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ABSTRACT
Background: Restaurant oil in poultry diets increases energy content, reduces production costs, and promotes

sustainability within the food supply chain. However, variable oil composition and heating temperatures among restaurant

oil sources can impact broiler chicken health due to heat-induced lipid modifications.

Objectives: A 21-d experiment was conducted to evaluate ileal morphology, liver cytokine gene expression, and ileal

immune cell populations in broilers fed control or peroxidized lipids with varying chain and saturation characteristics.

Methods: Day-old broilers were housed in battery cages (5 birds per cage) and fed diets containing 5% control or

peroxidized oils. Eight diets were randomly assigned in a 4 × 2 factorial arrangement consisting of oil source (palm,

soybean, flaxseed, or fish) and peroxidation status (control or peroxidized). At day 21, samples were collected for ileal

histomorphology [villus height (VH), crypt depth (CrD), and the VH:CrD ratio], and liver cytokine expression (qPCR). Ileum

cytokine expression and T-cell markers were analyzed by RNAscope in situ hybridization (ISH). Data were analyzed as a

mixed model (SAS 9.4) with fixed effects of lipid source, peroxidation, and lipid × peroxidation interaction.

Results: CD3+ T-cells in the ileum decreased 16.2% due to peroxidation (P = 0.001) with 30.3% reductions observed

in birds fed peroxidized flaxseed oil (P = 0.01). Peroxidation increased IL6+ and IL1B+ cells by 62.0% and 40.3%,

respectively (P = 0.01). Soybean oil increased IFNG+ cells by 55.1% compared with palm oil, regardless of peroxidation

status (P = 0.007). Lipid source and peroxidation did not alter ileal histomorphology or liver cytokine expression.

Conclusions: Lipid peroxidation increased ileal IL1B and IL6 in broiler chickens, whereas soybean oil diets increased

IFNG. Generally, peroxidation decreased overall CD3+ T-cell populations, suggesting impaired T-cell presence or

recruitment. These results identify potential immunomodulatory lipid profiles in restaurant oil while supporting

RNAscope-ISH as a method to describe avian tissue-level immune responses. J Nutr 2021;151:223–234.
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Introduction

Immune responses to dietary oils vary based on fatty acid
(FA) composition, particularly with the degree of saturation
and double bond location. Lipid sources high in SFAs are
linked to underlying inflammatory states related to obesity,
whereas the inflammatory potential of unsaturated fatty acids
(UFAs) is related to structural properties (1, 2). Dietary omega-
3 FAs have been implicated in a variety of beneficial anti-
inflammatory and immunomodulatory mechanisms in human
and animal models at varying health states (3–8). Oils high
in n–6 PUFAs are regarded as proinflammatory due to their
conversion to arachidonic acid and subsequent production of
proinflammatory mediators (9, 10). In contrast, oils containing
a high concentration of n–3 PUFAs are regarded as anti-
inflammatory due to their antagonistic role in arachidonic acid

production and inhibition of proinflammatory cytokine gene
expression, but can exhibit varying degrees of bioreactivity
(11). Although the inflammatory designations for these FAs
are generally accepted, conflicting reports of the pro- and
anti-inflammatory properties of n–6 and n–3 FAs have been
published (12–14).

Processes that modify lipid structure, such as heating, have
been implicated in changing functional growth and immune
responses in several animal models (15–18). Restaurant oils
(i.e., yellow grease) are subjected to prolonged and repeated
exposure to high temperatures, which leads to the formation of
potentially harmful peroxidation products like hydroperoxides
and aldehydes. Although use of these oils in animal agriculture
provides an economical alternative energy source for producers
(19–21), yellow grease with high concentrations of free fatty
acids and lipid peroxidation products has been shown to
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negatively impact broiler performance (22). Additionally, other
groups indicated that feeding peroxidized corn oil decreased
nitrogen-corrected apparent metabolizable energy but had little
impact on bird performance (23). The work herein describes
the immunological outcomes observed as part of a larger study
that additionally examined and published performance and
oxidative stress responses to lipid source and peroxidation.
From this we previously reported that feeding peroxidized
lipid sources reduced performance and serum glutathione
peroxidase activity while increasing liver carbonyls in broilers
(24). Likewise, the detrimental effects of feeding peroxidized
lipid sources on average daily gain and measures of oxidative
stress, such as elevated serum TBARS and reduced liver glu-
tathione peroxidase activity, have also been observed in swine
(15, 25–27).

Oil sources high in PUFAs are more susceptible to per-
oxidation and structural changes caused by heat exposure,
which have the potential to elicit an immune response (17, 28–
31). Lymphocytes harvested from chicks fed fresh, unmodified
flaxseed and fish oils showed decreased proliferation in vitro
(32), whereas diets containing 0.5–2.5% fish oil decreased
the acute-phase response and proinflammatory IL-1 in LPS-
challenged chicks (33, 34). Similarly, increasing inclusion of n–3
PUFAs in broiler diets elevated serum concentrations of IL-2 and
IFN-γ in addition to decreased phagocytosis and lymphocyte
proliferation in cells harvested from unchallenged broilers (35,
36). These findings suggest an anti-inflammatory impact of
feeding n–3 PUFAs, but the comparative effect of different lipid
sources on poultry immunity is not widely reported. The effects
of lipid source and oil peroxidation on broad measurements
such as performance have been described in poultry; however,
underlying changes to intestinal morphology and immunity that
could contribute to alterations in downstream performance
are not as well defined. This is particularly important in the
context of using yellow grease in broiler diets because this
product comes from multiple sources, each with variable lipid
composition and degrees of peroxidation.

Methods for studying the immune responses in poultry
largely focus on cytokine responses, with qPCR being a
commonly utilized method for studying cytokine expression
in poultry tissues. This method is suitable for determining
levels of tissue cytokine gene expression but lacks the ability
to describe the immune response in detail. Here, to the best
of our knowledge, we are the first to employ RNAscope in
situ hybridization (ISH) as a method of detecting cytokine
production and immune cell presence in the gastrointestinal
tract of poultry. RNAscope utilizes different markers within
the same tissue to provide simultaneous information about
cytokine production and underlying immune cell populations.
Previously, this method has been used to measure the production
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of antimicrobial peptides in the broiler intestine during an
Eimeria challenge (37).

The selection of cytokines for analysis by qPCR and
RNAscope was based on their role in the immune response.
Cytokine genes IL1B, IL6, IL10, IL18, and IFNG were selected
for qPCR analysis based on their function in the immune
response, whereas PPARG (peroxisome proliferator–activated
receptor γ ) was selected based on its role as a regulator of
adipogenesis (Supplemental Table 1; 38). Of these cytokines,
IL1B, IL6, IL10, IL4, and IFNG were selected for RNAscope
analysis. IL-1β and IL-6 are proinflammatory and function in
the innate immune response and the transition between innate
and adaptive responses, respectively (39, 40). In contrast, IL-10
is anti-inflammatory and functions to control the extent of an
inflammatory response (41, 42). IFN-γ activates macrophages
and natural killer cells while also functioning in both the
innate and adaptive immune response (43, 44). CD3 and CD4
expression was visualized to determine ileal T-cell presence
response to potential lipid antigens.

The oil sources in this study were selected based on
factors such as chain length, saturation, and peroxidation
susceptibility. Palm oil has a low ratio of UFAs to SFAs and
as a result is less susceptible to the formation of peroxidation
products. In contrast, soybean, flaxseed, and fish oils have
higher UFA:SFA ratios and are more susceptible to peroxidation
product formation with heat and air exposure. Within the
UFAs used, soybean oil is rich in n–6 FAs such as linoleic
acid whereas flaxseed and fish oils are enriched in n–3 FAs
(45, 46). Although both are well-studied sources of n–3 FAs, the
α-linolenic acid in flaxseed oil is a precursor to, and therefore
less bioactive than, the EPA and DHA present in fish oil (47).
This study was conducted to identify the effects of feeding
these different lipid sources with varying peroxidation statuses
on ileal histomorphology, liver cytokine gene expression, and
lymphocyte populations among other cytokine-producing cell
populations in the broiler chicken ileum.

Methods
All procedures involving animals were approved by the Iowa State
University Institutional Animal Care and Use Committee.

Animal experiment overview
Two hundred 1-d-old broiler chicks were housed in raised wire
battery cages (5 birds per cage) in an environmentally controlled
room. All chicks received a starter diet for 3 d for acclimation to
the battery pens and mash feed. On day 4, chicks were individually
wing-banded, weighed, and randomly assigned to 1 of 8 experimental
diets (experimental day 0). Battery cage was the experimental unit
and there were 5 replicates per treatment. Broilers had ad libitum
access to experimental diets and water for the duration of the
experiment.

Dietary treatments were formulated based on genetic company
recommendation to meet or exceed NRC recommendations (48) and
were arranged in a 4 × 2 factorial within a completely randomized
design (Table 1). Factors consisted of 4 oil sources: a 5% inclusion

of palm oil, soybean oil, flaxseed oil, or fish oil; in combination
with peroxidation status: control or peroxidized oil. Peroxidation was
achieved by thermally processing the oils at 90◦C for 72 h with a
continuous infusion of air (3 L/min), whereas control oils had no
thermal or air infusion treatment. Characterization (FA profile, oil
quality, lipid peroxidation products, and total tocopherols) of each fresh
or peroxidized oil, and the composition of diets has been reported
previously (24) and select values are summarized in Table 2. On day 21,
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TABLE 1 Composition of common basal diet fed to broiler
chickens for the 20-d experimental period, as fed basis1

Ingredient, g/kg
Corn 470.6
Sybean meal 434.1
Oil2 50.0
Dicalcium phosphate 18.3
Limestone 11.0
Vitamin/mineral premix3 6.3
Sodium chloride 5.0
Methionine hydroxy analog 3.4
Choline chloride 60 1.0
L-Threonine 0.3

Calculated composition, g/kg
Crude protein 251.0
Crude fat 73.0
Dietary fiber 26.1
ME, kcal/kg 3138

1Adapted from compositions reported by Lindblom et al. (24). ME, metabolizable
energy.
2Oils added to the diet consist of control or peroxidized palm, soybean, flaxseed, or
fish oil. Peroxidation was achieved by heating oils (90◦C) for 72 h with constant air
infusion (3 L/min).
3Vitamin and mineral premix provided per kilogram of diet: selenium 250 μg; vitamin
A (retinyl acetate) 2838 μg; cholecalciferol (vitamin D-3) 68.8 μg; α-tocopherol
acetate (vitamin E) 13.2 mg; menadione 1.1 mg; vitamin B-12 12 μg; biotin 41 μg;
choline 447 mg; folic acid 1.4 mg; niacin 41.3 mg; pantothenic acid 11 mg; pyridoxine
1.1 mg; riboflavin 5.5 mg; thiamine 1.4 mg; iron 282 mg; magnesium 125 mg;
manganese 275 mg; zinc 275 mg; copper 27.5 mg; iodine 844 μg.

two broilers per pen were killed by carbon dioxide asphyxiation for
tissue collection.

Ileum histomorphology
Ileum samples from 1 bird per cage were fixed in 10% neutral
buffered formalin for 24 h at room temperature. Tissues were embedded
in paraffin, 3 sections were mounted on a microscope slide, and
hematoxylin and eosin stained. Slides were imaged using a DP80
Olympus camera mounted on an OLYMPUS BX 54/43 microscope,
and measurements of villus height (VH) and crypt depth (CrD) were
taken using the OLYMPUS cell Sens Dimension 1.16 software (Olympus
Corporation). VH was measured as the distance from the villus-crypt
junction to the villus tip, with the depth of the invagination between
adjacent villi being used to measure CrD (49, 50). These measurements
were then used to calculate the VH:CrD ratio. For each of the 3 tissue

sections mounted on a slide, 15 villi with intact lamina propria were
selected and measured resulting in a total of 45 measurements per bird
(225 measurements per treatment).

Liver cytokine gene expression
Liver sections were snap frozen in liquid nitrogen, transported on dry
ice, and stored at −80◦C until analysis. For cytokine gene expression,
RNA was isolated and qPCR was performed as previously described
(51). Reactions were run in triplicate and a standard curve was
generated to estimate the reaction efficiency (slope). Analysis of gene
expression was performed as previously described (52). Briefly, the same
procedure was used to analyze the expression of 28S ribosomal RNA
(RN28S), which was then used to account for the differences in the
amount of RNA included in each reaction. Adjusted cycle threshold
(Ct) values for statistical analysis were calculated with the following
equation:

40 − [(
sample mean Ct

) + (
medianRN28SCt − mean RN28S Ct

)

× (
sample gene slope/RN28S slope

)]
(1)

A higher Ct value indicates greater target gene expression in the
sample.

Ileum cytokine expression
The ACDbio RNAscope 2.5 HD Assay-Red kit (Advanced Cell
Diagnostics) was used according to the manufacturer’s instructions to
visualize the RNA content of cytokines and T-cell markers present
in the ileum. Briefly, mounted and deparaffinized tissue sections were
pretreated with hydrogen peroxide (15 min), boiled in target retrieval
buffer (30 min), and pretreated with Protease Plus (Advanced Cell
Diagnostics) (30 min). Tissue sections were hybridized with custom
species-specific RNAscope probes based on Genbank sequences for
2 h. The bound probe was amplified 6 times for detection of the red
signal (probe 2) and amplified an additional 4 rounds to detect the
green signal (probe 1) for duplex assays. Probe 1 represented signals
for IL1B, IL4, IL6, IL10, and IFNG, whereas probe 2 represented the
CD3 signal. CD3 expression was measured on the same tissue section
with individual cytokines, whereas CD4 was analyzed as a single stain.
Slides were counterstained with hematoxylin and visualized under a
standard bright field microscope at 20–40×. The signal dot generated
during amplification represented the probe bound to a single RNA
molecule. Signal quantification was then performed by HALO analysis
software (Indica Labs). The HALO software approximates the location
of individual cells based on 4′,6-diamidino-2-phenylindole staining and
localizes RNAscope probe signals within a cell. Six fields were quantified
per tissue section with sections from 1 bird per cage and 2 birds
per treatment (12 measurements per treatment). The HALO software
output consisted of the percentage of positive cells for the cytokine or

TABLE 2 Total aldehyde and acrolein concentrations of dietary lipid sources1

Palm oil Soybean oil Flaxseed oil Fish oil

Control
90◦C for 72

h Control
90◦C for 72

h Control
90◦C for 72

h Control
90◦C for 72

h

EPA, % of total oil 0.0 0.0 0.0 0.0 0.0 0.0 16.9 14.3
DHA, % of total oil 0.0 0.0 0.0 0.0 0.0 0.0 16.6 13.2
UFA:SFA 0.91 0.81 5.32 3.41 9.96 7.80 1.65 1.36
Double bonds2 57 50 150 126 224 211 212 181
AnV3 3.9 87.0 0.8 384.1 ND ND 38.4 436.6
PV, mEq/kg 15.1 607 15.0 616 11.2 128 15.0 20.4
Aldehydes, mg/kg 59 1327 14 1553 45 540 177 278
Acrolein 5.8 10.4 5.5 26.6 28.9 118 86.1 231
Total tocopherols, mg/kg 58 <10 802 37 267 <10 119 125

1Adapted from profiles reported by Lindblom et al. (24). AnV, p-anisidine value; ND, not detectable; PV, peroxide value; UFA:SFA, unsaturated fatty acid:saturated fatty acid ratio.
2Double bonds were calculated by multiplying the number of double bonds in a fatty acid by the percentage of that fatty acid detected in the experimental oil, as described by
Lindblom et al. (24).
3The p-anisidine value is determined by spectrophotometer. In the case of flaxseed oil, color interference from compounds present in flaxseed oil resulted in an undetectable
AnV due to background noise. The assay limit of detection was 0.5.
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FIGURE 1 (A) Villus height, (B) crypt depth, and (C) villus height:crypt depth ratio in the ileum of broiler chickens fed fresh or peroxidized palm,
soybean, flaxseed, or fish oils. Data are represented as the mean histomorphological measurement ± individual mean SEM, n = 5 birds.

CD3 probe in addition to dual-positive and dual-negative populations.
Because signal contributions from dual-positive populations contribute
to the overall quantification of an individual probe, data were adjusted
to determine the percentage of single-positive cells for each probe. This
was done by subtracting the percentage of dual-positive populations
contributing to the signal (provided by HALO) from the overall probe
signal.

In addition to information about these cell populations, the HALO
software outputs a histo-score (H-score) determined by assigning cells
to a scored bin based on staining intensity within each probe. Scores
range from 0 (no staining) to 4 (high intensity) and the overall score
is calculated based on percentages of cells within each bin. Detailed
descriptions of HALO software calculations for each cell population
and the H-score are included in the Supplemental Methods.

Statistical analysis
Data were analyzed using the following statistical model:

yi jk = μ + Li + Pj + (L × P)i j + ei jk (2)

where yijk is the dependent variable, μ is the overall treatment mean,
Li is the main effect of lipid source at the ith level (palm, soybean,
flaxseed, or fish), Pj is the main effect of peroxidation status at the jth
level (control or peroxidized), L × P is the interaction effect of lipid
source and peroxidation status, and eijk is the random error associated
with each observation. Two birds per cage were used for cytokine gene
expression (n = 10) and 1 bird per cage was used for histomorphology
(n = 5). Tissues from 2 birds per treatment were used for RNAscope-
ISH, with 6 fields per bird analyzed as repeated measures using a
compound symmetry covariance structure and individual bird as the
subject. All data were analyzed using the MIXED procedure of SAS 9.4
(SAS Institute), with significance denoted at P ≤ 0.05 and trends noted
at 0.05 < P ≤ 0.10. Means ± SEM were reported and separated using
LSMEANS with the Tukey adjustment applied to account for multiple
comparisons.

Results
Ileum histomorphology

There were no lipid source, peroxidation, or lipid source × per-
oxidation effects on VH, CrD, or VH:CrD (Figure 1). Perox-
idation tended to reduce VH, with birds fed peroxidized oils
showing a 13.8% reduced VH compared with birds fed control
oils (P = 0.06). CrD also tended to decrease as a result of
peroxidation, by 12.6% compared with control oil, regardless
of lipid source (P = 0.10).

Liver cytokine gene expression (qPCR)

The expression of IL1B tended to increase 1.1-fold in the
livers of birds fed flaxseed oil compared with palm and fish
oil (P = 0.07). Feeding peroxidized fish oil tended to decrease

IL1B expression by 1.1-fold compared with birds fed the
corresponding control, thereby driving the trend observed in the
lipid × peroxidation effect (P = 0.08). No changes in the liver
expression of IL1B, IL6, IL10, IL18, IFNG, or PPARG were
observed as a result of lipid source, peroxidation status, or their
interaction (Figure 2).

T-cell markers and cytokine expression
(RNAscope-ISH), and CD4+ and ileal CD3+ cell
presence

Overall, peroxidation or lipid source did not alter total cell
count in visualized fields, but feeding peroxidized oils decreased
CD3+ cells by 16.2% without impacting CD4+ populations
(P = 0.001; Figure 3). The CD3+ cell loss in the ileum due
to peroxidation was coupled with a 15.1% increase in cell
populations dual negative for T-cell and cytokine probes in birds
fed peroxidized oils (P = 0.006; Figure 3D). In particular, CD3+

expression was reduced by 27.4% and 30.3% only in birds
fed peroxidized soybean and flaxseed oils and coupled with
30.3% and 27.8% increased dual-negative cells, respectively,
compared with corresponding controls (P = 0.001 and 0.03;
Figure 3C, D). While not represented in RNAscope raw data
(Figure 4), peroxidation decreased CD3+ cells by 16.8% when
data were adjusted for dual positive cell contribution to overall
CD3 probe signal (P = 0.0001). Notably, CD3+ cells were
consistently reduced by peroxidation, regardless of duplexed
cytokine; however, feeding peroxidized soybean and flaxseed
oils had the greatest impact on ileal CD3+ cells, resulting
in 27.3% and 32.7% reductions, respectively, compared with
corresponding controls (P = 0.002; Figures 5–7; Supplemental
Figures 1 and 2).

Ileum cytokine production

In raw RNAscope data, feeding peroxidized oils increased IL6+

cells by 62.0% (P = 0.02), but no changes to IL1B, IL10, or
IL4+ cells were observed (Figure 4). Production of IL6 was most
impacted by flaxseed oil inclusion, with 51.0–68.5% greater
ileal expression compared with other oils (P = 0.05; Figure 4).
This effect was heightened by feeding peroxidized flaxseed oil,
resulting in the greatest percentage of ileal IL6+ cells (13.0%
compared with 1.5–4.7%) with an 85.8% difference between
peroxidized and control flaxseed oil (P = 0.03; Figure 4B).
In contrast, lipid source had greater impacts on ileal IFNG
production, where soy oil supplementation increased IFNG+

cells by 59.1% and 65.3% compared with birds fed fish and
palm oils, respectively, regardless of peroxidation (P = 0.01;
Figure 4D).
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FIGURE 2 Gene expression of (A) IL1B, (B) IL6, (C) IL10, (D) IL18, (E) IFNG, and (F) PPARG in the liver of broiler chickens fed fresh or peroxidized
palm, soybean, flaxseed, or fish oils. Data are presented as the mean adjusted Ct ± individual mean SEM, n = 10 birds, with the exception of
control palm oil where n = 8. Ct, cycle threshold; PPARG, peroxisome proliferator–activated receptor-γ .

When data were adjusted for the percentage of IL1B+CD3+

cells contributing to individual IL1B+ and CD3+signals,
peroxidation increased IL1B-producing cells by 40.3%, with
additional 17.4% increases in IL1B−CD3− cells (P = 0.01
and 0.006). Compared with birds fed control oils, those fed
peroxidized oils had a 23.6% reduction in IL1B+CD3+ cells
contributing to the overall IL1B+ signal (P = 0.001). Generally,
these results indicate that IL1B production in the broiler ileum
was more sensitive to peroxidation than lipid source. The
shift in dual-positive cells between control and peroxidized oils
suggests that CD3+ cells are partially responsible for IL1B
production, with another cell type likely contributing (Figure 5).

In data adjusted to remove dual-positive cell contributions
to IL6+ and CD3+ signals, peroxidation increased ileal IL6
by 70.0% (P = 0.01). Specifically, ileal IL6 production was
most affected by peroxidized flaxseed oil, with birds fed
this diet having 91.8% more IL6+ cells compared with the
corresponding control (P = 0.02). Whereas feeding peroxidized
oils increased overall IL6+CD3+ cells by 53.8% (P = 0.02),
feeding peroxidized flaxseed oil tended to increase these cells by
79.0% compared with the corresponding control (P = 0.06).
Regardless of source, peroxidized oils increased cell types
expressing neither IL6 nor CD3 by 18.4% (P = 0.02).
Feeding peroxidized oils increased CD3+IL6+cells by 62.3%
(P = 0.01), but tended to decrease CD3+ cells contributing
to the IL6 probe signal by 15.2% (P = 0.10). In keeping
with general observations, feeding peroxidized flaxseed oil
increased populations of CD3+IL6+ cells by 85.3% compared
with the corresponding control (P = 0.05). The shift in
cell surface expression between control and peroxidized oils

suggests that the remaining CD3+ cells were predominantly
responsible for increased ileal IL6 (1.9–12.8%; P = 0.05;
Figure 6).

After adjusting for the presence of dual-positive cells
contributing to IFNG and CD3 signals, ileal tissue from birds
fed soybean oil–enriched diets expressed 48.8% and 40.9%
fewer CD3+ cells compared with palm and fish oils, respectively
(P = 0.0002; Figure 7). In contrast to changes in IL6 production
from feeding peroxidized flaxseed oil, feeding soybean oil
increased IFNG by 55.1% and 59.9% compared with palm
and fish oil, respectively (P = 0.007; Figure 7). Soybean oil
also increased IFNG+CD3+ cells 67.1% and 58.9% compared
with birds fed palm and fish oils, respectively (P = 0.02;
Figure 7). Feeding peroxidized oils increased dual-negative
cells by 24.0% (P = 0.01) and contributed to concurrent
10.3% reductions in overall IFNG+CD3+ cells compared with
birds fed control oils (P = 0.003). Lipid source tended to
increase dual-positive cells within IFNG+ cell populations, with
soybean and fish oils increasing IFNG+CD3+ cells by 6.0–6.8%
compared with palm and flaxseed oil (P = 0.08; Figure 7).
Feeding soybean and flaxseed oils resulted in 69.8% and
57.7% greater IFNG+CD3+ cells within the CD3+ population,
respectively, than birds fed palm oil (P = 0.002; Figure 7).
Shifts in dual-negative populations as well as increased IFNG+

cells suggests a wider range of cell types contributing to IFNG
production that are more responsive to lipid source than
peroxidation.

Whereas IL1B, IL6, and IFNG were differentially impacted
by lipid source or peroxidation, only trends were noted for
IL10. In adjusted data, IL10-producing cells tended to increase
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FIGURE 3 RNAscope analysis of the main effects of (A) peroxidation and (B) lipid source on cell numbers measured by RNAscope in the
broiler ileum in addition to populations of (C) CD3+, (D) dual-negative cells, and (E) CD4+ cells. Cell number data represent the mean cell
number detected ± SEM, n = 2 birds (36 fields per bird pooled across all cell markers). CD3+ and dual-negative cell data represent the mean
percentages ± individual mean SEM, n = 2 birds (mean of 36 scans per bird pooled across duplexed cytokine). CD4 data are the mean ± SEM,
n = 2 birds (mean of 6 scanned fields per bird). Labeled means without a common letter differ, P ≤ 0.05.

by 59.4% in birds fed peroxidized lipids, whereas IL10−CD3−

cells tended to decrease by 12.5% (P = 0.07). Peroxidation
also tended to decrease dual-positive cells contributing to
IL10+ cell populations by 20.0% (P = 0.08). Notably, feeding
peroxidized flaxseed oil tended to increase IL10+ populations
by 88.1% compared with the corresponding control (P = 0.1;
Supplemental Figure 1). No changes in IL4+ cell populations
were observed as a result of lipid source or peroxidation status
(Supplemental Figure 2).

When examining the H-score data, the maximum recorded
H-score was 104.8, indicating an overall low staining intensity,
with the majority of cells being assigned to bins 0–2 (Sup-
plemental Figures 3–10). Peroxidation decreased the overall
H-score of CD3+ cells (P = 0.002), with more specific 35.0-
and 41.5-point reductions observed in the CD3+ H-score of
birds fed peroxidized soybean and flaxseed oils compared
with corresponding controls (P = 0.007; Supplemental Figure
4). In cytokine-producing cells, responses to lipid source and
peroxidation varied between cytokines. All 3 factors impacted
overall H-score and bin composition of IL6+ cells, whereas
lipid source had greater impacts on IFNG+ cells. More specific
analysis of cell compositions within scored bins and the impacts
of lipid source and peroxidation on measured H-scores can be
found in the Supplemental Results.

Discussion

A concern with feeding heated oils to livestock is the
histomorphological and inflammatory state changes in digestive
tissues, with varying results observed across publications and
animal models (25, 27, 53–56). The ileum was selected for
analysis due to its proximity to immune structures (cecal tonsils)
and the comparatively slower transit time, which increases

tissue exposure to any peroxidized lipid remaining in the
digesta (57). Although histomorphological measurements taken
here were consistent with those reported by Awad et al. (49),
we found a limited ileal histomorphological response to lipid
source or peroxidation. Feeding broilers peroxidized poultry
fat previously resulted in increased intestinal epithelial cell
turnover (histomorphology not evaluated) (53). Other reports
also observed no significant changes to ileal morphology in
response to feeding different lipid sources to broilers, which
aligns with the results reported herein (58, 59).

Whereas the main effect of peroxidation generally reduced
CD3+ T-cells in all duplexed assays, peroxidized soybean
and flaxseed oils contributed to greater reductions in these
populations. In contrast, fish and palm oil diets generally main-
tained T-cell populations regardless of peroxidation (Figure 3C).
Local cytokine responses to lipid source and peroxidation in
the broiler ileum were primarily observed in diets containing
peroxidized soybean and flaxseed oils (Figure 4A–D). In the
corresponding performance publication for this study, it was
noted that birds fed peroxidized soybean and flaxseed oil had
reduced average daily gain and feed intake (24). Taken together,
these findings suggest that oils with higher susceptibility to
peroxidation contribute to greater immunological changes,
which could result in reduced broiler performance.

When considering global immune cell population changes,
tissues isolated from birds fed fish oil contained remarkably
constant populations compared with all other treatments, even
when peroxidized (Figures 5–7). In contrast, significant changes
in CD3+ T-cell presence and cytokine production were observed
when comparing peroxidized and control flaxseed oil. When
considering changes to the oil compositions before and after
heating, fish oil composition did not change as drastically as
other oils and maintained EPA/DHA concentrations (for a more
detailed breakdown, see reference 24). Flaxseed oil accumulated
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FIGURE 4 Percentage of cells positive for (A) IL1B, (B) IL6, (C) IL10, (D) IFNG, and (E) IL4 in the ileum of broiler chickens fed fresh or peroxidized
palm, soybean, flaxseed, or fish oils. Data represent the mean percentage of cells positive for each cytokine or T-cell marker ± individual mean
SEM, n = 2 birds per treatment (6 scanned fields per bird). Labeled means without a common letter differ, P ≤ 0.05.

the highest and most bioreactive peroxidation products, which
could have influenced immunological changes and contributed
to increased IL6 production (Table 2). We postulate that
stability of immune cell populations and associated cytokine
production in fish oil diets, in contrast to an increased
immunological response to peroxidized flaxseed oil, likely has
to do with the preservation of biologically active EPA/DHA
(Table 2) (9, 46, 60).

Previous reports also show that thermally processed flaxseed
and fish oils contained high concentrations of acrolein,
accounting for 21.9% and 83.1% of the aldehydes measured in
peroxidized flaxseed and fish oil, respectively (24) (Table 2). The
effects of feeding acrolein to poultry are not well documented;
however, its immunomodulatory effects have been studied in
various models. Decreased production of IL-2 and other cy-
tokines was observed in human T-cells cultured with 2.5 μmol/L
acrolein, indicating that the compound has an inhibitory effect
on T-cell responses (61). This corresponds to the decreased
T-cell presence observed in this study, but the mechanisms
responsible for this observation were not offered by previous
research. When administered orally, acrolein increased ileal CrD
and intestinal permeability in mice, which is inconsistent with
the lack of changes shown here (62). Notably, changes to IL6
and other proinflammatory cytokines were seen in birds fed
peroxidized flaxseed oil but not in birds fed peroxidized fish oil,
despite a higher acrolein content. In addition to the protective
effect of EPA/DHA, our concurrent performance work reported
that birds fed control and peroxidized fish oil ate significantly
less than other treatments, which might additionally explain the
differences in acrolein response between these 2 groups (24).

Lipid source had significant impacts on IFNG-producing
cells in the broiler ileum, whereas peroxidation did not
impact these populations. Previous work also reported that
feeding peroxidized soybean oil had no effect on the relative
abundance of IFNG transcripts in the broiler jejunum (16).
Within the context of this study, the similarly high production
of IFNG in birds fed soybean and flaxseed oil contradicts
classification of n–6 PUFAs and n–3 PUFAs as pro- and anti-
inflammatory, respectively. Studies utilizing qPCR to analyze
cytokine alterations due to lipid source in broilers similarly
observed increased IFNG expression in the serum and spleen
in response to supplementation with n–3 PUFAs (14, 63).
The soybean oil used in this study had higher amounts of
linoleic acid compared with the other oils (24); however,
compounds present in soybean oil other than linoleic acid might
be responsible for the significantly greater production of IFNG
observed in the ileum of broilers fed soybean oil.

The observed inflammation due to lipid source and per-
oxidation could also be localized to ileal tissue, because liver
cytokine expression was unchanged and might represent a
more systemic view of immune activation (64). Definitive
explanations for changes in ileal T-cell populations as a result
of feeding peroxidized lipids cannot be described by the results
of this study because only CD3 and CD4 markers were
analyzed. The decreased presence of T-cells in broilers fed
peroxidized oils suggests that these cells are either leaving
the tissue or recruitment to the ileum is impaired. In rats,
feeding heated soybean and palm oils increased expression
of vascular cell adhesion molecule (VCAM)-1 in the aorta,
which facilitates immune cell migration into tissue (30, 31, 65).
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FIGURE 5 Percentages of IL1B+, CD3+, IL1B+CD3+, and IL1B−CD3− cells in the ileum of broiler chickens fed fresh or peroxidized palm,
soybean, flaxseed, or fish oils. The percentage of cells positive for the IL1B probe that were also CD3+ are represented by the pie chart
connected to the IL1B+ slice. Likewise, the percentage of cells positive for the CD3 probe that were also IL1B+ are represented by the pie chart
connected to the CD3+ slice. Data represent the mean percentage of cells positive for IL1B or CD3, n = 2 birds (6 scanned fields per bird). All
cell populations within each treatment are presented for clarity. Due to the complex nature of this presentation, statistical comparison of each
cell population is made between treatments rather than within treatment. As such, different superscripts within the same cell population (i.e.,
the same-colored slice between treatments) indicate significant differences, P ≤ 0.05.
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FIGURE 6 Percentages of IL6+, CD3+, IL6+CD3+, and IL6−CD3− cells in the ileum of broiler chickens fed fresh or peroxidized palm, soybean,
flaxseed, or fish oils. The percentage of cells positive for the IL6 probe that were also CD3+ are represented by the pie chart connected to the
IL6+ slice. Likewise, the percentage of cells positive for the CD3 probe that were also IL6+ are represented by the pie chart connected to the
CD3+ slice. Data represent the mean percentage of cells positive for IL6 or CD3, n = 2 birds (6 scanned fields per bird). All cell populations
within each treatment are presented for clarity. Due to the complex nature of this presentation, statistical comparison of each cell population is
made between treatments rather than within treatment. As such, different superscripts within the same cell population (i.e., the same-colored
slice between treatments) indicate significant differences, P ≤ 0.05.
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FIGURE 7 Percentages of IFNG+, CD3+, IFNG+CD3+, and IFNG−CD3− cells in the ileum of broiler chickens fed fresh or peroxidized palm,
soybean, flaxseed, or fish oils. The percentage of cells positive for the IFNG probe that were also CD3+ are represented by the pie chart
connected to the IFNG+ slice. Likewise, the percentage of cells positive for the CD3 probe that were also IFNG+ are represented by the pie
chart connected to the CD3+ slice. Data represent the mean percentage of cells positive for IFNG or CD3, n = 2 birds (6 scanned fields per
bird). All cell populations within each treatment are presented for clarity. Due to the complex nature of this presentation, statistical comparison
of each cell population is made between treatments rather than within treatment. As such, different superscripts within the same cell population
(i.e., the same-colored slice between treatments) indicate significant differences, P ≤ 0.05.
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In endothelial cell culture, IL-1 and IL-6 had no effect
on mouse lymphocyte migration, whereas IFN-γ inhibited
T-cell migration at high doses despite no changes to VCAM-
1 expression (66). Decreased T-cell presence in the ileum of
broilers fed peroxidized soybean and flaxseed oil might be due
to the observed increase in IFNG, but increased IL6 due to
peroxidized flaxseed oil likely does not have an additive effect
on impaired T-cell migration. These alterations in lymphocyte
migration have not been well documented in vivo and are not
well defined in avian models, emphasizing a need for further
research into the effect of lipid source and peroxidation on
immune cell migration in broilers.

Within the context of this study, lipid source and peroxida-
tion did not have an effect on intestinal histomorphology or liver
cytokine profiles analyzed by qPCR as a marker for systemic
immunity. The reported findings ultimately suggest that broiler
immune responses to varying lipid sources and peroxidation
are primarily localized to intestinal tissues after 21 d without
grossly impacting intestinal structure. However, there might be
unintended consequences associated with feeding yellow grease
to broiler chickens due to the level of peroxidation and lipid
composition. Generally, yellow grease with lipid peroxidation
profiles equivalent to heating at 90◦C for 72 h can impair
T-cell recruitment and reduce the ability of birds to adequately
respond to the environmental and immune challenges associated
with broiler production (e.g., bacteria, parasites, or heat stress).
Increased IL6 production in response to peroxidized flaxseed
oil and accompanying reductions in performance reported
by Lindblom et al. (24) further indicate that yellow grease
with a high percentage of flaxseed oil should be avoided in
broiler diets due to increased inflammation in healthy animals.
Performance outcomes suggest that feeding fresh soybean oil
might not impair broiler health because the increased IFNG
does not affect bird performance. It is important to note that
combined IFNG production and impaired T-cell populations
from peroxidized soybean oil present in yellow grease might
negatively impact production and requires further evaluation
(24).

RNAscope as a method of analyzing immune parameters in
the ileum provided a greater depth of knowledge by utilizing
basic T-cell markers to identify cell populations potentially
responsible for changes in cytokine production associated with
dietary lipids. The potential for application of several cell
markers to RNAscope-ISH makes it a useful tool for further
studies on the immune responses to dietary lipid source and
peroxidation in broiler chickens.
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