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Abstract
Background: Emerging human studies support that a high intake of linoleic acid (LA), which is an
essential fatty acid and the most abundant polyunsaturated fatty acid (PUFA) in human diet, is
associated with increased risks of developing in�ammatory bowel disease (IBD). As a PUFA, LA is highly
prone to oxidation; to date, it remains unknown whether the observed IBD-enhancing effect of dietary LA
is caused by LA itself (un-oxidized LA) or oxidized LA. Answering this question will help us to identify the
exact risk factor of IBD and to develop targeted strategies to reduce the risks of IBD; in addition, the
obtained information could have important implications for optimizing dietary recommendations.

Results: Here we show that oxidized LA, rather than LA itself, exacerbates colitis and colorectal
tumorigenesis, via gut microbiota- and microbial receptor Toll-like receptor 4 (TLR4)-dependent
mechanisms. Administration of a diet containing oxidized LA, at low human-consumption levels,
increases the severity of colitis and exaggerates the development of colorectal tumorigenesis in mice. In
addition, oxidized LA alters gut microbiota and fails to promote colitis in antibiotic-treated mice. Finally,
oxidized LA activates TLR4 signaling in vivo and fails to promote colitis in Tlr4-/- mice.

Conclusions: Overall, these results support that oxidized LA could be a risk factor of IBD and associated
diseases, highlighting the need to develop novel strategies to further control oxidation of dietary LA and
potentially update policies regulating the levels of oxidized LA in food products.

Introduction
Linoleic acid (18:2ω-6), which is highly enriched in vegetable oils such as corn and soybean oils, is an
essential dietary fatty acid and the most abundant polyunsaturated fatty acid (PUFA) in human diet.
Since the last century, there has been a dramatic increase of LA consumption in U.S. and other countries
1,2. The intake of LA has increased from a historical level of 2-3% of calories (Cal%) to the current level of
8-9 Cal% in U.S. 1. The LA consumption levels in other countries are also high and can reach up to ~13
Cal% 2. The high intake of LA could be even more prevalent in the future as dietary recommendations
continue to encourage consumption of LA-rich vegetable oil products, in part because dietary LA is widely
believed to be bene�cial for cardiovascular diseases 3,4. However, recent human studies support that LA
could be a risk factor of in�ammatory bowel disease (IBD), which includes Crohn's disease and ulcerative
colitis and is a major risk factor of developing colorectal cancer 5. Notably, the European Prospective
Investigation into Cancer and Nutrition (EPIC) study showed that a high intake of LA more than doubled
the risks of IBD and could be responsible for ~30% of ulcerative colitis cases in Europe 6. Other human
studies also support that a high intake of dietary LA is associated with increased risks of developing IBD
7-9 and colorectal cancer 10,11. Overall, these results support that dietary LA could be a potential risk factor
of IBD and its associated diseases.

As a PUFA, LA is highly prone to oxidation 12; as a result, dietary LA in foods is usually present as a
mixture of LA (un-oxidized form) and oxidized LA 13,14. To date, it remains unknown whether the observed
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IBD-enhancing effects of dietary LA are caused by LA itself (un-oxidized LA) or oxidized LA. Answering
this question will help us to identify the exact risk factor of IBD and to develop targeted strategies to
reduce the risks of IBD; in addition, the obtained information could have important implications for
optimizing the dietary recommendations. Our recent study showed that administration of a diet rich in un-
oxidized LA had little impact on development of colitis in Il-10-/- mice, suggesting that LA itself (un-
oxidized LA) could have a limited role in promoting IBD 15. This led to our hypothesis that oxidized LA
exacerbated the development of IBD and associated diseases. Here we demonstrate that dietary
administration of oxidized LA, at low human-consumption levels, increases the severity of colitis and
exaggerates the development of colon tumorigenesis in mice, through gut microbiota- and microbial
receptor Toll-like receptor 4 (TLR4)-dependent mechanisms. Together, these results support that oxidized
LA, rather than LA itself, could be a risk factor of IBD and its associated diseases, highlighting the need to
develop novel strategies to further control oxidation of dietary LA and potentially update policies
regulating the levels of oxidized LA in food products.

Methods And Materials
See detailed methods and materials in supplemental information.

Preparation of un-oxidized corn oil

Freshly opened commercial corn oil (Mazola®, ACH Food company, Inc., Cordova, TN, purchased at a
local market in Amherst, MA) was puri�ed using a silicic acid-activated charcoal chromatography 28. This
is a well-established method to remove pre-existing oxidized fatty acid compounds in oils. Brie�y, to pack
the chromatography column, three layers, including 400 g of silicic acid (Clarkson Chromatography
Products Inc, South Williamsport, PA), 100 g of activated charcoal (Sigma-Aldrich, St. Louis, MO), and
another 400 g of silicic acid, were packed into the column sequentially using hexane as the mobile phase.
One liter of commercial corn oil dissolved in the same volume of hexane was loaded onto the column and
eluted with hexane. The oxidized compounds were more polar and were thus absorbed onto the column,
and the un-oxidized corn oil was eluted out by hexane, and hexane in the collected un-oxidized oil was
removed with a vacuum rotary evaporator. The prepared oils were forti�ed with 400 ppm tocopherols
(Sigma-Aldrich), �ushed with N2, aliquoted and stored at -80°C until use. Peroxide assay was used to
measure the level of LA oxidation products in the oil.

Preparation of oxidized corn oil

To prepare oxidized corn oil, the puri�ed corn oil was incubated at 37 °C without light for 20 days. The
prepared oxidized oil was forti�ed with 400 ppm tocopherols (Sigma-Aldrich), �ushed with N2, aliquoted
and stored at -80°C until use. Peroxide assay was used to measure the level of LA oxidation products in
the oil.

Preparation of un-oxidized and oxidized soybean oil
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The un-oxidized soybean oil was puri�ed from commercial soybean oil (Mazola®) using the same
method of silicic acid-activated charcoal chromatography to remove pre-existing oxidized compounds
from the oil. To prepare oxidized soybean oil, the puri�ed corn oil was incubated at 37 °C without light for
6 days. The un-oxidized and oxidized soybean oils were forti�ed with 400 ppm tocopherols (Sigma-
Aldrich), �ushed with N2, aliquoted and stored at -80°C until use. 

Peroxide value assay

The oil samples (~20 µL) were weighed, dissolved in 2.8 mL of methanol/butanol solution (2:1, v/v) and
incubated with 30 µL ammonium thiocyanate (3.94 M)/ferrous solution (0.072 M) (1:1, v/v) at room
temperature for 20 min. After incubation, the absorbance was measured at 510 nm using a plate reader
(Molecular Devices, Sunnyvale, CA). The concentration of hydroperoxides was calculated from a cumene
hydroperoxide standard curve 29.

Animal experiment 

The animal experiment was conducted in accordance with the protocols approved by the Institutional
Animal Care and Use Committee of the University of Massachusetts Amherst. 

Animal Protocol 1: Effects of control diet and oxidized LA diet on basal in�ammation in mice

To study the biological effects of oxidized LA, we treated mice with a completely de�ned isocaloric low-
fat (10 wt/wt% of total fat) diet (see diet composition in Table S1). The fat content of the control diet is
10 wt/wt% of the puri�ed corn oil, and the fat content of the oxidized LA diet is 10 wt/wt% of the oxidized
corn oil. 

C57BL/6 WT mice were purchased from Charles River (Wilmington, MA). The mice (age = 6 weeks) were
treated with control diet or oxidized LA diet for 4 weeks or 15 weeks. The diets were prepared and
changed every other day. At the end of the experiment, the mice were sacri�ced for analysis.

Animal Protocol 2: Effects of control diet and oxidized LA diet on DSS-induced colitis in mice

C57BL/6 mice (age = 6 weeks) were treated with control diet or oxidized LA diet throughout the
experiment. The diets were prepared and changed every other day. After 3 weeks of feeding, the mice
were administered DSS (2% w/v, 36–50 kDa; MP Biomedicals, Solon, OH) in drinking water to induce
colitis. After 7 days, the mice were sacri�ced for analysis.

Animal Protocol 3: Effects of control diet and oxidized LA diet on spontaneous colitis in Il-10-/- mice

Il-10-/- mice (B6.129P2-Il10tm1Cgn/J, age = 5 weeks) were purchased from Jackson Laboratories (Bar
Harbor, ME) and were fed with control diet or oxidized LA diet for 15 weeks. The diets were prepared and
changed every other day. At the end of the experiment, the mice were sacri�ced for analysis.
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Animal Protocol 4: Effects of control diet and oxidized LA diet on AOM/DSS-induced colon cancer in mice

C57BL/6 mice (age = 6 weeks) were treated with control diet or oxidized LA diet throughout the
experiment. The diets were prepared and changed every other day. After 3 weeks of feeding, the mice
were i.p. injected 10 mg/kg AOM (Sigma-Aldrich, St. Louis, MO); 1 week later, 2% DSS was given to mice
in drinking water for a week. At week 7 post the AOM injection, the mice were sacri�ced for analysis.

Animal Protocol 5: Effects of control diet and oxidized LA diet on in vivo intestinal permeability

C57BL/6 mice (age = 6 weeks) were treated with control diet or oxidized LA diet throughout the
experiment. The diets were prepared and changed every other day. After 3 weeks of feeding, the mice
were administered DSS (2% w/v) in drinking water to induce colitis for 7 days. At day 7, 600 mg/kg body
weight of FITC-dextran (70 kDa, Sigma-Aldrich) was administrated to mice by oral gavage, and the blood
samples were obtained after 4 hours by cardiac puncture. Plasma was isolated by centrifuging at 1,500 g
for 10 min at 4°C, and �uorescence intensity of FITC-dextran in the plasma was quanti�ed at 485 nm/528
nm (excitation/emission wavelength) and was calculated according to a FITC-dextran standard curve. 

Animal Protocol 6: Effects of control diet and oxidized LA diet on DSS-induced colitis in Tlr4-/- mice

Tlr4-/- mice (B6.B10ScN-Tlr4lps-del/JthJ, age = 6-7 weeks) and control WT mice (C57BL/6J, age = 6 weeks)
were purchased from the Jackson Laboratories (Bar Harbor, ME) and were fed with control diet or
oxidized LA diet throughout the experiment. The diets were prepared and changed every other day. After 3
weeks of feeding, Tlr4-/-  and WT mice were administered with DSS (2% w/v) in drinking water to induce
colitis. After 7 days, the mice were sacri�ced for analysis.

Animal Protocol 7: Effects of control diet and oxidized LA diet on DSS-induced colitis in mice treated with
or without antibiotic cocktail 

C57BL/6 mice (age = 6 weeks) were treated with drinking water with or without a broad-spectrum
antibiotic cocktail (1.0 g/L ampicillin and 0.5 g/L neomycin) during the whole experiment 18,19. Five days
after antibiotic treatment, the mice were fed with control diet or oxidized LA diet for next 4 weeks. The
diets were prepared and changed every other day. After 3 weeks of diet treatment, the mice were
stimulated with 2% DSS for 7 days in drinking water to induce colitis. In the end of the experiment, the
mice were sacri�ced for analysis.

Animal Protocol 8: Effects of diets rich in un-oxidized LA, oxidized LA, and saturated fatty acids on DSS-
induced colitis 

C57BL/6 mice (age = 6 weeks) were randomly assigned to 4 groups and were treated with a completely
de�ned isocaloric low-fat (10 wt/wt% of total fat) diet, the fat content is: (1) 10% un-oxidized corn oil, (2)
10% oxidized corn oil, (3) 9% lard plus 1% un-oxidized corn oil, or (4) 9% lard plus 1% oxidized corn oil.
During animal feeding, the diets were prepared and changed every other day. After 3 weeks of feeding, the
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mice were administered with DSS (2% w/v, 36–50 kDa; MP Biomedicals) in drinking water to induce
colitis. After 7 days, the mice were sacri�ced for analysis.

Animal Protocol 9: Effects of un-oxidized and oxidized soybean oil on DSS-induced colitis in mice

C57BL/6 mice (age = 6 weeks) were treated with a completely de�ned isocaloric low-fat (10 wt/wt% of
total fat) diet, the fat content was 10 wt/wt% of un-oxidized or oxidized soybean oil. Compared with corn
oil, soybean oil has higher content of α-linoleic acid (18:3) and thus is more prone to oxidation. Therefore,
during animal feeding, the diets were prepared and changed every day. After 3 weeks of feeding, the mice
were administered with DSS (2% w/v, 36–50 kDa; MP Biomedicals) in drinking water to induce colitis.
After 7 days, the mice were sacri�ced for analysis.

Results
Preparation and characterization of experimental oils

A major challenge to study the biological actions of un-oxidized LA vs. oxidized LA is that dietary LA is
mainly consumed as vegetable oils; however, many commercial samples of vegetable oils, even being
fresh, are already oxidized during production and storage and therefore always contain a mixture of un-
oxidized LA and oxidized forms of LA 13,14. 

To address this issue, we used silicic acid-activated charcoal chromatography, which is a well-established
method to remove oxidized PUFA compounds in oils, to purify commercial samples of corn oil (see
scheme of experiment in Fig. S1) 15. We used corn oil as a representative LA-rich vegetable oil, since it
contains high levels of LA and low levels of other PUFA (the PUFA pro�le of corn oil constitutes ~55% LA
and ~0.8% alpha-linolenic acid, see GC-MS analysis in Table S1). Peroxide assay showed that peroxide
value (PV, a surrogate marker of the levels of oxidized LA) of the puri�ed corn oil was as low as 0.12 ±
0.02 mEq/kg, validating that it contained little oxidized LA. To prepare oxidized corn oil, the puri�ed corn
oil was stored in a sealed bottle with headspace atmosphere and no light for 20 days (to mimic storage
of vegetable oil in a supermarket or household). The PV of the oxidized corn oil was 9.98 ± 0.06 mEq/kg,
which is higher than that of the puri�ed corn oil, validating the presence of oxidized LA in the oxidized oil.
In addition, the PV of the oxidized corn oil was lower or comparable to the current industrial standard for
fresh vegetable oil, which states that the maximum PV of acceptable fresh vegetable oil is 10 mEq/kg
12,16. This result supports that the amounts of oxidized LA in the oxidized corn oil are in low human-
consumption levels and it is feasible to use the oxidized corn oil to model human consumption of
oxidized LA.  

Oxidized LA has little impact on basal in�ammation in mice

We treated mice with a completely de�ned isocaloric low-fat (10 wt/wt% of total fat) diet: the control diet
(absence of oxidized LA) has a fat content of 10 wt/wt% of puri�ed corn oil, and the oxidized LA diet has
a fat content of 10 wt/wt% of oxidized corn oil (see diet composition and fatty acid pro�le in Table S1).



Page 8/21

To minimize further oxidation of LA in the diet during the animal feeding period, the diets were forti�ed
with tocopherols as antioxidant, prepared freshly and changed every other day (see scheme of
experiment in Fig. S1). 

We treated mice with control diet or oxidized LA diet for 4- to 15- weeks. We found that compared with
control diet, treatment with oxidized LA diet had little effect on basal in�ammation in mice, as assessed
by colon length, spleen weight, concentrations of pro-in�ammatory cytokines in plasma, expression of
pro-in�ammatory genes in colon, and histology of colon tissue (Fig. S2-3). These results suggest that
oxidized LA has little effects on inducing basal in�ammation in mice.

Oxidized LA exacerbates chemically induced colitis in mice

We treated mice with control diet or oxidized LA diet, then stimulated the mice with DSS to induce colitis
(see scheme of experiment in Fig. 1A). Compared with control diet, treatment with oxidized LA diet
reduced colon length (P < 0.01, Fig. 1B), enlarged spleen tissue (P < 0.05, Fig. 1C), exaggerated crypt
damage in the colon (P < 0.001, Fig. 1D), increased in�ltration of leukocytes (CD45+) and macrophages
(CD45+ F4/80+) into the colon (P < 0.05, Fig. 1E-F, see representative FACS images in Fig. S4), enhanced
expression of pro-in�ammatory genes Il-1β, Tnf-α, and Cox-2 in the colon (P < 0.05, Fig. 1G), and
increased concentrations of TNF-α in both plasma and colonic explant (P < 0.05, Fig. 1H-I). Together,
these results suggest that oxidized LA increased the severity of DSS-induced colitis in mice. 

Besides corn oil, we also prepared un-oxidized and oxidized form of soybean oil, which is another LA-rich
vegetable oil, and studied their effects on DSS-induced colitis in mice (see scheme of experiment in Fig.
S5A). Compared with control diet (without oxidized soybean oil), treatment with a diet containing
oxidized soybean oil exaggerated crypt damage of the colon tissue (P < 0.01, Fig. S5B) and enhanced
colonic in�ltration of CD45+ leukocytes and CD45+ F4/80+ macrophages (P < 0.05, Fig. S5C). This result
demonstrates that beside oxidized corn oil, other types of oxidized vegetable oil also exacerbated colitis
in mice, further supporting the colitis-enhancing effects of oxidized LA. 

We recently showed that compared with diet rich in saturated fatty acids (lard), administration of a diet
rich in un-oxidized LA has little impact on development of colitis in Il-10-/- mice, suggesting that un-
oxidized LA has a limited role in promoting colitis 15. To better understand the effects of dietary fats on
colitis, we treated mice with diets rich in un-oxidized LA, oxidized LA, or saturated fatty acids (lard), then
stimulated the mice with DSS to induce colitis (Fig. S6A). Compared with the diet rich in saturated fatty
acids, treatment with the diet rich in un-oxidized LA has little effects on DSS-induced colitis, akin to our
previous report in the Il-10-/- mouse model 15; in contrast, treatment with the diet rich in oxidized LA
signi�cantly increased the severity of DSS-induced colitis in mice, with increased in�ltration of
macrophages and enhanced crypt damage in the colon tissues (Fig. S6B-C). Together with our previous
study 15, these �ndings support the conclusion that oxidized LA, rather than LA itself (un-oxidized LA),
exacerbates the development of colitis.
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Oxidized LA exacerbates spontaneous colitis in Il-10-/- mice

To further examine the colitis-enhancing effects of oxidized LA, we studied its effect on colitis in another
colitis model, the Il-10-/- mice. The Il-10-/- mice were treated with control diet or oxidized LA diet for 15
weeks (see scheme of experiment in Fig. 2A). We found that treatment with oxidized LA diet reduced
colon length (P < 0.05, Fig. 2B), increased in�ltration of CD45+ cells into the colon and small intestine
(Fig. 2C, see representative FACS images in Fig. S7), enhanced expression of pro-in�ammatory cytokines
(Tnf-α, Tlr-4, Mcp-1 and Ifn-γ) in the colon (P < 0.05, Fig. 2D), increased plasma concentrations of TNF-α
and IFN-γ (P < 0.05, Fig. 2E), and exaggerated crypt damage in the colon (P < 0.05, Fig. 2F). Together,
these results demonstrate that oxidized LA exaggerated spontaneous colitis in the Il-10-/- mouse model,
further supporting the colitis-enhancing effects of oxidized LA.

Oxidized LA exacerbates colorectal tumorigenesis in mice

We treated mice with control diet or oxidized LA diet, then stimulated the mice with azoxymethane (AOM)
and DSS to induce colorectal tumorigenesis (see scheme of experiment in Fig. 3A). Treatment
with oxidized LA diet increased tumor size and total tumor burden (P < 0.05, Fig. 3B) and enhanced the
expression of β-catenin and proliferating cell nuclear antigen (PCNA) in the colon (P ≤ 0.01, Fig. 3C). In
addition, oxidized LA diet increased in�ltration of CD45+ and CD45+ F4/80+ immune cells into the colon
(P < 0.05, Fig. 3D, see representative FACS images in Fig. S8), enhanced expressions of pro-in�ammatory
genes in the colon (P < 0.05, Fig. 3E), and increased concentrations of pro-in�ammatory cytokines in
colonic explants (P < 0.05, Fig. 3F). Together, these results demonstrate that oxidized LA increased the
development of colorectal tumorigenesis in mice.

Oxidized LA exacerbates colitis via gut microbiota-dependent mechanisms 

To explore the mechanisms by which oxidized LA exacerbated colitis, we studied the roles of gut
microbiota involved 17. First, we analyzed the effects of oxidized LA on the diversity and composition of
gut microbiota. We treated mice with control diet or oxidized LA diet for 3 weeks, then performed 16S
rRNA sequencing to analyze the microbiota. We found that treatment with oxidized LA diet reduced a
diversity (P < 0.05, Fig. 4A) and modulated b diversity (P = 0.01, Fig. 4B) of the microbiota, and changed
composition of the microbiota at both phylum and genus levels (Fig. 4C-D and Table S2-3). These results
support that dietary intake of oxidized LA alters the microbiota. 

Next, we determined the functional role of gut microbiota in the biological effects of oxidized LA. We
tested the extent to which antibiotic-mediated suppression of gut microbiota modulated the colitis-
enhancing effect of oxidized LA diet (see scheme of experiment in Fig. 4E). We used a well-established
broad-spectrum antibiotic cocktail from previous studies 18,19, and found that treatment with the cocktail
caused a dramatic reduction of total fecal bacteria in mice (Fig. S9), validating its suppressing effects on
the microbiota. Without co-administration of the antibiotic cocktail, treatment with oxidized LA diet
exacerbated DSS-induced colitis, with reduced colon length and exaggerated crypt damage in the colon;
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however, such effects were abolished by co-administration of the antibiotic cocktail (Fig. 4F-H). Two-way
ANOVA analysis showed that there was a statistically signi�cant interaction (P < 0.05) between diet
(control diet vs. oxidized LA diet) and antibiotic (with or without co-administration of antibiotic cocktail)
on the development of DSS-induced colitis (Fig. 4F-H). Overall, these results support that gut microbiota
is required for the colitis-enhancing effect of oxidized LA.

Oxidized LA exacerbates colitis via Toll-like receptor 4 (TLR4)-dependent mechanisms

TLR4, an important mediator of innate immunity, contributes to host-microbiota interactions and plays
critical roles in the pathogenesis of colitis and colorectal tumorigenesis 20. In the DSS-induced colitis
model (Fig. 5A), we found that compared with the plasma from control diet-treated DSS mice, the plasma
from oxidized LA diet-treated DSS mice showed enhanced activation of TLR4, as assessed by a TLR4
reporter assay (P < 0.05, Fig. 5B). To determine the mechanisms by which oxidized LA activates TLR4
signaling, we measured the concentrations of TLR4 ligands, including lipopolysaccharide (LPS) and
bacteria, in the systemic circulation 20. We found that the plasma from the oxidized LA diet-treated DSS
mice had a higher concentration of LPS, which is a well-known ligand of TLR4 (P < 0.05, Fig. 5C) 20. In
addition, qRT-PCR analysis showed that the blood from the oxidized LA diet-treated DSS mice had higher
expression of 16S rRNA gene, which is a surrogate marker of bacterial abundance 19 (P < 0.05, Fig. 5D).
Together, these results showed that treatment with oxidized LA diet increased the levels of bacteria
and/or bacterial products (e.g., LPS) in the systemic circulation, leading to enhanced activation of TLR4
signaling in vivo. 

Impaired gut barrier function leads to increased translocation of bacteria and/or bacterial products from
the gut into systemic circulation 21. After demonstrating that oxidized LA increased bacterial
translocation, we tested its effects on intestinal barrier function. Using a �uorescein isothiocyanate
(FITC)-dextran-based permeability assay, we found that compared with the DSS mice treated with control
diet, the DSS mice treated with oxidized LA diet had enhanced leakage of FITC-dextran from the gut to the
circulation (P < 0.001, Fig. 5E), suggesting that oxidized LA impaired intestinal barrier function. We further
found that oxidized LA diet reduced colonic expressions of Muc3, Tff3, and Occludin, which are important
mediators of intestinal barrier function (P ≤ 0.01, Fig. 5F) 21. We also analyzed expressions of intestinal
barrier genes in the AOM/DSS tumor model and found that treatment with oxidized LA diet also reduced
expression of Occludin and Tff3 in the colon tumor (P < 0.05, Fig. S10). Together, these results support
that oxidized LA diet impaired intestinal barrier function and thus enhanced bacterial translocation from
the gut into the circulation, leading to increased activation of TLR4 in vivo.

We examined the functional role of TLR4 in the colitis-enhancing effects of oxidized LA. We treated wild-
type (WT) and Tlr4-/- mice with control diet or oxidized LA diet, then stimulated the mice with DSS to
induce colitis. In the WT mice, treatment with oxidized LA diet exacerbated the development of DSS-
induced colitis, with enhanced in�ltration of CD45+ and CD45+ F4/80+ immune cells (P < 0.05, Fig. 5G-H,
see representative FACS images in Fig. S11), increased expression of Cox-2 (P < 0.05, Fig. 5I), and
exaggerated crypt damage (P < 0.0001, Fig. 5J) in the colon tissues; while such effects were abolished in
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the Tlr4-/- mice (Fig. 5G-J). Two-way ANOVA analysis showed that there was a signi�cant interaction
between mouse type (Tlr4-/- vs. WT mice) and diet (control diet vs. oxidized LA diet) on the severity of
DSS-induced colitis (P < 0.05). These results demonstrate that TLR4 is required for the colitis-enhancing
effect of oxidized LA.

Discussion
Human studies support that a high intake of dietary LA is associated with increased risks of developing
IBD 6-9. As a PUFA, LA is highly prone to oxidation 12. Addition of free radical scavenging antioxidants can
slow oxidation of LA, but can’t stop this process as the antioxidants would be eventually consumed 12. As
a result, dietary LA in foods is usually present as a mixture of LA (un-oxidized form) and oxidized LA 13,14.
To date, it remains unknown whether the observed IBD-enhancing effects of dietary LA are caused by LA
itself (un-oxidized LA) or oxidized form of LA. A major challenge to study the biological actions of un-
oxidized LA vs. oxidized LA is that dietary LA is mainly consumed as vegetable oils; however, many
commercial samples of vegetable oils, even being fresh, are already oxidized during production and
storage and therefore always contain a mixture of un-oxidized LA and oxidized forms of LA 13,14. To
address this issue, we used column chromatography to purify commercial samples of vegetable oils to
prepare experimental oils with extremely low levels of oxidized LA: indeed, the PV (a surrogate marker of
the levels of oxidized LA) of the puri�ed corn oil was as low as 0.12 ± 0.02 mEq/kg, demonstrating its low
oxidative status. To put the PV value in perspective, the current industrial standard states that the
maximum PV of acceptable fresh vegetable oil is 10 mEq/kg 12,16. Next, we prepared oxidized LA by
oxidizing the puri�ed oil in a well-controlled manner which was designed to mimic the storage of
vegetable oil in a supermarket or household. The PV of the oxidized oil (9.98 ± 0.06 mEq/kg) was much
higher than that of the puri�ed oil, validating the presence of oxidized LA in the oxidized oil; but it was
lower or comparable to the current industrial standard for fresh vegetable oil 16, suggesting that the
amounts of oxidized LA in the oxidized oil are in low human-consumption levels. In addition, we took
extra precautions to control the oxidative status of the prepared oils during animal feeding experiment:
(1) we forti�ed the prepared oils with tocopherols as antioxidants; (2) we prepared the diets freshly and
changed the diets in animal cage every other day; and (3) we performed lipid oxidation assays during the
animal experiment. Overall, this allows us to perform animal feeding experiments to study the biological
actions of un-oxidized LA vs. oxidized LA. Using this strategy, we recently showed that compared with
control diet (rich in saturated fatty acids), administration of a diet rich in un-oxidized LA had little impact
on development of spontaneous colitis in Il-10-/- mice, suggesting that un-oxidized LA has a limited role in
promoting colitis 15. In agreement with this �nding, here we showed that compared with diet rich in
saturated fatty acids, administration of diet rich in un-oxidized LA had little impact, while treatment with
diet rich in oxidized LA exacerbated, the DSS-induced colitis in mice. Additionally, we showed that
treatment with diet rich in oxidized LA also exacerbated the spontaneous colitis in the Il-10-/- mice and
increased the development of AOM/DSS-induced colorectal tumorigenesis in mice. Together, our �ndings
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support that oxidized LA, rather than LA itself, could be a risk factor of IBD and its associated diseases
and therefore could contribute to the previously observed colitis-enhancing effects of dietary LA. 

We showed that dietary administration of oxidized LA diet had little effects on inducing basal
in�ammation in mice but exaggerated the development of DSS- and IL-10 de�ciency-induced colitis and
AOM/DSS-induced colorectal tumorigenesis in mice. These results suggest that oxidized LA could act on
the promotion, but not the initiation, of colitis and colorectal tumorigenesis. Previous studies have also
shown that oxidized LA had little effect to initiate diseases: Nolen et al. treated healthy rats with frying
oils, which contain high levels of oxidized LA, and found no pathological disorders in the treated animals
after a 2-year treatment 22. This could be, at least in part, because the mammalian system has an array of
protective and antioxidant mechanisms to counteract the potential detrimental effects of lipid oxidation-
derived molecules; in contrast, the individuals with or prone to IBD and/or colorectal cancer have a
compromised antioxidant defense system and therefore could be susceptible to the adverse effects of
oxidized LA 23. Indeed, our recent analysis of the Cancer Genome Atlas (TCGA) database showed that
compared with healthy controls, the expression of a series of protective and antioxidant genes are
signi�cantly reduced in human colorectal tumor samples 24, suggesting a dysfunctional antioxidant
defense system in colorectal cancer patients. A similar dysfunctional antioxidant system is also observed
in IBD 23. Based on our �ndings, the individuals with or prone to IBD and/or colorectal cancer could be
susceptible to the adverse effects of oxidized LA, and these high-risk individuals may need to reduce the
consumption of food products containing high levels of oxidized LA, though further studies are needed
before dietary recommendations could be established. 

Regarding the mechanisms, our results support that gut microbiota, as well as the microbial receptor
TLR4, contribute to the colitis-enhancing effects of oxidized LA. We found that oxidized LA diet altered
gut microbiota and failed to promote colitis in antibiotic-treated mice. In our study we did not use the
approach of germ-free mice, because it usually requires irradiation to create sterile feed for germ-free
mice 25; but during this process, the prepared experimental oils (e.g., puri�ed corn oil and oxidized corn
oil) added in the diets would be degraded and/or oxidized. In addition, we found that oxidized LA diet
activated TLR4 signaling in vivo and failed to promote colitis in Tlr4-/- mice. Overall, these results support
a critical role of gut microbial factors in mediating the colitis-enhancing effects of oxidized LA. There are
several possible mechanisms by which oxidized LA alters the microbiota: a healthy gut is a mostly
oxygen-free environment and is largely inhabited by obligate anaerobes 17. Considering that the oxidation
products of LA could contain many redox-active compounds such as lipid radicals, lipid peroxides, and
reactive aldehydes 12,16, intake of oxidized LA could perturb the redox hemostasis in the gut
microenvironment and result in exacerbated development of colitis and colorectal tumorigenesis. Further
studies are needed to determine the speci�c microbial factor(s) involved in the biological actions of
oxidized LA, which will provide critical information about the action mechanisms of oxidized LA and help
us to design targeted strategies to counteract their adverse effects in high-risk individuals and reduce the
risks of IBD. 
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Our �ndings highlight the need to potentially update policies regulating the levels of oxidized LA in food
products. To date, there are no governmentally established limits to de�ne the oxidative status of
vegetable oils. The food industry has presented its own limits, with a maximum PV of 10 mEq/kg for
acceptable fresh vegetable oils, but this limit is not strictly enforced 12,16. The lack of strong regulation of
oxidized LA in food products is, at least in part, due to a lack of data regarding the adverse effects of
oxidized LA. Early studies showed that treatment with frying oils (which contain high levels of oxidized
products of LA) caused toxic effects in animals, however, many of these studies used extremely heated
oils which are not relevant to human consumption 26. Recent studies generally support that the orally
administered frying oils, which are prepared under the conditions to mimic human consumption, have
little observable toxicity 26,27. Here we demonstrate that the oxidized vegetable oil, even at an oxidative
status within the current industrial standard, caused adverse effects on development of colitis and
colorectal cancer in mouse models. These results support that it is important to better understand the
health impacts of oxidized LA, to potentially update industrial standards and/or regulatory policies.
Considering that LA is an essential fatty acid and plays critical roles in human diet, it is also important for
the food industry to develop novel strategies to further control LA oxidation in food products, to reduce
the risks of IBD and associated diseases.

In summary, our �ndings showed that oxidized LA, rather than LA itself (un-oxidized LA), exacerbates
colitis and colorectal tumorigenesis and could contribute to the previously observed colitis-enhancing
effects of dietary LA in human studies. Based on our �ndings, the individuals with or prone to IBD and/or
colorectal cancer might need to reduce consumption of oxidized LA. Besides LA, previous studies have
shown that other dietary PUFAs, notably ω-3 PUFAs, are also highly prone to oxidation and the oxidized
ω-3 could also have adverse effects on gut health 12,16. Further studies are needed to better understand
the impact of un-oxidized vs. oxidized PUFAs on human health, to reduce the risks of gut diseases. 
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Figures

Figure 1

Oxidized LA exacerbates DSS-induced colitis in mice. (a) We treated mice with control diet or oxidized LA
diet, then stimulated the mice with DSS to induce colitis. (b) Colon length. (c) Spleen weight. (d) H&E
staining of colon (magni�cation ×300). (e) FACS quanti�cation of CD45+ cells in colon. (f) FACS
quanti�cation of CD45+F4/80+ cells in colon. (g) qRT-PCR analysis of gene expressions in colon. (h)
Concentration of TNF-α in plasma. (i) Concentration of TNF-α in colonic explant. The data are mean ±
SEM, n = 9-10 mice per group.
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Figure 2

Oxidized LA increases development of spontaneous colitis in Il-10-/- mice. (a) We treated Il-10-/- mice
with control diet or oxidized LA diet for 15 weeks. (b) Colon length. (c) FACS quanti�cation of CD45+ cells
in colon and small intestine. (d) qRT-PCR analysis of gene expressions in colon. (e) Concentration of TNF-
α and IFN-γ in plasma. (f) H&E staining of colon (magni�cation ×300). The data are mean ± SEM, n = 8-
10 mice per group.
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Figure 3

Oxidized LA increases AOM/DSS-induced colon tumorigenesis in mice. (a) We treated mice with control
diet or oxidized LA diet, then stimulated the mice with AOM and DSS to induce colon tumorigenesis. (b)
Quanti�cation of colon tumorigenesis in mice. (c) Representative images of immunohistochemical
staining of PCNA, β-catenin, and H&E (magni�cation ×300), and quanti�cation of immunohistochemical
images. (d) FACS quanti�cation of CD45+ immune cells in colon tumor. (e) FACS quanti�cation of CD45+
F4/80+ immune cells in colon tumor. (f) qRT-PCR analysis of gene expressions in colon. (g)
Concentration of MCP-1 in colonic explant. (h) Concentration of TNF-α in colonic explant. The data are
mean ± SEM, n = 11-12 mice per group.
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Figure 4

Oxidized LA exacerbates colitis via gut microbiota-dependent mechanisms. (a) a diversity of gut
microbiota. (b) b diversity of the microbiota. (c) composition of the microbiota at phylum levels. (d)
composition of the microbiota at genus levels. (e) Scheme of antibiotic cocktail animal experiment. (f)
Left panel: time course of body weight; Right panel: body weight on day 7 of the DSS treatment. (g) Colon
length. (h) H&E staining of colon. The data are mean ± SEM, n = 13 mice per group for 16S rRNA
sequencing experiment (Fig. 4a-d) and n = 6-9 mice per group for antibiotic experiment (Fig. 4e-h). The
statistical signi�cance (P-value) of the interaction effect between diet (control diet vs. oxidized LA diet)
and antibiotic cocktail treatment (no antibiotic cocktail vs. antibiotic cocktail) on DSS-induced colitis was
determined by two-way ANOVA analysis.
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Figure 5

Oxidized LA exacerbates colitis via TLR4-dependent mechanisms. (a) We treated mice with control diet or
oxidized LA diet, then stimulated the mice with DSS to induce colitis. (b) Effects of the plasma on
activation of TLR4, assessed by a TLR4 reporter assay (n = 7-8 mice per group). (c) Concentrations of
LPS in the plasma (n = 5-6 mice per group). (d) Expression of 16S rRNA gene in the blood (n = 8 mice per
group). (e) Plasma concentrations of FITC-dextran measured 4 hours after oral gavage of FITC-dextran (n
= 8 mice per group). (f) Expressions of Muc3, Tff3, and Occludin in colon (n = 8-9 mice per group). (g-j)
FACS quanti�cation of CD45+ immune cells (g), FACS quanti�cation of CD45+ F4/80+ immune cells (h),
gene expression of Cox-2 (i), and H&E staining (j), of the colon from the control diet or oxidized LA diet-
treated DSS-stimulated WT or Tlr4-/- mice (n = 6-8 mice per group). The results are expressed as mean ±
SEM, and the statistical signi�cance (P-value) of the interaction effect between mouse type (Tlr4-/- mice
vs. WT mice) and treatment (control diet vs. oxidized LA diet) on colitis was determined by two-way
ANOVA analysis.
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