11b+, F4/80+, and Ly6Clo (1.0 6 0.1%) levels when



compared with aging-OBD (0.03 6 0.01%) post-MI
(Fig. 6A, D).

In naive controls, the young-STDmice showed ahigher
percentage (0.14 6 0.01%) of neutrophils (Ly6G+) than
aging-STD (0.03 6 0.01%) in the spleen. The young-OBD
mice displayed recruitment of excess splenic neutrophils
(CD11b+ andLy6G+) (Fig. 6B). TheOBD-fedmice showed
a greater density of Ly6G+ cells in young (3.26 0.4%) and
aging (0.76 0.1%) mice post-MI d 1 in the spleen (Fig. 6B,
E). Of note, the OBD-fed mice also displayed a higher ex-
pression of CD11b+ and Ly6G+ cells than STD post-MI in
the spleen (Fig. 6F). The results indicate that aging served
as auniversal variable that overall decreasesmacrophages
and neutrophil population in spleen; however, OBD
highly impacted splenic leukocytes in young mice.

Aging altered splenic LOXs, cytokines, and
GPCR expression, whereas OBD affected
young mice

Immune-responsive LOXs are essential enzymes for heal-
ing that utilize the essential fatty acids to transform into
the bioactive lipids that modulate immune kinetics (29).
OBD-fed aging mice decreased splenic expression ofAlox-
12 and -15 (1.2- and 3-fold) and increased Alox-5 (1.4-fold)
compared with the young-STD mice. Post-MI, splenic
mRNA levels on Alox-12, -15, and -5 were increased in
aging-STDmice comparedwithyoung-STDmice (Fig. 7A).

To determine whether age and diet interact with
splenic low-grade chronic inflammation, the expression

levels of proinflammatory and reparative cytokines were
evaluated. Post-MI, STD-fed aging mice had increased
IL-1b compared with all other groups, indicative of an
inflamed spleen. Despite increased IL-1b, the Tnf-a
encoding genes were not changed in all the groups.
However, Ccl2 levels were increased in the young-OBD
group but decreased in aging-OBD, indicative of dif-
ferential effects of OBD in young and aging mice (Fig.
7B). The reparative cytokines Mrc-1, Arg-1, and Ym-1
were increased in splenic expression in STD-fed aging
mice compared with all other groups (Fig. 7C).

As OBD activated, multiple metabolite-sensing GPCRs
lead to the formation of lipid mediators, and therefore
splenic expression of receptors FPR2,GPR120, andGPR40
were determined pre- and post-MI. In no-MI controls,
aging-OBD mice displayed higher expression of FPR2
than young-STD, young-OBD, and aging-STD. Post-MI,
theyoungmice fedSTDandOBDelicitedFPR2expression
in the spleen compared with no-MI respective controls.
Splenic GPR40 expression was decreased in young-OBD
no-MI control comparedwith young-STDmice. Similar to
FPR2, the aging mice fed STD and OBD displayed a de-
crease in GPR40 compared with young mice fed STD and
OBD post-MI. Inversely, splenic expression of GPR120
wasdown-regulatedpost-MI in the youngand agingmice
(STD andOBDmice) comparedwith the no-MI respective
control group (Fig. 7D). Thus, the above results suggest
that aging and diet are dependable factors impacting
immune-responsive LOXs, cytokines, and metabolite-
sensing receptor signaling in acute HF.

Figure 4. OBD decreased
CD169+ macrophages in young
and aging mice post-MI. A–D)
Immunofluroscence of post-MI
spleen sections from young and
aging mice fed normal diet
and OBD, presenting 3-color
image staining; CD169 (red), F4/
80 (green), and nuclei (blue).
OBD cleared CD169+ cells in WP
and MZ area post-MI, with expan-
sion of F4/80+ in both young and
aging mice. Images are represen-
tative of 4–5 sections, n = 4/
group. Original magnification,
320. Scale bars, 100 mm.
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OBD increases plasma isoprostanoids
independent of aging post-MI

Isoprostanes (suchas 15-F2t-IsoP)derived fromnonenzymatic
free-radical peroxidation of polyunsaturated fatty acids are
excellent markers of lipid peroxidation in vivo and, more
generally, of oxidative stress (30). Analyses of plasma
isoprostanoids revealed F2 isoprostanes [15-F2t-IsoP, 15-
epi-15-F2t-IsoP, and 5(RS)-5-F2t-lsoP] were decreased in
aging post-MI compared with young mice fed STD (Fig.
8A–C). However, OBD independently increased the levels
of 15-F2t-IsoP, 15-epi-15-F2t-IsoP, and 5(RS)-5-F2t-lsoP, sug-
gesting an excess intake of OBD increased isoprostanoids
post-MI,which is indicative of amplified lipid peroxidation.

DISCUSSION

Dietary metabolites interact with gastrointestinal micro-
flora to calibrate leukocyte defense capacity, thereby cre-
ating a feed-forward and feed-back system between diet
and health (7). The importance of diet metabolite

interaction with the microbiome is essential to train the
leukocyte defense system. The consumption of n-6 poly-
unsaturated fatty acids (PUFAs) (in the United States in-
creased from ;3 to 7.21% of energy (38). The impact of
dietary macronutrient and micronutrient influence on
immune cells differs during young and aging and drasti-
cally impacts cardiac health (27, 39). However, how OBD
influences microbiota during aging, leukocyte kinetics,
and cardiac health is underinvestigated. Therefore, in the
present study, we defined the intestinal microbiota, in-
terorgan connection of splenic structural remodeling with
gut microbiota, and leukocyte profiling, because splenic
leukocytes are essential for cardiac healing in the event of
acute HF (35). The current study shows data from the
widely used laboratory C57BL/6mouse strain suggestive
of polygenic settings necessary for human translational
studies because similar calorie-dense diets are consumed
in humans. Here, we precisely used a single fatty acid–
enriched diet (10% safflower oil; w/w) that mimicks a
standard Americanized Western diet, indicating the dif-
ferential impact of same diet in young and aging settings.
The study discovered that aging superimposedwith OBD

Figure 5. Aging diminished splenic leukocyte kinetics independent of OBD post-MI. A) Representative flow cytometry dot plots
depicting CD45+/CD11b+ population in spleen isolated from young and aging mice fed STD and OBD for 2 mo pre- and post-MI. B)
Representative flow cytometry dot plots showing lower CD11b+/F4/80+ population in spleen isolated from young and aging mice fed
STD and OBD for 2 mo pre- and post-MI. C) Bar graphs representing percentage of CD11b+ population in spleen at d 1 post-MI. D)
Bar graphs representing percentage of F4/80+ population in spleen at d 1 post-MI. Values are mean 6 SEM (n = 3–5 mice/group/
time point for flow cytometry analysis). *P , 0.05 vs. young-STD, $P , 0.05 STD vs. OBD.



lead to dysbiosis and highlighted the miscalibration of
splenic leukocytes, leading to nonresolving inflammation.
Thus, OBD was enriched in aging; led to dysbiosis with
expansion of genus Allobaculum; expanded systemic in-
flammation with neutrophil swarming post-MI; dysre-
gulated splenic leukocyte profiling in with decrease in
CD169+ macrophages in aging post-MI; and served as a
determinent factor with marked dysregulation of cyto-
kines and receptor expression pre- and post-MI (Fig. 8D).

Dysbiosis or altered microbes appear to be involved in
the pathogenesis of diverse diseases such as obesity, in-
sulin resistance, b-cell function, diabetes, hypertension
gastrointestinal diseases, and related cardiovascular dis-
eases, including HF (40–42). However, aging has been
associated with dysbiosis-dependent mechanisms that
lead to changes in ratios of Firmicutes and Bacteroidetes
population, impacting immunemodulation (43, 44).Previous

reports have shown that obesity correlates with a shift in
the abundance of Bacteroidetes and Firmicutes using
monogenic mouse models such as ob/ob and db/db with
profound signs of inflammation and dysbiosis (8, 22).
However, how the pathogenicity of OBD leads to dys-
biosis in aging in acute HF is covered in this report. For
this, we used 10% w/w safflower oil enriched OBD that
expanded the rare taxa, Allobaculum, disrupting the
overall FIRM:CFB (Firmicutes:Bacteroidetes) ratio. The
increase in the Allobaculum and Bifidobacterium correlated
with theOBD. TheBifidobacterium spp. have been reposted
to improve glucose homeostasis, reduceweight gain and fat
mass, and improve insulin secretion in mice fed a high-fat
diet (45). Studieshaveshownthatoral supplementationwith
Bifidobacterium increased lymphocyte proportions in the cir-
culation, improved the anti-tumoricidal activity, and re-
stored phagocytosis in peripheral blood mononuclear

Figure 6. Aging diminishes F480+ and Ly6Chi and Ly6G+ cells post-MI irrespective having excess intake of fatty acids. A)
Representative flow cytometry dot plots depicting Ly6Chi and Ly6Clo population in spleen isolated from young and aging mice
fed STD and OBD for 2 mo pre- and post-MI. B) Representative flow cytometry dot plots showing LY6G population in spleen
isolated from young and aging mice fed STD and OBD for 2 mo pre- and post-MI. C) Bar graphs representing % of Ly6G
population in spleen at d 1 post-MI. D) Bar graphs representing % of Ly6Clo population in spleen at d 1 post-MI. E) Bar graphs
representing % of Ly6G population in spleen at d 1 post-MI. F) Histogram representing change in Ly6G expression in aging mice
fed STD and OBD for 2 mo post-MI. Values are means 6 SEM (n = 3–5 mice/group/time point for flow cytometry analysis). *P ,
0.05 vs. young-STD, $P , 0.05 STD vs. OBD.

http://www.fasebj.org


cells and neutrophils (46, 47). This indicates the com-
pensatory mechanism because OBD, as well as aging
acute HF, leads to an increase in neutrophils, with a
decrease in total circulating lymphocytes and other
leukocyte population intensifying the overall immune
response. Overall, OBD promoted actinobacteria den-
sity pre-MI and disturbed the ratio of the microbiome,
thereby influencing the defensive immune response
and systemic inflammation in acute HF.

Diet and age are interactive factors that define micro-
biota, which leads to an imbalance in host defense of im-
mune cell health in homeostasis and disease pathology.
Diet interaction within the gut defines proximal, distal,
and systemic inflammation, which in turn defines in-
terorgan communication. The spleen is a secondary lym-
phoid organandserves as a reservoir for the immune cells,
regulating host defense or cardiac healing responses spe-
cifically in the event ofHF (35, 39). The spleen is composed
of RP and WP, which are separated by an interface, the
MZ. The splenic RP zone consists of phagocytic macro-
phages that are critical for maintenance of blood homeo-
stasis of senescent erythrocytes and in response to major
injury such as MI, stroke, or infection (37, 48). Splenic MZ
also contains macrophages and metallophilic macro-
phages that express a unique set of pattern-recognition

receptors (CD169) to orchestrate innate immune response
in infection and injury (37). CD169+ macrophages can
control parasite propagation and restrain inflammation,
and their absence lead tomultiorgandamage (36). In aging
mice, OBD developed splenic WP shrinkage with less-
defined boundaries. Splenic MZ had altered distribution,
no longer forming a continuous boundary, indicating the
defective homeostasis in MZ and myeloid cells. Further
imbalance in splenic immune response due to the obeso-
genic environment was due to lowered CD169 macro-
phages in acute HF. CD169+ splenicMZmacrophages are
known to prime host defense and are essential to control
damage-induced inflammation (37, 49). The decrease in
CD169 expression post-MI is indicative of obesogenic en-
vironment influences and CD169+ cells as well as splenic
architecture that miscalibrates the immune response in
acute HF.

Our data indicate that OBD in aging dysregulated
splenic leukocytes with the expansion of systemic in-
flammation and the beginning of the incomplete resolu-
tion of inflammation in acute HF (35). The age-induced
dysregulation in the innate immune system has been well
established (27, 50). Our previous study has shown that
aging mice without HF have a proinflammatory envi-
ronment that results in a low-grade inflammation setting

Figure 7. OBD modulates splenic LOXs, cytokines, and metabolite-sensing receptor expression in young and aging mice post-MI.
Bar-graph representing mRNA expression of ALOX-12, ALOX-15, and ALOX-5 (A); IL-1b, TNF-a, and CCL2 (B);MRC-1, Arg-1, and
YM-1 (C); and FPR2, GPR40, and GPR120 (D). Gene Expressions are normalized to hypoxanthine phosphoribosyltransferase 1
(HPRT-1) expression. Values are means 6 SEM (n = 4/group). #P , 0.05 vs. young-STD no MI, *P , 0.05 vs. young-STD post-MI,
$P , 0.05 STD vs. OBD.



that alters electrical and cardiac physiology (39). Exami-
nation of the splenic population in aging displayed a
drastic decrease in all splenic leukocytes. Compared with
humans, mouse blood is dominated by lymphocytes (B
and T cells) (10), but OBD increases neutrophil swarming
in both young and aging mice. In mice and humans, risk
factors like aging or prolonged use of painkillers primes
the neutrophil count in the blood (27, 51). Neutrophils are
essential to resolve inflammation; however, sustained
long-term neutrophil activation in circulation may lead to
unstable angina (52). Clinical studies with increased neu-
trophil counts indicate a substantially increased risk for
major adverse cardiovascular events, adding to the prog-
nostic information of cofounding factors and other pa-
rameters of inflammation (53). Furthermore, a study has
shown that immune cells such as mast cells, monocytes,
neutrophils and platelets interact with isoprostanes lead-
ing to inflammation-induced thrombosis disorders (54).
F2-isoprostanes are involved in severe acute or chronic
inflammatorydiseases such as rheumatic diseases, asthma,
and risk factors of atherosclerosis, diabetes, ischemia-
reperfusion, and septic shock (55). Our study indicated
OBD increased F2-isoprostanes in both young and aging
populations, indicative of an increase in lipid peroxidation
and oxidative stress. Thus, the data strongly indicate that
OBDdevelopsan inflammatorymicroenvironment even in
young mice and amplifies with aging. This study high-
lights that diet and age are critical factors and have

differential impact with age and highlights the interorgan
communication for immune defense. Although during
young age OBD resolved inflammation irrespective with
limited dysbiosis, in contrast, in aging, the same OBD
triggered nonresolving inflammation, which is multifac-
torial in acute HF (Fig. 8D). Thus, the current study in-
vestigated how aging-OBD dysregulated interaction with
microbiome in acute HF. Future preclinical and clinical
studiesarewarrantedof chronicHF thatwill delineatehow
immune response is regulated in obesity and aging.

CONCLUSIONS

AnOBDsuperimposedonto aging has a critical interaction
with gut microbial flora that may misfeed the immune
system.An enrichment or imbalance of fatty acids in aging
expanded actinobacteria phylum, altered inter-organ co-
ordination, increased proinflammatory mediators, and
miscalibrated leukocyte profiling with neutrophil swarm-
ing and splenic remodeling, thereby showing signs of
nonresolving inflammation in cardiac healing.
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Oger, C., Galano, J. M., Durand, T., Vigor, C., and Nazareno, M. A.
(2016) Thermal stress in melon plants: phytoprostanes and
phytofurans as oxidative stress biomarkers and the effect of
antioxidant supplementation. J. Agric. Food Chem. 64, 8296–8304

33. Ormerod, K. L., Wood, D. L., Lachner, N., Gellatly, S. L., Daly, J. N.,
Parsons, J. D., Dal’Molin, C. G., Palfreyman, R. W., Nielsen, L. K.,
Cooper, M. A., Morrison, M., Hansbro, P. M., and Hugenholtz, P.
(2016) Genomic characterization of the uncultured Bacteroidales
family S24-7 inhabiting the guts of homeothermic animals.Microbiome
4, 36

34. Chang, D. H., Rhee, M. S., Ahn, S., Bang, B. H., Oh, J. E., Lee, H. K.,
and Kim, B. C. (2015) Faecalibaculum rodentium gen. nov., sp. nov.,
isolated from the faeces of a laboratory mouse. Antonie van
Leeuwenhoek 108, 1309–1318; erratum: 109, 481

35. Halade, G. V., Norris, P. C., Kain, V., Serhan, C. N., and Ingle, K. A.
(2018) Splenic leukocytes define the resolution of inflammation in
heart failure. Sci. Signal. 11, eaao1818



36. Gupta, P., Lai, S. M., Sheng, J., Tetlak, P., Balachander, A., Claser, C.,
Renia, L., Karjalainen, K., and Ruedl, C. (2016) Tissue-resident
CD169(+)macrophages forma crucial front line against plasmodium
infection. Cell Rep. 16, 1749–1761

37. Perez, O. A., Yeung, S. T., Vera-Licona, P., Romagnoli, P. A., Samji, T.,
Ural, B. B.,Maher, L., Tanaka,M., and Khanna, K.M. (2017)CD169+

macrophages orchestrate innate immune responses by regulating
bacterial localization in the spleen. Sci. Immunol. 2, eaah5520

38. Sacks, F. M., Lichtenstein, A. H., Wu, J. H. Y., Appel, L. J., Creager,
M. A., Kris-Etherton, P. M., Miller, M., Rimm, E. B., Rudel, L. L.,
Robinson, J. G., Stone, N. J., and Van Horn, L. V.; American Heart
Association. (2017) Dietary fats and cardiovascular disease: a
presidential advisory from the American Heart Association.
Circulation 136, e1–e23; erratum: e195

39. Kain, V., Ingle, K. A., Kachman, M., Baum, H., Shanmugam, G.,
Rajasekaran, N. S., Young,M. E., andHalade, G. V. (2018) Excessv-6
fatty acids influx in aging drives metabolic dysregulation,
electrocardiographic alterations, and low-grade chronic inflam-
mation. Am. J. Physiol. Heart Circ. Physiol. 314, H160–H169

40. Kitai,T.,Kirsop, J., andTang,W.H. (2016)Exploring themicrobiome
in heart failure. Curr. Heart Fail. Rep. 13, 103–109

41. Arora, T., Anastasovska, J., Gibson, G., Tuohy, K., Sharma, R. K., Bell,
J., and Frost, G. (2012) Effect of Lactobacillus acidophilus NCDC 13
supplementation on the progression of obesity in diet-induced obese
mice. Br. J. Nutr. 108, 1382–1389

42. Tang, W. H., Wang, Z., Levison, B. S., Koeth, R. A., Britt, E. B., Fu, X.,
Wu, Y., and Hazen, S. L. (2013) Intestinal microbial metabolism of
phosphatidylcholine and cardiovascular risk. N. Engl. J. Med. 368,
1575–1584

43. O’Toole, P. W., and Jeffery, I. B. (2015) Gut microbiota and aging.
Science 350, 1214–1215

44. Biagi, E.,Nylund,L.,Candela,M.,Ostan,R.,Bucci, L., Pini,E.,Nikkı̈la,
J., Monti, D., Satokari, R., Franceschi, C., Brigidi, P., and De Vos, W.
(2010) Through ageing, and beyond: gut microbiota and
inflammatory status in seniors and centenarians. PLoS One 5,
e10667; erratum, 10.1371/annotation/df45912f-d15c-44ab-8312-
e7ec0607604d
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