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Populations at risk for tuberculosis (TB) may have a low n-3 polyunsaturated fatty acid

(PUFA) status. Our research previously showed that post-infection supplementation of

n-3 long-chain PUFA (LCPUFA) in TB without TB medication was beneficial in n-3

PUFA sufficient but not in low-status C3HeB/FeJ mice. In this study, we investigated

the effect of n-3 LCPUFA adjunct to TB medication in TB mice with a low compared

to a sufficient n-3 PUFA status. Mice were conditioned on an n-3 PUFA-deficient (n-

3FAD) or n-3 PUFA-sufficient (n-3FAS) diet for 6 weeks before TB infection. Post-

infection at 2 weeks, both groups were switched to an n-3 LCPUFA [eicosapentaenoic

acid (EPA)/docosahexaenoic acid (DHA)] supplemented diet and euthanized at 4- and

14- days post-treatment. Iron and anemia status, bacterial loads, lung pathology, lung

cytokines/chemokines, and lung lipid mediators were measured. Following 14 days of

treatment, hemoglobin (Hb) was higher in the n-3FAD than the untreated n-3FAS group

(p= 0.022), whereas the n-3FAS (drug) treated control and n-3FAS groups were not. Pro-

inflammatory lung cytokines; interleukin-6 (IL-6) (p = 0.011), IL-1α (p = 0.039), MCP1

(p = 0.003), MIP1- α (p = 0.043), and RANTES (p = 0.034); were lower, and the anti-

inflammatory cytokine IL-4 (p= 0.002) and growth factor GMCSF (p= 0.007) were higher

in the n-3FAD compared with the n-3FAS mice after 14 days. These results suggest that
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n-3 LCPUFA therapy in TB-infected mice, in combination with TB medication, may

improve anemia of infection more in low n-3 fatty acid status than sufficient status mice.

Furthermore, the low n-3 fatty acid status TB mice supplemented with n-3 LCPUFA

showed comparatively lower cytokine-mediated inflammation despite presenting with

lower pro-resolving lipid mediators.

Keywords: n-3 LCPUFA, fatty acid status, adjunct therapy, C3HeB/FeJ TB model, tuberculosis, immuno-nutrition

INTRODUCTION

Tuberculosis (TB) disease is considered as an example of host
immune failure (1), because of the ability of the pathogen to
manipulate or evade the cellular immune responses to favor
its persistence (2). TB is associated with a host inflammatory
response, which results in injury to the surrounding tissue,
causing significant chronic pulmonary impairment and
morbidity (3–5). However, timely diagnosis and effective
treatment of TB can limit infectivity and tissue damage due
to the associated inflammatory effects that result in post-TB
impairments, such as fibrosis and bronchiectasis, after curing
(6, 7). Post-TB treatment lung impairment is a major TB-
related disability burden (8). One of the common causes of this
impairment is the inflammation associated with Mycobacterium
tuberculosis (Mtb) infection (9). Thus, reducing inflammation
may limit tissue damage and improve treatment, and other
clinical outcomes (10). Hence, adjunctive TB therapies have
been investigated frequently to augment and increase the success
of standard TB treatment outcomes via immunomodulation
(1, 11, 12). This host-directed immunotherapeutic treatment
concept is designed to address the improvement of long-term
outcomes and to promote a cure.

Over the past 20 years or more, the understanding of the
functionality of dietary PUFAs not only as essential nutrients
but their ability to also favorably modulate many disease
parameters, particularly related to inflammation, has become
more apparent (13). The n-3 long-chain polyunsaturated fatty
acids (n-3 LCPUFAs) exert favorable health effects on several
biological processes, including immune-modulation, making it
a potential therapeutic agent toward combating inflammatory
diseases (14–16).When supplemented in disease as a therapy, this
compound has long been recognized to have anti-inflammatory
activity, which has been observed in rheumatoid arthritis (17, 18),
inflammatory bowel disease (19, 20), and respiratory conditions,
such as asthma (21). The ability of n-3 LCPUFAs to down-
regulate several mechanisms associated with inflammation,
suggests that these FAs might be important in controlling the
development and severity of inflammatory diseases, and they
appear to be useful as components of novel therapy approaches
(22), possibly also in patients with TB.

Abbreviations: BSL3, Bio-safety hazard level 3; CFU, Colony-forming units;

COX-2, Cyclooxygenase-2; DHA, Docosahexaenoic acid; EPA, Eicosapentaenoic

acid; FA, Fatty acid; FAD, Fatty acid deficient; FAS, Fatty acid sufficient;

GM-CSF, Granulocyte-macrophage colony-stimulating factor; Hb, Hemoglobin;

HDHA, Hydroxydocosahexaenoic acid; HEPE, Hydroxyeicosapentaenoic acid;

HETE, Hydroxyeicosatetraenoic acid; IFN-γ, Interferon-gamma; IL, Interleukin;

Consumption of n-3 PUFAs increases the phospholipid n-3
PUFA composition of immune cells and various tissues, thus,
leading to the capacity to produce a pro-resolving lipid mediator
(LM) profile upon a stimulus (23, 24). Immune cell n-3 PUFA
composition is important as it influences immune functions, such
as phagocytosis, neutrophil activity, and inflammatory responses
(25, 26). LCPUFAs are incorporated even faster into leukocytes
compared with erythrocytes, especially in an inflammatory or
infectious milieu where there is rapid cell turnover (27, 28).
Furthermore, pro-resolving LMs increased in plasma after 1 day
of marine oil supplementation in healthy humans (29). These
LMs are known as specialized pro-resolving mediators (SPMs)
and include resolvins, protectins, and maresins, which contribute
to inflammation resolution (14). The SPMs are known to reduce
pro-inflammatory LMs, limit pro-inflammatory cytokine and
chemokine production, and modify immune cell recruitment
while stimulating the release of anti-inflammatory cytokines
(14). An adequate presence of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) in cell membranes is also known
to enhance phagocytosis of apoptotic cells and bacteria (30,
31), whereas the SPMs may assist in bacterial killing (14, 32).
Increased EPA and DHA intake has also been shown to inhibit
a wide range of inflammatory proteins, such as tumor necrosis
factor (TNF), cyclooxygenase-2 (COX-2), and interleukin-6 (IL-
6) (13, 33, 34).

Prior research has shown that a good n-3 PUFA status
or supplementation prior to infection is not advantageous in
TB infection (35–37). However, in a recent study from our
group, we demonstrated that n-3 LCPUFA supplementation
administered as therapy after TB infection lowered systemic and
lung inflammation in Mtb-infected C3HeB/FeJ mice that did
not receive TB drug treatment (38). Since some populations
at risk for TB has low n-3 PUFA status (39, 40), we also
previously investigated the effects of n-3 PUFA supplementation
on low vs. sufficient n-3 PUFA mice without TB drug treatment
(41). In this earlier study without TB medication, low n-3
PUFA status mice reacted differently and showed no benefit to

LMs, Lipid mediators; MCP-1, Monocyte chemoattractant protein 1; MIP-1α,

Macrophage inflammatory protein 1-alpha; Mtb, Mycobacterium tuberculosis; N-

3 LCPUFAs, Long-chain polyunsaturated fatty acids; OADC, Oleic acid-albumin-

dextrose-catalase; PD1, Protectin D1; PG, Prostaglandin; PUFA, Polyunsaturated

fatty acid; PURE, Prospective Urban Rural Epidemiology; RANTES, Regulated

on Activation Normal T-cell Expressed and Secreted; RH, Rifampicin and

isoniazid; SPMs, Specialized pro-resolving mediators; TB, Tuberculosis; TBXB2,

Thromboxane B2; TNF, Tumor necrosis factor TNF-α, Tumor necrosis

factor-alpha.
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supplementation after TB infection than mice with a sufficient
n-3 PUFA status (35, 41).

Therefore, the current investigation focused to assess the effect
of adjunct n-3 LCPUFA supplementation after infection onMtb-
infected C3HeB/FeJ mice with sufficient compared to low n-3
PUFA status, while being on standard TB drug treatment.

MATERIALS AND METHODS

Animals and Ethics Statement
Male and female C3HeB/FeJ mice (Jackson Laboratory, Bar
Harbour, ME), aged 10 to 12 weeks, were used for the
experiment. Animals were housed at biohazard level 3 (BSL3)
physical containment facilities at the Faculty of Health Sciences,
University of Cape Town. After infection, mice were randomly
placed into groups of six in standard type 2 long individually
ventilated cages with filter tops, dried wood shavings, and
shredded filter paper as floor coverings. Mice were housed
under a 12/12 h light/dark cycle (lights on at 06:00) at 22
± 2◦C and 55 ± 10% relative humidity, with bodyweight
measured weekly. The experiments were conducted according to
the South African National Guidelines (SANS 10386:2008) and
the University of Cape Town practice guidelines for laboratory
animal procedures. The study protocol received approval from
the AnimCare Animal Research Ethics Committee of North-
West University, South Africa (Ethics number: NWU-00055-19-
S5), and the Animal Research Ethics Committee of the University
of Cape Town, South Africa (Ethics number: FHS AEC 019-023).

Experimental Design
Figure 1 outlines the experimental design used for the study.
Twenty-eight normal status 3–5 week-old pups were randomly
weaned onto either an n-3 PUFA-deficient (n-3FAD) (n= 14) or
n-3 PUFA-sufficient diet (n-3FAS) (n = 14) for 6 weeks, which
was previously shown to produce mice with low and sufficient n-
3 PUFA red blood cell (RBC) status, respectively (35, 41). Prior
to infection, baseline hemoglobin (Hb) was measured. One day
postinfection, four mice were euthanized to confirm the infection
dose. Each group continued on their respective diets during the
2 weeks of infection, and thereafter, they switched onto an n-3
LCPUFA (EPA/DHA) supplemented diet, corresponding to the
n-3FAS/n-3+ (n= 12) and n-3FAD/n-3+ (n= 12) experimental
groups. Both groups also started TB antibiotics treatment at that
same time. Prior to the diet switch onto the n-3 supplemented
diet, pretreatment Hb was also measured to determine post
infection Hb status. A total of 12 mice, 6 from the n-3FAS/n-
3+ group and 6 from the n-3FAD/n-3+ group, were euthanized
4 days posttreatment in the first experimental phase (Phase 1).
The remaining 12 mice, 6 of each group continued with their
respective treatment protocols for an additional 10 days until
euthanasia at day 14 after the initial treatment commenced,
representing Phase 2 of the experimental design, as described
in Figure 1. The body weight of the mice was measured weekly
and mice had ad libitum access to supplemented diets and water.
All mice were on standard TB antibiotics Rifafour R© for 4 days
of treatment (Phase 1), then rifampicin and isoniazid (RH) for
the remaining 10 days (Phase 2). All anti-TB drugs used for

treatment were administered either by esophageal gavage or in
the drinking water. The following doses were used: in Phase
1 (intensive phase), each mouse received 0.2ml of antibiotic
consisting of Rifafour R© (150mg rifampicin+ 75mg isoniazid+

400mg pyrazinamide + 275mg ethambutol) dissolved in 30ml
distilled water through oral gavage administration daily. In Phase
2 (continuation phase), isoniazid (0.1 g/L) and rifampicin (0.1
g/L) were administered to mice via their drinking water. The
water consumption was measured in Phase 2 to confirm equal
drug intake in all two groups.

Experimental Diet Composition of Mice
All diets were isocaloric and contained 10% fat, with
modifications of the fat source depending on whether it
was a sufficient, deficient, or supplementation diet. All diets
were a purified American Institute of Nutrition (AIN)-93G (42)
laboratory diet formulation (commercially obtained from Dyets
Inc. Bethlehem, USA). The basal AIN-93G-formulated FAS diet
contained soybean oil at 70 g/kg diet and hydrogenated coconut
oil at 30 g/kg diet (43). The FAD diet contained hydrogenated
coconut oil at 81 g/kg diet and safflower oil at 19 g/kg diet
(44–46). The n-3 LCPUFA supplementation diet fat composition
contained soybean oil at 70 g/kg diet, coconut oil at 27 g/kg
diet, and commercially obtained Incromega TG4030 oil (Croda
Chemicals, Snaith, Europe), DHA 500 TG SR with a minimum
of 44% FAs as EPA and a minimum of 28% FAs as DHA at 3 g/kg
diet (38), as described in Supplementary Table 1. All diets were
custom prepared in pellet form and stored at −20◦C until use.
Diets were thawed in batches, by placing them into a refrigerator
(4◦C). Once the bags had been opened, the diets were placed
in an airtight container. The pellets were weighed weekly to
determine the actual amount of food consumed. The diet was
administered according to the description in Figure 1 above.

Aerosol Infection
Virulent Mtb H37Rv strain was cultured and stocks were
prepared and stored at −80◦C, as described previously (38,
47). Mice were infected via aerosol by nebulizing with 6ml
of a suspension that contained 2.4 × 107 live bacteria in an
inhalation exposure system (model A4224, Glas-Col) for 40min.
The mice were each infected with approximately 50–70 Mtb
colony-forming units (CFU).

Blood and Tissue Collection
At the end of each phase of treatment, mice were euthanized
by exposure to halothane, after which blood was collected
via cardiac puncture. The blood was collected into
ethylenediaminetetraacetic acid (EDTA)-coated Microtainer R©

tubes (K2EDTA, 1000 µl, BD), Hb was measured in whole blood
and then centrifuged at 8,000 rpm for plasma collection. The
plasma was used for cytokine analyses and peripheral blood
mononuclear cells (PBMCs) were collected for FA analysis.
The liver, spleen, and lung lobes were removed aseptically and
weighed before preparation. The left lung lobe and spleen were
homogenized in saline and 0.04% Tween-80 for the analysis
of the bacillary load and lung cytokines. The right superior
and postcaval lung lobes and the liver were snap-frozen in
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FIGURE 1 | Experimental design of the study. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; FA: fatty acid; N: number of mice; n-PUFA: omega-3

polyunsaturated fatty acid; n-LCPUFA: omega-3 long-chain polyunsaturated fatty acid; PT, posttreatment; PI, postinfection; n-3FAS, omega-3 fatty acid-sufficient;

n-3FAD, omega-3 fatty acid-deficient; n-3FAS/n-3+: omega-3 fatty acid-sufficient on EPA/DHA supplemented diet; n-3FAD/n-3+: omega-3 fatty acid-deficient on

EPA/DHA supplemented diet.

liquid nitrogen and stored at −80◦C for lung LM and liver
iron analyses, respectively. The right middle lobe was fixed
in 10% neutral buffered formalin for immunohistochemistry
analysis. As a rough measure of inflammation, the lung- and
spleen-weight-indexes were determined at the end of each
treatment phase by taking the square root of ratios of spleen or
lung tissue weight to endpoint (euthanasia) bodyweight of mice
and multiplying it by 10 (47).

Hemoglobin and Liver Iron Analysis
Hemoglobin concentrations were measured in tail vein whole
blood in live mice and after euthanasia blood collection in
whole blood using a portable HemoCue R© Hb 201+ photometer
(HemoCue AB, Angelholm, Sweden). Liver iron was analyzed
at the Central Analytical Facilities, Stellenbosch University, SA,
on an Agilent 7900 quadrupole ICP-MS in He collision mode.
The National Institute of Standards and Technology (NIST)
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traceable standards were used for calibration, and the accuracy
of the method was verified using the certified reference material
Seronorm L2, prepared in the same way as the samples. Two
n-3 FA sufficient control groups, untreated (n = 6) and treated
with TB drugs (n = 6) were included in the Hb and liver iron
analysis. Results for n-3 FA sufficient uninfected mice (n= 6) are
also presented.

Immune Cell Total Phospholipid Fatty Acid
Composition Analysis
The total phospholipid FA composition of peripheral blood
mononuclear cell (PBMC) was analyzed by gas chromatography-
tandemmass spectrometry as previously described (38). FAs were
extracted from∼200 µl PBMCs with chloroform: methanol (2:1,
v:v; containing 0.01% butylated hydroxytoluene (BHT)) by a
modification of the method by Folch et al. (48). Phospholipids
were separated by thin-layer chromatography (TLC) (Silica gel 60
plates, Merck). The composition of EPA (20:5n-3), DHA (22:6n-
3), arachidonic acid (AA, 20:4n-6), osbond acid (22:5n-6), total
n-3 LCPUFA, total n-6 LCPUFA, and total n-6/n-3 LCPUFA ratio
were then determined as a percentage of total phospholipid FAs.
This was computed by taking the concentration of a particular FA
as a percentage of the total concentration of all FAs identified in
the sample.

Bacterial Load and Histopathology
The bacterial loads of the lung and spleen were determined at
euthanasia, at the end of each treatment phase (4- and 14- days
posttreatment). The left lobes of the lung and spleens of each
mouse were removed aseptically, weighed, homogenized, and
plated onto DifcoTM Middlebrooks 7H10 Agar (BD Biosciences)
medium with 10% oleic acid-albumin-dextrose-catalase (OADC)
supplementation. The CFU was determined at 21 days following
incubation at 37◦C. The data are expressed as log10 CFU. For
lung histopathology analysis, the right middle lobes of the lungs
were dissected and fixed in 4% neutral buffered formalin. The
fixed tissue was processed using the Leica TP 1020 Processor for
24 h and then embedded in paraffin wax. Leica sliding microtome
2000R was used to cut 2µm thick sections of the embedded
tissues. Three sections with 30µm distance apart per tissue were
obtained, deparaffinized, and stained with hematoxylin/eosin
(H&E) stain. Images of the H&E slides were acquired in Nikon
Eclipse 90i microscopes and analyzed with NIS-Elements AR
software (Nikon Corporation, Tokyo, Japan) to ascertain the
granulomatous area and free alveolar air space as a percentage
of the total lung tissue as previously described (49).

Lipid Mediator Analysis
Lipid mediators in crude lung homogenates were extracted
and analyzed by liquid chromatography-tandem mass
spectrometry. LMs were extracted from lung tissue, in 10
µl/mg homogenization buffer (phosphate-buffered saline),
with solid-phase extraction (SPE) using Strata-X (Phenomenex,
Torrance, CA). The method was modified for Strata-X SPE
columns from a previously described method (50). Data were
quantified with Masshunter B0502, using external calibration

for each compound and internal standard [PGD2-d4, PGE2-
d4, PGF2-d4, and 5- and 12-HETE-d8; 1,000 pg of each
(Cayman Chemicals, Ann Arbor, MI)] to correct for losses
and matrix effects. Extracted and quantified LMs included:
DHA-derived pro-resolving 17-hydroxydocosahexaenoic acid
(17-HDHA) and protectin D1 (PD1); EPA-derived pro-resolving
prostaglandin E3 (PGE3) and LM intermediates 2-, 5-, 9-,
11-, 15-, and 18-hydroxyeicosapentaenoic acid (HEPE); AA-
derived pro-inflammatory intermediates 5-, 8-, 9-, 11-, 12-,
and 15-hydroxyeicosatetraenoic acid (HETE); AA-derived
prostaglandin D2 (PGD2), prostaglandin E2 (PGE2), and
prostaglandin F2α (PGFα2); and thromboxane B2 (TBXB2).

Cytokine Analysis
Lung cell-free homogenates were prepared using the left lung
lobe by homogenizing with 0.04% Tween-80 in saline. The
crude homogenate was centrifuged at 3,000 g for 5min, filtered,
and then the supernatant was stored at −80◦C until analysis.
After thawing, samples were centrifuged at 6,000 rpm in a
microcentrifuge for 30min at 4◦C, before mouse enzyme-linked
immunosorbent assay kits were used to measure cytokines.
Quansys Biosciences Q-PlexTM Mouse Cytokine Screen (West
Logan, WV) Q-Plex Array 16 plex was then used to measure
cytokines, which included IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-
5, IL-6, IL-10, IL-12, IL-17, monocyte chemoattractant protein
1 (MCP-1), interferon-gamma (IFN-γ), tumor necrosis factor-
alpha (TNF-α), granulocyte-macrophage colony-stimulating
factor (GM-CSF), macrophage inflammatory protein 1-alpha
(MIP-1α), and regulated on activation normal T-cell expressed
and secreted (RANTES) in the supernatant. Arrays were analyzed
using the Q-View Imager Pro and Q-View Software (Quansys
Biosciences Q-PlexTM, West Logan, WV).

Statistical Analysis and Graphical
Representation
All statistical analyses and graphics were performed with
GraphPad Prism Software version 8.2 (GraphPad Software Inc.,
La Jolla, CA, USA). A two-sided alpha of 0.05 and a power
of 80% was used to estimate a minimum sample of n = 6
as previously described (51). The normality of the data was
evaluated by histogram visual inspection and the Kolmogorov-
Smirnov test. Results are presented as means ± SE of the mean.
Differences for Hb and liver iron among groups were analyzed
with ANCOVA and post-hoc Tukey tests. Differences between
the same treatments (euthanized groups) on days 4 and 14
were analyzed with independent two-tailed t-tests. Differences
for all other markers between n-3FAD and n-3FAS groups
were analyzed using independent two-tailed t-tests. Statistically
significant differences are presented as follows: ∗p < 0.05; ∗∗p <

0.01; ∗∗∗p < 0.001.

RESULTS

Diet Intake and Bodyweight
There were no differences between groups in the daily food
intakes throughout the experiment (n-3FAS/n-3+, 3.51± 0.14 g;
n-3FAD/n-3+, 3.74± 0.25). As expected, there was no significant
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difference in weight gain between the groups after 4 and 14 days
of n-3 LCPUFA supplementation (data not shown), indicating
that differential food intake between the groups may not be an
underlying reason for the observed results.

Indices of Iron Status and Anemia
There were no significant differences in the baseline (before
infection) and pretreatment (before EPA/DHA supplementation)
Hb levels between the n-3FAD and the n-3FAS groups
(Figures 2A,B). Figure 2C shows that, between days 4 and 14
after treatment, Hb decreased in untreated n-3FAS control mice
from 15.8± 0.5 to 14.3± 0.3 (d= 0.4, p< 0.001), decreased in n-
3FAS mice from 15.7± 0.4 to 14.5± 0.5 (d = 0.4, p= 0.001) but
tended to increase in n-3FAD mice from 13.8± 1.4 to 14.9± 0.6
(d= 1.1, p= 0.07), and had a nonsignificant increase in treated n-
3FAS controls from 13.8± 0.8 to 14.4± 0.8 (d = 0.8, p= 0.148).
Uninfected control mice (n = 6) had a Hb of 15.0 ± 0.5 (results
not shown). Following 14 days of treatment, Hb was higher in
the n-3FAD than the n-3FAS untreated controls (p = 0.022,
Figure 2C), whereas the n-3FAS (drug) treated controls and n-
3FAS group were not. These results suggest that TB-induced
anemia is mitigated more by n-3 LCPUFA supplementation in
the low n-3 PUFA status mice than in the sufficient status groups
with and without additional n-3 LCPUFA supplementation. No
significant differences were seen in the liver iron concentrations
between the groups after 14 days of treatment (Figure 2D).

Lung Cytokines/Chemokines
Lung IL-6 (p = 0.011, Figure 3A), IL-1α (p = 0.039, Figure 3B),
MCP1 (p = 0.003, Figure 3C), MIP1- α (p = 0.043, Figure 3D),
and RANTES (p = 0.034, Figure 3E) were lower in the n-3FAD
group when compared to the n-3FAS group, respectively, after
14 days of treatment with n-3 LCPUFA supplementation. These
results suggest that a low n-3 FA status supplemented with n-
3 LCPUFA as an adjunct anti-TB therapy has comparatively
better inflammation-lowering effects compared with mice with a
prior n-3 FA sufficient status. The reduction in pro-inflammatory
cytokines showed a concomitant increase in anti-inflammatory
cytokine IL-4 (p = 0.002, Figure 3F) and hematopoietic growth
factor GM-CSF (p = 0.007, Figure 3G) in the n-3FAD group
compared to the n-3FAS group after 14 days of treatment. This
result suggests that the adjunct n-3 LCPUFA supplementation
in the n-3FAD group showed a better lung anti-inflammatory
response than in the n-3FAS group.

Tuberculosis-Associated Outcomes
We investigated bacterial loads, free alveolar space, and H&E
stained histology sections of Mtb-infected mice, after 2 weeks of
the dietary intervention. There were no significant differences
in the lung and spleen bacteria loads between the n-3FAD and
the n-3FAS supplemented groups (Figures 4A,B). There was a
trend of less free alveolar space in the n-3FAD than the n-3FAS
groups comparatively at the early stage of treatment (Phase 1) [4
days posttreatment; 42 ± 1% vs. 40 ± 1%, Figures 4C,D (I,II)],
however, the n-3FAD group measured more free alveolar space
at the latter stage of treatment (Phase 2) than the compared
n-3FAS group [14 days posttreatment; 47 ± 1% vs. 45 ±

1%, Figures 4C,D (III,IV)] although not significantly so. This
indicates that in the presence of anti-TB drugs, no difference in
bacterial clearance in the FAD and FAS groups due to n-3 FA
supplementation is evident.

Lung Lipid Mediators
Docosahexaenoic acid -derived pro-resolving PD1 showed no
significant comparative differences between the groups, neither
at 4 days nor at 14 days posttreatment; however, a trend
of progressively reduced levels was seen in the 14 days
posttreatment samples (p= 0.12; Figure 5A). The n-3FAS group
showed comparatively higher concentrations of pro-resolving
17HDHA and PGE3 than the n-3FAD group after 14 days of
treatment (p= 0.011, and p= 0.005, respectively; Figures 5B,C).
Similarly, higher concentrations of EPA-derived pro-resolving
intermediates; 9-HEPE (4 days PT, p = 0.001, Figure 5D), 11-
HEPE (14 days PT, p = 0.003, Figure 5E), 12-HEPE (14 days
PT, p = 0.003, Figure 5F), 15-HEPE (14 days PT, p = 0.001,
Figure 5G), and 18- HEPE (14 days PT, p = 0.044, Figure 5H),
were observed in the n-3FAS group when compared to the
n-3FAD group. The pro-inflammatory AA-derived PGF2 and
PGD2 were significantly higher in the n-3FAD group after 14
days of treatment (p = 0.001 and p = 0.004, respectively,
Supplementary Figures 1A,B), comparatively. No significant
differences were seen in the concentrations of AA-derived pro-
inflammatory intermediates 5-, 8-, 9-, 11-, 12-, and 15-HETE
(Supplementary Figures 1C–H) among the n-3FAS and the n-
3FAD groups.

Effects of Treatments on PBMC Fatty Acid
Composition
The phospholipid FA compositions of PBMCs after 4 and
14 days of n-3 LCPUFA supplementation are presented in
Table 1. The n-3FAS group had comparatively higher EPA, DHA,
and n-3 LCPUFA compositions than the compared n-3FAD
supplemented groups (4 days PT, all p < 0.001 and 14 days
PT, all p < 0.001). In addition, the composition of AA, osbond
acid, total n-6 LCPUFAs, and the total n-6/n-3LCPUFA ratio
were higher in the n-3FAD groups in comparison to the n-3FAS
groups after 4 days (p <0.001) and 14 days (p <0.001) of n-3
LCPUFA supplementation.

DISCUSSION AND CONCLUSION

Our results indicate that adjunct n-3 LCPUFA supplementation
in drug-treated Mtb-infected mice mitigate anemia of infection
more in low n-3 FA status than sufficient status mice. This
is remarkable as it was previously shown that, when not
treated with TB drugs, supplementing low status n-3 FA mice
with n-3 LCPUFA post-TB infection showed no benefit (35,
41). Protection against anemia during TB without making
iron available for the pathogen is of utmost clinical value.
Furthermore, as populations at risk for TB may have a low
n-3 FA status, these results are promising to support n-3
LCPUFA as an adjunct therapy to TB drugs post-TB infection
particularly in these populations. These results are in parallel
with the lower pro-inflammatory cytokine/chemokine responses,
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FIGURE 2 | Effect of status and n-3 long-chain polyunsaturated fatty acids (LCPUFA) supplementation on indices of anemia, (A) Baseline hemoglobin (Hb) levels, (B)

Pretreatment Hb levels, (C) Posttreatment Hb levels, and (D) liver iron levels in liver homogenates. Baseline Hb levels were measured after 6 weeks of conditioning to

either sufficient or low n-3 PUFA status. Pretreatment Hb levels measured after TB infection but prior to commencement of EPA/DHA supplementation. Posttreatment

Hb levels were measured at each euthanasia time point after EPA/DHA supplementation. The data are represented as mean ± SEM of n = 6 mice/group and

representative of two independent experiments. Independent t-tests were used to compare means, significance at *p < 0.05, **p < 0.01, ***p < 0.001; n-3FAS,

omega-3 fatty acid- sufficient diet group; n-3FAD, omega-3 fatty acid-deficient diet group; /, switched to; n-3FAS, omega-3 fatty acid-sufficient; n-3FAS/n-3+,

omega-3 fatty acid-sufficient group switched to DHA/EPA-enriched diet; n-3FAD/n-3+, omega-3 fatty acid-deficient group switched to DHA/EPA-enriched diet;

n-3FAS treated control, omega-3 fatty acid-sufficient group on only tuberculosis (TB) antibiotics treatment; n-3FAS untreated control, omega-3 fatty acid-sufficient

group infected with TB but not on either TB antibiotics treatment or DHA/EPA-enriched diet supplementation.

particularly IL-6, and higher anti-inflammatory IL-4 levels in the
mice with previously low n-3 FA status. The aforementioned
observation occurred although the low n-3 FA status mice
(n-3FAD group) had comparatively less EPA, DHA, and n-
3 LCPUFA compositions, and concurrent comparatively lower
concentrations of EPA- and DHA-derived LMs than the sufficient
status mice (n-3FAS group), after supplementation.

A study done in Brazil on patients with TB suggests that
anemia could be a biomarker of TB severity and that anemia was
more frequent in the most severe clinical forms of this disease,
such as meningeal and disseminated TB (52). The mitigation
of iron deficiency and anemia in our study is likely due to the
comparatively better inflammation-lowering effect (indicated by
the reduced pro-inflammatory cytokines) in the FAD group.
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FIGURE 3 | Effects of conditioning and treatment on lung cytokine levels. (A) IL-6, (B) IL-1α, (C) MCP-1, (D) MIP-1α, (E) RANTES, (F) IL-4, and (G) GM-CSF. The

data are represented as mean ± SEM of n = 6 mice/group and representative of two independent experiments. Unpaired two-tailed t-tests were used to compare

means, significance at *p < 0.05, **p < 0.01. IL, interleukin; IL-1α, interleukin 1 alpha; MIP-1 α, macrophage inflammatory protein 1-alpha; MCP-1, Monocyte

chemoattractant protein-1; GM-CSF, granulocyte-macrophage colony-stimulating factor; RANTES, Regulated on Activation, Normal T Cell Expressed and Secreted;

n-3FAS, omega-3 fatty acid- sufficient diet group; n-3FAD, omega-3 fatty acid-deficient diet group.

Anemia of infection is due to a cytokine-mediated defense against
microbial pathogens, which acts by effectively withholding iron
from microbes, thus depriving erythroid precursors of their
iron supply (53, 54). It has been demonstrated that reducing
IL-6, reduces hepcidin and stops iron sequestering due to
infection (55), thus mitigating iron deficiency and anemia.
Omega-3 PUFA has been shown to influence iron metabolism
via improved membrane fluidity, subsequently increasing iron
uptake, improving intracellular activity (56), and improving iron
stores (57).

An inflammation lowering effect in lungs of patients with TB
is beneficial and a highly desirable objective during treatment,
since it would improve the chances for a more favorable long-
term outcome and lung health in these patients. In this study,
the reduced levels of lung IL-6, IL-1α, MCP1, MIP1-α, and
RANTES, seen in the FAD group when compared with the
FAS group, suggest comparatively less inflammation in the

initially low n-3 FA status group, when supplemented with
n-3 LCPUFA. The inflammation-lowering effect observed was
supported by the significantly higher concentrations of anti-
inflammatory cytokine IL-4 seen in the FAD group after 14
days of treatment. The elevated levels of GM-CSF in the same
FAD group is also an interesting observation since GM-CSF can
increase the proliferation and phagocytic capacity of alveolar
macrophages (58), necessary in granuloma formation and
containment of mycobacteria (59). GM-CSF can also contribute
to mycobacterial containment by polarizing macrophages into a
more Mtb-restrictive phenotype (60). Combined, these findings
suggest Mtb-infected mice with a low FA status, supplemented
with n-3 LCPUFAs, respond better than mice with initially
sufficient status. This finding is important, especially if the target
intervention population is known to be at high risk of low n-
3 PUFA status. In addition, considering the major economic
burden associated with pulmonary TB, the use of low-cost
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FIGURE 4 | Effect of treatments on lung bacillary load and lung histopathology according to fatty acid status. (A) Lung bacteria load, (B) spleen bacteria load, (C)

percentage free alveolar space, and (D) hematoxylin–eosin-stained sections of the lungs of selected representative group, after 4 [(D) (I,II)] and 14 [(D) (III,IV)] days

treatment period. The data represented as mean ± SEM of n = 6 mice/group and representative of two independent experiments. Unpaired two-tailed t-test was

used to compare means, significance at *p < 0.05, **p < 0.01, ***p < 0.001; n-3FAS, omega-3 fatty acid-sufficient diet group; n-3FAD, omega-3 fatty acid-deficient

diet group.

adjunctive therapies, such as omega-3 for such intervention,
could be regarded as a cost-effective manner for improving
treatment outcomes.

Despite the n-3FAS group showed comparatively a better
pro-resolving LM profile (supported by their higher n-3 PUFA
PBMC phospholipid composition), no reduction of its pro-
inflammatory cytokine concentrations as compared to the FAD
group was observed. Similar to our findings, the administration
of fish oil has been shown to alter pro-resolving LMs,
without significantly changing the cytokine concentrations in
bronchoalveolar lavage fluid of rats (61). This could be explained
by the effect of n-3 LCPUFAs supplementation on Th1/Th2
balance, and the inhibition of the Th2 type cytokine, IL 4 (62).
Considering that resolving the inflammatory response in TB is
a key in limiting tissue damage, an increase in pro-resolving
mediators was expected to lead to resolution of inflammation
and subsequent improvement in lung pathology (63, 64), also not
apparent from our data. However, even though the FAD group
presented with lower concentrations of the more biologically
active EPA and DHA, which have been associated with improved

health outcomes (16), adaptations in the low-status state may
have led to a better inflammatory response in this group when
supplemented. A possible explanation may be that mice with
the deficiency status may be better primed for improved n-3
LCPUFA utilization due to their prior deficiency status (65).

We previously showed that EPA/DHA supplementation in
mice with sufficient n-3 PUFA status did not interfere with the
TB drug treatment when coadministered as an adjunct therapy
(66). A similar trend was observed when mice with low n-3
PUFA status were supplemented with EPA/DHA, suggesting that
the coadministration of EPA/DHA together with the currently
used TB antibiotics has no observable adverse effects. Multidrug
combination therapy approaches for TB treatment make it a
candidate for possible drug-drug interactions (DDIs) or drug-
nutrient interactions (DNIs) (67), which subsequently may result
in poor TB treatment outcomes and the emergence of drug-
resistant TB (68, 69). Considering the recent interest and the
prospects associated with the use of repurposed drugs and
pharmaconutrients as an adjunct therapy in TB (35, 70–72), this
study further reinforces the prospect for the use of n-3 LCPUFA
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FIGURE 5 | Effects of conditioning on lipid mediators in crude lung homogenate at the local site of intervention (A) PD1, (B) 17-HDHA, (C) PGE3, (D) 9-HEPE, (E)

11-HEPE, (F) 12-HEPE, (G) 15-HEPE, and (H) 18-HEPE. The data are represented as mean ± SEM of n = 6 mice/group and representative of two independent

experiments. Unpaired two-tailed t-tests were used to compare means, significance at *p < 0.05, **p < 0.01, ***p < 0.001. PGE3, Prostaglandin E3; PD1, Protectin

D1; HDHA, hydroxydocosahexaenoic acid; HEPE, hydroxyeicosapentaenoic acid; n-3FAS, omega-3 fatty acid-sufficient diet group; n-3FAD, omega-3 fatty

acid-deficient diet group.

TABLE 1 | Effects on PBMC phospholipid fatty acid composition in sufficient and low n-3 PUFA status C3HeB/FeJ mice infected with Mtb after receiving n-3 LCPUFA

supplementation# (n = 48).

4 days posttreatment* 14 days posttreatment**

Fatty acids n-3FAS n-3FAD P-value n-3FAS n-3FAD P-value

20:5n-3 (EPA) 0.60 ± 0.02 0.30 ± 0.02 < 0.001 0.74 ± 0.08 0.16 ± 0.04 < 0.001

22:6n-3 (DHA) 11.54 ± 0.19 10.25 ± 0.40 <0.001 12.19 ± 0.37 9.22 ± 0.34 <0.001

Total n-3 LCPUFA 12.99 ± 0.17 10.93 ± 0.39 <0.001 14.12 ± 0.38 9.97 ± 0.38 <0.001

20:4n-6 (AA) 18.38 ± 0.38 21.08 ± 0.39 < 0.001 17.24 ± 0.24 21.52 ± 0.25 < 0.001

22:5n-6 (Osbond) 0.89 ± 0.04 2.54 ± 0.20 <0.0001 1.07 ± 0.03 3.38 ± 0.26 <0.0001

Total n-6 LCPUFA 23.22 ± 0.46 27.54 ± 0.79 <0.001 22.51 ± 0.22 29.71 ± 0.46 <0.001

Total n-6/n-3LCPUFA ratio 1.79 ± 0.03 2.55 ± 0.15 <0.001 1.60 ± 0.05 3.01 ± 0.17 <0.001

#Data are reported as means ± SEM percentage of total fatty acids of n = 6 mice/group and representative of two independent experiments. Unpaired two-tailed t-tests were used to

test the effects between groups. AA, Arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LCPUFA, long-chain polyunsaturated fatty acids; n, the total number

of mice used in the experiment; PBMC, peripheral blood mononuclear cell; *, all groups were on standard TB antibiotics (Rifafour® ); **, all groups were on standard TB antibiotics

rifampicin and isoniazid (RH); n-3FAS, omega-3 fatty acid-sufficient diet group; n-3FAD, omega-3 fatty acid-deficient diet group.
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for such purposes, as was demonstrated recently by our group to
lower systemic and lung inflammation inMtb-infected mice (38).
This result was contrary to the findings of Bonilla et al. however,
who indicated that the endogenous production of n-3 PUFAs
in fat-1 mice increases their susceptibility to TB. The researcher
argued that the n-3 PUFAs impaired macrophage activation and
diminished the antimycobacterial response in these cells from
fat-1 mice (37), hence suggesting that n-3 PUFA–supplemented
diets might have a detrimental effect on immunity toMtb, which
raises concerns about the safety of n-3 dietary supplementation
in humans with TB. However, it should be noted that transgenic
fat-1 mice can produce extensive amounts of n-3 PUFAs and
drastically imbalance n-6/n-3 ratios. Furthermore, the timing
of the supplementation is essential and should be done after
infection, which was not possible with Bonilla’s experiment.
Based on our results, we indicate that supplementary intake of n-
3 PUFAs is perhaps physiologically a better approach than using
anti-inflammatory drugs to improve TB treatment outcomes.

The strengths of this study include the following: (1) this
investigation took into consideration the different time points,
and hence the different phases of the inflammatory and immune
response; (2) this study used the same combinations of standard
TB treatment is currently used in humans; (3) this study also used
a murine model that reflects human pulmonary TB pathology.
A possible limitation of our study was that there were no
control groups that were not supplemented with adjunct n-3
LCPUFA; however, our goal in this instance was to investigate
whether supplementation response in TB was dependent on n-
3 PUFA status only. Considering that populations at risk for
TB may have either a low or sufficient n-3 PUFA status, it
was prudent to investigate the effects of both these n-3 PUFA
statuses, in combination with TB medication, before proceeding
to human trials.

In conclusion, when EPA/DHA was administered post-TB
infection as a treatment adjunct to standard TB medication,
anemia of infection was mitigated more in the low n-3 PUFA
status mice than in the sufficient status mice. It also resulted
in a lower production of pro-inflammatory cytokines, while
increasing the anti-inflammatory cytokines in mice with low
n-3 FA status. Thus, adjunct n-3 LCPUFA therapy for TB
disease shows promise for improving anemia of infection and
inflammation-related clinical outcomes, particularly in those
with low n-3 PUFA status.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The experiments were conducted according to the South African
National Guidelines (SANS 10386:2008) and the University of
Cape Town practice guidelines for laboratory animal procedures.
The study protocol received approval from the AnimCare
Animal Research Ethics Committee of North-West University,
South Africa (Ethics number: NWU-00055-19-S5) and the
Animal Research Ethics Committee of the University of Cape
Town, South Africa (Ethics number: FHS AEC 019-023).

AUTHOR CONTRIBUTIONS

LM headed the project. FH, LM, RD, RB, and AN conceptualized
and planned the experiments. FH, LM, MO, and SP investigated
and performed the experiments and contributed to the
interpretation of the results. FH, LM, and MO analyzed the
data. FH took the lead in writing the manuscript. RD, FB, and
SP were involved in acquiring resources and funding for the
experiment. All authors provided critical feedback and helped to
shape the research, analysis, and manuscript, read and approved
the final manuscript.

FUNDING

This research was conducted at theUCTBSL3 facilities supported
in part by the Wellcome Trust (203135/Z/16/Z). The Ph.D.
student in this study was supported with funds by Nutricia
Research Foundation to complete his studies. However, the
opinions and thoughts expressed in this study are solely those of
the authors, based on scientific reasoning and not that of Nutricia
Research Foundation or the Wellcome Trust.

ACKNOWLEDGMENTS

We would like to thank Rodney Lucas for assisting with
data collection at the UCT Biosafety level 3 animal
research Laboratory in Cape Town, South Africa. Also,
our gratitude goes to Cecile Cooke, Dr. Lizelle Zandberg,
and Mamokete Pule for their assistance with laboratory
analyses at the North-West University in Potchefstroom,
South Africa.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.
695452/full#supplementary-material

REFERENCES

1. Young C, Walzl G, Du Plessis N. Therapeutic host-directed strategies to

improve outcome in tuberculosis. Mucosal Immunol. (2020) 13:190–204.

doi: 10.1038/s41385-019-0226-5

2. Abreu R, Giri P, Quinn F. Host-pathogen interaction as a novel target

for host-directed therapies in tuberculosis. Front Immunol. (2020) 11:1553.

doi: 10.3389/fimmu.2020.01553

3. Malmberg R. Gas exchange in pulmonary tuberculosis. II. Review of literature,

clinical significance and conclusions. Scand J Respir Dis. (1966) 474:277–305.

Frontiers in Nutrition | www.frontiersin.org 11 August 2021 | Volume 8 | Article 695452

https://www.frontiersin.org/articles/10.3389/fnut.2021.695452/full#supplementary-material
https://doi.org/10.1038/s41385-019-0226-5
https://doi.org/10.3389/fimmu.2020.01553
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Hayford et al. Adjunct n-3 LCPUFA Mitigate TB-Morbidity

4. Campbell JR, Dowdy D, Schwartzman K. Treatment of latent infection to

achieve tuberculosis elimination in low-incidence countries. PLoSMed. (2019)

16:e1002824. doi: 10.1371/journal.pmed.1002824

5. Pasipanodya JG, Miller TL, Vecino M, Munguia G, Garmon R, Bae S,

et al. Pulmonary impairment after tuberculosis. Chest. (2007) 131:1817–24.

doi: 10.1378/chest.06-2949

6. Malherbe ST, Shenai S, Ronacher K., Loxton AG, Dolganov G, Kriel M, et al.

Persisting positron emission tomography lesion activity and Mycobacterium

tuberculosis mRNA after tuberculosis cure. Nat Med. (2016) 22:1094–100.

doi: 10.1038/nm.4177

7. Nihues SdSE, Mancuzo EV, Sulmonetti N, Sacchi FPC, Viana VdS,

Martins Netto E, et al. Chronic symptoms and pulmonary dysfunction

in post-tuberculosis Brazilian patients. Braz J Infect Dis. (2015) 19:492–7.

doi: 10.1016/j.bjid.2015.06.005

8. Pasipanodya JG, McNabb SJ, Hilsenrath P, Bae S, Lykens K, Vecino E, et al.

Pulmonary impairment after tuberculosis and its contribution to TB burden.

BMC Public Health. (2010) 10:259. doi: 10.1186/1471-2458-10-259

9. Baig IM, SaeedW, Khalil KF. Post-tuberculous chronic obstructive pulmonary

disease. J Coll Physicians Surg Pak. (2010) 20:542–4.

10. Stek C, Allwood B, Walker NF, Wilkinson RJ, Lynen L, Meintjes G, et al.

The immune mechanisms of lung parenchymal damage in tuberculosis

and the role of host-directed therapy. Front Microbiol. (2018) 9:2603.

doi: 10.3389/fmicb.2018.02603

11. Nienaber A, Hayford FEA, Variava E, Martinson N, Malan L. The

manipulation of cyclooxygenase and lipoxygenase pathways as host-directed

therapy to alter lipid mediator production in Tuberculosis. Front Immunol.

(2021) 12:686. doi: 10.3389/fimmu.2021.623941

12. Hayford FEA, Dolman RC, Blaauw R, Nienaber A, Smuts CM, Malan L, et al.

The effects of anti-inflammatory agents as host-directed adjunct treatment

of tuberculosis in humans:a systematic review and meta-analysis. Respir Res.

(2020) 21:1–14. doi: 10.1186/s12931-020-01488-9

13. Calder PC. Mechanisms of action of (n-3) fatty acids. J Nutr. (2012)

142:592S−9S. doi: 10.3945/jn.111.155259

14. Serhan CN, Chiang N, Dalli J. New pro-resolving n-3 mediators bridge

resolution of infectious inflammation to tissue regeneration.Mol Aspects Med.

(2018) 64:1–7. doi: 10.1016/j.mam.2017.08.002

15. Mori TA, Beilin LJ. Omega-3 fatty acids and inflammation. Curr Atheroscler

Rep. (2004) 6:461–7. doi: 10.1007/s11883-004-0087-5

16. Calder PC. Very long chain omega-3 (n-3) fatty acids and human health. Eur

J Lipid Sci Technol. (2014) 116:1280–300. doi: 10.1002/ejlt.201400025

17. Goldberg RJ, Katz J. A meta-analysis of the analgesic effects of omega-3

polyunsaturated fatty acid supplementation for inflammatory joint pain. Pain.

(2007) 129:210–23. doi: 10.1016/j.pain.2007.01.020

18. Ierna M, Kerr A, Scales H, Berge K, Griinari M. Supplementation of

diet with krill oil protects against experimental rheumatoid arthritis. BMC

Musculoskelet Disord. (2010) 11:136. doi: 10.1186/1471-2474-11-136

19. Hudert CA,Weylandt KH, Lu Y, Wang J, Hong S, Dignass A, et al. Transgenic

mice rich in endogenous omega-3 fatty acids are protected from colitis. Proc

Natl Acad Sci USA. (2006) 103:11276–81. doi: 10.1073/pnas.0601280103

20. Yuceyar H, Ozutemiz O, Huseyinov A, Saruc M, Alkanat M, Bor S, et al.

Is administration of n-3 fatty acids by mucosal enema protective against

trinitrobenzene-induced colitis in rats? Prostaglandins Leukot Essential Fatty

Acids. (1999) 61:339–46. doi: 10.1054/plef.1999.0111

21. Willemsen LE. Dietary n-3 long chain polyunsaturated fatty acids in allergy

prevention and asthma treatment. Eur J Pharmacol. (2016) 785:174–86.

doi: 10.1016/j.ejphar.2016.03.062

22. Calder PC. Omega-3 polyunsaturated fatty acids and inflammatory

processes:nutrition or pharmacology? Br J Clin Pharmacol. (2013) 75:645–62.

doi: 10.1111/j.1365-2125.2012.04374.x

23. Malan L, Baumgartner J, Calder PC, ZimmermannMB, Smuts CM. n-3 Long-

chain PUFAs reduce respiratory morbidity caused by iron supplementation

in iron-deficient South African schoolchildren:a randomized, double-blind,

placebo-controlled intervention. Am J Clin Nutr. (2015) 101:668–79.

doi: 10.3945/ajcn.113.081208

24. Dalli J, Serhan CN. Specific lipid mediator signatures of human

phagocytes:microparticles stimulate macrophage efferocytosis

and pro-resolving mediators. Blood. (2012) 120:e60–e72.

doi: 10.1182/blood-2012-04-423525

25. Calder PC. Marine omega-3 fatty acids and inflammatory processes:effects,

mechanisms and clinical relevance. Biochim Biophys Acta. (2015) 1851:469–

84. doi: 10.1016/j.bbalip.2014.08.010

26. Calder PC. Omega-3 fatty acids and inflammatory processes:from molecules

to man. Biochem Soc Trans. (2017) 45:1105–115. doi: 10.1042/BST20160474

27. Browning LM,Walker CG,Mander AP,West AL,Madden J, Gambell JM, et al.

Incorporation of eicosapentaenoic and docosahexaenoic acids into lipid pools

when given as supplements providing doses equivalent to typical intakes of

oily fish. Am J Clin Nutr. (2012) 96:748–58. doi: 10.3945/ajcn.112.041343

28. Healy D, Wallace F, Miles E, Calder P, Newsholm P. Effect of low-to-moderate

amounts of dietary fish oil on neutrophil lipid. Lipids. (2000) 35:763–8.

doi: 10.1007/s11745-000-0583-1

29. Souza PR, Marques RM, Gomez EA, Colas RA, De Matteis R, Zak A, et al.

Enriched marine oil supplements increase peripheral blood specialized pro-

resolving mediators concentrations and reprogram host immune responses:a

randomized double-blind placebo-controlled study. Circ Res. (2020) 126:75–

90. doi: 10.1161/CIRCRESAHA.119.315506

30. Luo B, Han F, Xu K, Wang J, Liu Z, Shen Z, et al. Resolvin D1 programs

inflammation resolution by increasing TGF-β expression induced by dying

cell clearance in experimental autoimmune neuritis. J Neurosci. (2016)

36:9590–603. doi: 10.1523/JNEUROSCI.0020-16.2016

31. Davidson J, Kerr A, Guy K, Rotondo D. Prostaglandin and fatty acid

modulation of Escherichia coli O157 phagocytosis by human monocytic cells.

Immunology. (1998) 94:228–34. doi: 10.1046/j.1365-2567.1998.00511.x

32. Chiang, N, Fredman G, Bäckhed F, Oh SF, Vickery T, et al. Infection regulates

pro-resolving mediators that lower antibiotic requirements. Nature. (2012)

484:524. doi: 10.1038/nature11042

33. Hur, SJ, Kang SH, Jung HS, Kim SC, Jeon HS, et al. Review of natural

products actions on cytokines in inflammatory bowel disease.Nutr Res. (2012)

32:801–16. doi: 10.1016/j.nutres.2012.09.013

34. Honda KL, Lamon-Fava S, Matthan NR, Wu D, Lichtenstein AH.

Docosahexaenoic acid differentially affects TNFα and IL-6 expression in LPS-

stimulated RAW 264.7 murine macrophages. Prostaglandins Leukot Essent

Fatty Acids. (2015) 97:27–34. doi: 10.1016/j.plefa.2015.03.002

35. Nienaber A, Ozturk M, Dolman RC, Blaauw R, Zandberg L, King S,

et al. Omega-3 long-chain polyunsaturated fatty acids promote antibacterial

and inflammation-resolving effects in Mycobacterium tuberculosis-infected

C3HeB/FeJ mice, dependent on fatty acid status. Br J Nutr. (2021).

doi: 10.1017/S0007114521001124. [Epub ahead of print].

36. McFarland CT, Fan YY, Chapkin RS, Weeks BR, McMurray

DN. Dietary polyunsaturated fatty acids modulate resistance to

Mycobacterium tuberculosis in guinea pigs. J Nutr. (2008) 138:2123–8.

doi: 10.3945/jn.108.093740

37. Bonilla DL, Fan YY, Chapkin RS, McMurray DN. Transgenic mice enriched in

omega-3 fatty acids are more susceptible to pulmonary tuberculosis:impaired

resistance to tuberculosis in fat-1 mice. J Infect Dis. (2010) 201:399–408.

doi: 10.1086/650344

38. Nienaber A, Baumgartner J, Dolman RC, Ozturk M, Zandberg L, Hayford

FEA, et al. Omega-3 Fatty Acid and Iron Supplementation Alone, but

Not in Combination, Lower Inflammation and Anemia of Infection

in Mycobacterium tuberculosis-Infected Mice. Nutrients. (2020) 12:2897.

doi: 10.3390/nu12092897

39. Zec MM, Schutte AE, Ricci C, Baumgartner J, Kruger IM, Smuts CM.

Long-chain polyunsaturated fatty acids are associated with blood pressure

and hypertension over 10-years in black South African adults undergoing

nutritional transition. Foods. (2019) 8:394. doi: 10.3390/foods8090394

40. Richter M, Baumgartner J, Wentzel-Viljoen E, Smuts CM. Different dietary

fatty acids are associated with blood lipids in healthy South African

men and women:The PURE study. Int J Cardiol. (2014) 172: 368–74.

doi: 10.1016/j.ijcard.2014.01.023

41. Nienaber A, Ozturk M, Dolman RC, Zandberg L, Hayford FEA, Brombacher

F, et al. Beneficial effect of long-chain n-3 polyunsaturated fatty acid

supplementation on tuberculosis in mice. Prostaglandins Leukot Essent Fatty

Acids. (2021) 170:102304. doi: 10.1016/j.plefa.2021.102304

42. Reeves PG, Nielsen FH, Fahey GC Jr. AIN-93 Purified Diets for Laboratory

Rodents:Final Report of the American Institute of Nutrition ad hoc Writing

Committee on the Reformulation of the AIN-76A Rodent diet. (1993). Oxford:

Oxford University Press.

Frontiers in Nutrition | www.frontiersin.org 12 August 2021 | Volume 8 | Article 695452

https://doi.org/10.1371/journal.pmed.1002824
https://doi.org/10.1378/chest.06-2949
https://doi.org/10.1038/nm.4177
https://doi.org/10.1016/j.bjid.2015.06.005
https://doi.org/10.1186/1471-2458-10-259
https://doi.org/10.3389/fmicb.2018.02603
https://doi.org/10.3389/fimmu.2021.623941
https://doi.org/10.1186/s12931-020-01488-9
https://doi.org/10.3945/jn.111.155259
https://doi.org/10.1016/j.mam.2017.08.002
https://doi.org/10.1007/s11883-004-0087-5
https://doi.org/10.1002/ejlt.201400025
https://doi.org/10.1016/j.pain.2007.01.020
https://doi.org/10.1186/1471-2474-11-136
https://doi.org/10.1073/pnas.0601280103
https://doi.org/10.1054/plef.1999.0111
https://doi.org/10.1016/j.ejphar.2016.03.062
https://doi.org/10.1111/j.1365-2125.2012.04374.x
https://doi.org/10.3945/ajcn.113.081208
https://doi.org/10.1182/blood-2012-04-423525
https://doi.org/10.1016/j.bbalip.2014.08.010
https://doi.org/10.1042/BST20160474
https://doi.org/10.3945/ajcn.112.041343
https://doi.org/10.1007/s11745-000-0583-1
https://doi.org/10.1161/CIRCRESAHA.119.315506
https://doi.org/10.1523/JNEUROSCI.0020-16.2016
https://doi.org/10.1046/j.1365-2567.1998.00511.x
https://doi.org/10.1038/nature11042
https://doi.org/10.1016/j.nutres.2012.09.013
https://doi.org/10.1016/j.plefa.2015.03.002
https://doi.org/10.1017/S0007114521001124
https://doi.org/10.3945/jn.108.093740
https://doi.org/10.1086/650344
https://doi.org/10.3390/nu12092897
https://doi.org/10.3390/foods8090394
https://doi.org/10.1016/j.ijcard.2014.01.023
https://doi.org/10.1016/j.plefa.2021.102304
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Hayford et al. Adjunct n-3 LCPUFA Mitigate TB-Morbidity

43. Baumgartner J, Smuts CM, Malan L, Arnold M, Yee BK, Bianco LE, et al. In

Male Rats with Concurrent Iron and (n-3) Fatty Acid Deficiency, Provision

of Either Iron or (n-3) Fatty Acids Alone Alters Monoamine Metabolism and

Exacerbates the Cognitive Deficits Associated with Combined Deficiency−3.

J Nutr. (2012) 142:1472–8. doi: 10.3945/jn.111.156299

44. Moriguchi T, Loewke J, Garrison M, Catalan JN, Salem N. Reversal of

docosahexaenoic acid deficiency in the rat brain, retina, liver, and serum. J

Lipid Res. (2001) 42:419–27. doi: 10.1016/S0022-2275(20)31666-7

45. Moriguchi T, Harauma A, Salem N Jr. Plasticity of mouse brain

docosahexaenoic acid:modulation by diet and age. Lipids. (2013) 48:343–55.

doi: 10.1007/s11745-013-3775-5

46. Harauma A, Salem N Jr, Moriguchi T. Repletion of n-3 fatty acid deficient

dams with α-linolenic acid:effects on fetal brain and liver fatty acid

composition. Lipids. (2010) 45:659–68. doi: 10.1007/s11745-010-3443-y

47. Guler R, Parihar SP, Spohn G, Johansen P, Brombacher F, Bachmann

MF. Blocking IL-1α but not IL-1β increases susceptibility to chronic

Mycobacterium tuberculosis infection in mice. Vaccine. (2011) 29:1339–46.

doi: 10.1016/j.vaccine.2010.10.045

48. Folch J, LeesM, Stanley GS. A simple method for the isolation and purification

of total lipides from animal tissues. J Biol Chem. (1957) 226:497–509.

doi: 10.1016/S0021-9258(18)64849-5

49. Parihar S, Ozturk M, Marakalala M, Loots D, Hurdayal R, Maasdorp

DB, et al. Protein kinase C-delta (PKC delta), a marker of inflammation

and tuberculosis disease progression in humans, is important for optimal

macrophage killing effector functions and survival in mice.Mucosal Immunol.

(2018) 11:578–79. doi: 10.1038/mi.2017.108

50. Malan L, Baumgartner J, Zandberg L, Calder P, Smuts C. Iron and a mixture

of DHA and EPA supplementation, alone and in combination, affect bioactive

lipid signalling and morbidity of iron deficient South African school children

in a two-by-two randomised controlled trial. Prostaglandins Leukot Essent

Fatty Acids. (2016) 105:15–25. doi: 10.1016/j.plefa.2015.12.005

51. Ricci C, Baumgartner J, Malan L, Smuts CM. Determining sample size

adequacy for animal model studies in nutrition research:limits and ethical

challenges of ordinary power calculation procedures. Int J Food Sci Nutr.

(2020) 7:256–64. doi: 10.1080/09637486.2019.1646714

52. de Mendonça EB, Schmaltz CA, Sant’Anna FM, Vizzoni AG, Mendes-

de-Almeida DP, de Oliveira RD, et al. Anemia in tuberculosis

cases: a biomarker of severity? PLoS ONE. (2021) 16:e0245458.

doi: 10.1371/journal.pone.0245458

53. Kassu A, Yabutani T, Mahmud Z, Mohammad A, Nguyen N, Huong B,

et al. Alterations in serum levels of trace elements in tuberculosis and HIV

infections. Eur J Clin Nutr. (2006) 60:580–86. doi: 10.1038/sj.ejcn.1602352

54. Schaible UE, Kaufmann SH. Iron and microbial infection. Nat Rev Microbiol.

(2004) 2:946–53. doi: 10.1038/nrmicro1046

55. Michels K, Nemeth E, Ganz T, Mehrad B. Hepcidin and host

defense against infectious diseases. PLoS Pathog. (2015) 11:e1004998.

doi: 10.1371/journal.ppat.1004998

56. Lukaski HC, Bolonchuk WW, Klevay LM, Milne DB, Sandstead HH.

Interactions among dietary fat, mineral status, and performance of endurance

athletes:a case study. Int J Sport Nutr Exerc Metab. (2001) 11:186–98.

doi: 10.1123/ijsnem.11.2.186

57. Miret S, Saiz M, Mitjavila M. Effects of fish oil-and olive oil-rich diets on

iron metabolism and oxidative stress in the rat. Br J Nutr. (2003) 89:11–18.

doi: 10.1079/BJN2002737

58. Higgins DM, Sanchez-Campillo J, Rosas-Taraco AG, Higgins JR, Lee

EJ, Orme IM, et al. Relative levels of M-CSF and GM-CSF influence

the specific generation of macrophage populations during infection

with Mycobacterium tuberculosis. J Immunol. (2008) 180:4892–900.

doi: 10.4049/jimmunol.180.7.4892

59. Gonzalez-Juarrero M, Hattle JM, Izzo A, Junqueira-Kipnis AP, Shim TS,

Trapnell BC, et al. Disruption of granulocyte macrophage-colony stimulating

factor production in the lungs severely affects the ability of mice to control

Mycobacterium tuberculosis infection. J Leukoc Biol. (2005) 77:914–22.

doi: 10.1189/jlb.1204723

60. Bryson BD, Rosebrock TR, Tafesse FG, Itoh CY, Nibasumba A, Babunovic

GH, et al. Heterogeneous GM-CSF signaling in macrophages is associated

with control of Mycobacterium tuberculosis. Nat Commun. (2019) 10:1–11.

doi: 10.1038/s41467-019-10065-8

61. Mancuso P, Whelan J, DeMichele SJ, Snider CC, Guszcza JA,

Karlstad MD, et al. Dietary fish oil and fish and borage oil suppress

intrapulmonary proinflammatory eicosanoid biosynthesis and

attenuate pulmonary neutrophil accumulation in endotoxic rats. Crit

Care Med. (1997) 25:1198–206. doi: 10.1097/00003246-199707000-

00023

62. Wallace FA, Miles EA, Evans C, Stock TE, Yaqoob P, Calder PC. Dietary fatty

acids influence the production of Th1-but not Th2-type cytokines. J Leukoc

Biol. (2001) 69:449–57. doi: 10.1189/jlb.69.3.449

63. Vilaplana C, Marzo E, Tapia G, Diaz J, Garcia V, Cardona PJ. Ibuprofen

therapy resulted in significantly decreased tissue bacillary loads and increased

survival in a new murine experimental model of active tuberculosis. J Infect

Dis. (2013) 208:199–202 doi: 10.1093/infdis/jit152

64. Kumar NP, Moideen K, Nancy A, Viswanathan V, Shruthi BS, Sivakumar S,

et al. Plasma chemokines are biomarkers of disease severity, higher bacterial

burden and delayed sputum culture conversion in pulmonary tuberculosis. Sci

Rep. (2019) 9:1–8 doi: 10.1038/s41598-019-54803-w

65. Chilton FH, Dutta R, Reynolds LM, Sergeant S, Mathias RA, Seeds

MC. Precision nutrition and omega-3 polyunsaturated fatty acids:A

case for personalized supplementation approaches for the prevention

and management of human diseases. Nutrients. (2017) 9:1165.

doi: 10.3390/nu9111165

66. Hayford FE, Ozturk M, Dolman RC, Blaauw R, Nienaber A, Loots DT,

et al. Longer-Term Omega-3 LCPUFA More Effective Adjunct Therapy for

Tuberculosis Than Ibuprofen in a C3HeB/FeJ Tuberculosis Mouse Model.

Front Immunol. (2021) 12:1426. doi: 10.3389/fimmu.2021.659943

67. Dyavar SR, Mykris TM, Winchester LC, Scarsi KK, Fletcher CV, Podany

AT. Hepatocytic transcriptional signatures predict comparative drug

interaction potential of rifamycin antibiotics. Sci Rep. (2020) 10:1–12.

doi: 10.1038/s41598-020-69228-z

68. Tiberi S, Muñoz-Torrico M, Duarte R, Dalcolmo M, D’Ambrosio L,

Migliori GB. New drugs and perspectives for new anti-tuberculosis

regimens. Pulmonology. (2018) 24:86–98. doi: 10.1016/j.rppnen.2017.

10.009

69. Orenstein EW, Basu S, Shah NS, Andrews JR, Friedland GH, Moll

AP, et al. Treatment outcomes among patients with multidrug-resistant

tuberculosis:systematic review and meta-analysis. Lancet Infect Dis. (2009)

9:153–61. doi: 10.1016/S1473-3099(09)70041-6

70. Khameneh B, Iranshahy M, Vahdati-Mashhadian N, Sahebkar A, Bazzaz

BSF. Non-antibiotic adjunctive therapy:a promising approach to fight

tuberculosis. Pharmacol Res. (2019) 146:104289. doi: 10.1016/j.phrs.2019.

104289

71. Adeniji AA, Knoll KE. Potential anti-TB investigational compounds

and drugs with repurposing potential in TB therapy: a conspectus.

Appl Microbiol Biotechnol. (2020) 104:5633–62. doi: 10.1007/s00253-020-

10606-y

72. Kolloli A, Subbian S. Host-directed therapeutic strategies for

tuberculosis. Front Med. (2017) 4:171. doi: 10.3389/fmed.2017.

00171

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Hayford, Dolman, Ozturk, Nienaber, Ricci, Loots, Brombacher,

Blaauw, Smuts, Parihar and Malan. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 13 August 2021 | Volume 8 | Article 695452

https://doi.org/10.3945/jn.111.156299
https://doi.org/10.1016/S0022-2275(20)31666-7
https://doi.org/10.1007/s11745-013-3775-5
https://doi.org/10.1007/s11745-010-3443-y
https://doi.org/10.1016/j.vaccine.2010.10.045
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1038/mi.2017.108
https://doi.org/10.1016/j.plefa.2015.12.005
https://doi.org/10.1080/09637486.2019.1646714
https://doi.org/10.1371/journal.pone.0245458
https://doi.org/10.1038/sj.ejcn.1602352
https://doi.org/10.1038/nrmicro1046
https://doi.org/10.1371/journal.ppat.1004998
https://doi.org/10.1123/ijsnem.11.2.186
https://doi.org/10.1079/BJN2002737
https://doi.org/10.4049/jimmunol.180.7.4892
https://doi.org/10.1189/jlb.1204723
https://doi.org/10.1038/s41467-019-10065-8
https://doi.org/10.1097/00003246-199707000-00023
https://doi.org/10.1189/jlb.69.3.449
https://doi.org/10.1093/infdis/jit152
https://doi.org/10.1038/s41598-019-54803-w
https://doi.org/10.3390/nu9111165
https://doi.org/10.3389/fimmu.2021.659943
https://doi.org/10.1038/s41598-020-69228-z
https://doi.org/10.1016/j.rppnen.2017.10.009
https://doi.org/10.1016/S1473-3099(09)70041-6
https://doi.org/10.1016/j.phrs.2019.104289
https://doi.org/10.1007/s00253-020-10606-y
https://doi.org/10.3389/fmed.2017.00171
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Adjunct n-3 Long-Chain Polyunsaturated Fatty Acid Treatment in Tuberculosis Reduces Inflammation and Improves Anemia of Infection More in C3HeB/FeJ Mice With Low n-3 Fatty Acid Status Than Sufficient n-3 Fatty Acid Status
	Introduction
	Materials and Methods
	Animals and Ethics Statement
	Experimental Design
	Experimental Diet Composition of Mice
	Aerosol Infection
	Blood and Tissue Collection
	Hemoglobin and Liver Iron Analysis
	Immune Cell Total Phospholipid Fatty Acid Composition Analysis
	Bacterial Load and Histopathology
	Lipid Mediator Analysis
	Cytokine Analysis
	Statistical Analysis and Graphical Representation

	Results
	Diet Intake and Bodyweight
	Indices of Iron Status and Anemia
	Lung Cytokines/Chemokines
	Tuberculosis-Associated Outcomes
	Lung Lipid Mediators
	Effects of Treatments on PBMC Fatty Acid Composition

	Discussion and Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


