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ABSTRACT

Effects of duration of grain feeding on the concentra-
tion of endotoxic lipopolysaccharide (LPS) in digesta
throughout the digestive tract and on acute phase pro-
teins and LPS in peripheral blood were determined in
Holstein yearling calves. Twenty-five Holstein yearling
steer calves received either a forage-based diet contain-
ing 92% hay and 8% of a mineral and vitamin pellet
on a dry matter basis (CON) or a moderate-grain diet,
obtained by replacing 41.5% of the hay in the forage-
based diet with barley grain, for 3 (MG3), 7 (MG7), 14
(MG14), or 21 d (MG21) before slaughter. Immediately
before slaughter, blood samples were collected from
the jugular vein. Immediately after slaughter, digesta
samples were collected from the rumen, jejunum, ileum,
cecum, colon, and rectum. Rumen liquid digesta, di-
gesta from the intestines, and peripheral blood plasma
were analyzed for LPS. Peripheral blood plasma and se-
rum were analyzed for the acute phase proteins amyloid
A, haptoglobin, and LPS-binding protein. Feeding the
grain diet increased the LPS concentration in rumen
fluid linearly from 15,488 endotoxin units (EU)/mL for
CON to 70,146 EU/mL for MG7. Concentrations of
LPS in rumen fluid in MG14 and MG21 were 61,944
and 56,234 EU/mL, respectively, and did not differ.
The LPS concentrations in jejunal digesta were much
lower than that in digesta elsewhere in the digestive
tract, which suggests that ruminal LPS is broken down
in the abomasum or proximal jejunum. The concentra-
tion of digesta LPS in the ileum was higher than that
of digesta elsewhere in the intestines and similar to that
in rumen fluid. The duration of grain feeding increased
the LPS concentration in digesta in the ileum and ce-
cum and tended to increase that in the colon cubically.
Concentrations of LPS in this part of the digestive
tract were highest in the MG3 and MG21 groups. The

Received March 21, 2014.
Accepted July 27, 2014.
!Corresponding author: Plaizier@umanitoba.ca

highest concentrations of LPS in digesta in the cecum,
colon, and rectum were 3.7, 3.8, and 5.6 times higher
than that in CON, respectively. Grain feeding and the
increase in LPS in digesta were not accompanied by
an acute phase response or a detectable concentration
of LPS in peripheral blood. The absence of LPS in pe-
ripheral blood and the lack of increase in acute phase
proteins indicated that the grain feeding protocol used
in the current study and the accompanying changes
in LPS concentrations of the digesta did not result in
systemic inflammation.

Key words: calf, grain, digestive tract, lipopolysac-
charide

INTRODUCTION

To meet the nutrient requirements of high-yielding
dairy cows and beef cattle, energy-dense diets have to
be fed (Plaizier et al., 2008). These energy-dense diets
are primarily obtained with moderate to high inclusion
rates of grain. However, these types of diets can affect
cattle health, as increases in grain feeding have been
associated with a heightened risk for SARA, increased
concentrations of endotoxic LPS in the gut, as well
as increased concentrations of acute phase proteins in
peripheral blood (Gozho et al., 2007; Emmanuel et al.,
2008; Li et al., 2012b).

Lipopolysaccharide is a component of the outer
membrane of gram-negative bacteria that can be shed
during bacterial growth or released following cell dis-
integration and lysis (Hurley, 1995; Wells and Russell,
1996b). The increase in acute phase proteins, also re-
ferred to as an acute phase response, could be caused
by the translocation of LPS from the digestive tract
into the peripheral circulation (Emmanuel et al., 2008;
Plaizier et al., 2012).

Gozho et al. (2007), Emmanuel et al. (2008), Khafi-
pour et al. (2009b), and Li et al. (2012b) reported that
increased grain feeding increased the concentration of
LPS in rumen and cecal digesta, and the concentration
of acute phase proteins in peripheral blood. Increasing
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grain inclusion to induce SARA in dairy cows results
in major changes in the microbiota of rumen digesta,
including increases in starch- and soluble sugar-fer-
menting bacteria, lactic acid-fermenting bacteria, and
Escherichia coli, as well as a reduction in the popu-
lation of gram-negative Bacteroidetes (Nagaraja and
Titgemeyer, 2007; Khafipour et al., 2009c). Although
most studies use a short-term or transient increase in
the concentration of grain in the diet to induce SARA,
it is clear that microbial adaptation (Tajima et al.,
2000) and physiological adaptation of the rumen are
incomplete (Schurmann, 2013). The duration of time
that cattle are fed highly fermentable diets may af-
fect the response of microbiota and, therefore, LPS, in
the digestive tract (Nagaraja and Titgemeyer, 2007).
Increased concentrations of LPS in digesta may directly
compromise the barrier function of the epithelium, but
this effect may be both concentration and time de-
pendent (Chin et al., 2006). Therefore, this effect may
not be observed in a mild episode of SARA for a few
hours or a few days (Khafipour et al., 2009b; Penner
et al., 2010; Li et al., 2012b). In contrast, evidence
suggests that prolonged increases in grain feeding may
cause epithelia of the digestive tract of cattle to adapt,
enhancing epithelial barrier function (Lodemann and
Martens, 2006). Although the increase in LPS in the
rumen (Nagaraja et al., 1978; Gozho et al., 2007) and
in the hindgut (Li et al., 2012b) due to high-grain diets
has been confirmed repeatedly, there is little informa-
tion about such increases in other sites of the digestive
tract, such as the jejunum and ileum.

The objectives of this study were to determine (1)
the effects of the duration of feeding a moderate level of
grain on LPS in digesta in the rumen, small intestine,
large intestine, and rectum of yearling calves; and (2)
whether these durations are accompanied by increases
in acute phase proteins and LPS in peripheral blood.

MATERIALS AND METHODS
Animals, Diets, and Experimental Procedures

The experimental design and the management of
feeding of the animals were described in detail in Sch-
urmann (2013). In summary, 25 Holstein bull calves
(BW of 213 + 23 kg, mean 4+ SD, approximately 5
to 7 mo of age) were blocked into 5 groups based on
age and BW. At the start of the study, all calves were
group-housed and fed a forage-based diet containing
91.5% hay and 8.5% of a mineral and vitamin pellet on
a DM basis for at least 5 wk. One of 5 calves in each of
5 blocks was slaughtered (control, CON; n = 5) before
the day on which the rest of the calves were moved into
individual barns and their diet was abruptly switched
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to a moderate-grain (MG) diet obtained by replacing
41.5% of the hay in the forage-based diet with barley
grain. One calf in each block was then slaughtered on
d3 (MG3;n=5),d7 (MG7;n=>5),d14 (MG14;
n =5), or d 21 (MG21; n = 5) after beginning the
MG diet. The chemical composition of the CON diet
as reported by Schurmann (2013) was 87.3% DM with
contents of CP, NDF, ADF, OM, and starch of 10.6,
48.4, 33.3, 92.1, and 4.1% of DM, respectively, and the
composition of the MG diet was 87.9% DM, with con-
tents of CP, NDF, ADF, OM, and starch of 11.4, 33.5,
20.9, 93.6, and 24.6% of DM, respectively. Both diets
were fed in individual mangers once daily at 0800 h at
2.25% of BW. The calves were cared for in accordance
with the Canadian Council for Animal Care guidelines
(CCAC, 1993). All experimental procedures were pre-
approved by the University of Saskatchewan Animal
Research Ethics Board (protocol 20100021).

Slaughter and Sample Collection

Calves were killed by captive bolt stunning followed
by pithing and exsanguination 2 h after morning feed
delivery. At slaughter, samples of digesta were col-
lected from the rumen, jejunum, ileum, cecum, colon,
and rectum. The digesta from the reticulorumen was
emptied into a plastic basin and mixed thoroughly. Ap-
proximately 500 mL of the digesta was then collected
and strained thorough 4 layers of cheesecloth to obtain
a representative sample of rumen fluid. Subsequently,
approximately 40 mL of rumen fluid was transferred
into 50 mL sterile tubes, kept on ice, and transported
to the laboratory for further processing, as described by
Gozho et al. (2005) and Li et al. (2012b). Briefly, sample
processing consisted of centrifugation at 4°C at 10,000
x ¢ for 45 min and aspiration of the supernatant. The
supernatant was filtered through a 0.22-pm LPS-free
filter (2359904, Sigma, St. Louis, MO). Subsequently,
samples were stored in depyrogenated glass tubes at
—20°C for subsequent LPS analysis.

Digesta samples from the jejunum, ileum, and colon
were collected from a 20-cm intestinal segment, which
ended at 2 m from the duodenum, 20 c¢cm from the
ileo-cecal junction, and the middle of the spiral colon,
respectively. Intestinal segments were dissected and
the digesta inside of each segment were collected. To
collect digesta samples from the cecum and rectum,
an approximately 5-cm-long incision was made at the
most distal region of the sac and 10 cm from the anus,
respectively. Digesta were then collected with a sterile
spatula and put on ice before processing as described
by Li et al. (2012b). Briefly, processing consisted of
mixing 20 g of digesta sample with an equal amount
of physiological saline (0.90% wt/vol of NaCl). Sub-
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sequently, the mixtures were centrifuged at 3,000 x g¢
for 15 min at 4°C, and the supernatants were stored at
—20°C until analyzed for VFA and ammonia nitrogen.
Additionally, 10 g of each sample was transferred into
pyrogen-free tubes and mixed with 10 mL of physi-
ological saline. Samples were then processed for LPS
analysis as described earlier for rumen fluid samples.

Blood samples were taken from the jugular vein im-
mediately before slaughter, and collected into two 10-
ml evacuated tubes coated with freeze-dried sodium
heparin (158 TU) and silicone-coated, clot-activating
Vacutainer tubes (BD, Franklin Lakes, NJ) for plasma
and serum, respectively. Samples were immediately
placed on ice until being centrifuged at 1,800 x g for 15
min at 4°C to harvest plasma and serum. An aliquot of
the plasma was transferred to pyrogen-free glass tubes
and stored at —20°C for LPS analysis. The remainder
of the plasma and serum was divided into 2-mL aliquots
and stored at —20°C for further analysis.

Analyses of Digesta

Rumen fluid, intestinal digesta and rectal contents
were analyzed for LPS with a chromogenic kinetic
limulus amebocyte lysate (LAL) assay (Kinetic-QCL,
Lonza Group Ltd., Basel, Switzerland) using a 50%
B-glucan blocker (cat. no. N190, Lonza Group Ltd.),
as described by Khafipour et al. (2009b) and Li et al.
(2012b). The LPS concentrations in intestinal digesta
and rectal contents were expressed as endotoxin units
(EU) per gram of wet sample. Ammonia nitrogen was
analyzed using a colorimetric technique as described by
Novozamsky et al. (1974) and Bhandari et al. (2007).
Gas chromatography (model 3900 Star, Varian, Walnut
Creek, CA) was used for the analyses of VFA, as de-
scribed by Bhandari et al. (2007).

Analyses of Plasma and Serum Samples

After thawing, plasma samples were diluted 1:500
with distilled water, and analyzed for serum amyloid A
(SAA) using a commercial kit (Tridelta Phase range
kit TP-801, Tri-Delta Diagnostics Inc., Morris Plains,
NJ) and LPS-binding protein (LBP) using another
commercial kit (HK503 kit, Hycult Biotech, Uden, the
Netherlands) as described by Gozho et al. (2007) and
Khafipour et al. (2009b). A commercial kit was also
used for the analysis of haptoglobin (Hp) in diluted
(1/500) serum (Tridelta Phase kit TP-802, Tri-Delta
Diagnostics Inc.) as described by Gozho et al. (2007)
and Khafipour et al. (2009b).

Plasma was also analyzed for LPS using a chromo-
genic kinetic LAL assay (Kinetic-QCL) as described
by Li et al. (2012b). The endotoxin standard included
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with the LAL assay kit used in the current study was
extracted from FEscherichia coli O55:B5 and had a ratio
of reference standard endotoxins to control standard
endotoxins (RSE:CSE) of 14 EU/ng. Before analysis,
thawed plasma samples were mixed by vortex, diluted
1:3 with LAL reagent water (cat. no. W50-500, Lonza
Group Ltd.), and further diluted 1:8 with 10 mM MgCl
solution (cat. no. S50-641, Lonza Group Ltd.). Sub-
sequently, 50 pL of Pyrosperse dispersing agent (cat.
no. N188, Lonza Group Ltd.) was added to 1.0 mL of
plasma sample dilution so that the resulting concentra-
tion of Pyrosperse was 1:200 (vol:vol). The minimum
detection level of LPS in plasma was 0.14 EU/mL.

Statistical Analyses

Data were analyzed as a randomized complete
block design with polynomial contrasts used to evalu-
ate whether treatment resulted in linear, quadratic,
or cubic patterns using the Mixed Procedure of SAS
(version 9.3; SAS Institute Inc., Cary, NC). The model
included duration of feeding the MG diet, sampling site
in gastrointestinal tract, and their interaction as fixed
effects, and block as random effect. Sampling site was
treated as repeated measurement. For testing LPS in
digesta samples and LPS and acute phase proteins in
blood, logarithm transformation was applied to achieve
normality of the residuals of the mixed models. The
effects were considered significant at P < 0.05, and
trends were discussed at 0.05 < P < 0.10.

RESULTS AND DISCUSSION

The interaction between the duration of feeding the
MG diet and the location in the digestive tract on LPS
concentrations in the digesta was significant because
the effect of duration of feeding the MG diet on LPS
concentrations at different sites in the digestive tract
varied (Table 1). Feeding the grain diet increased rumi-
nal LPS from 15,488 EU/mL for CON to 70,146 EU/ml
for MG7. Longer grain feeding did not further increase
rumen LPS. The concentrations of LPS in rumen fluid
during the grain feeding period in our experiment were
greater than those observed when feeding of diets with
similar grain and fiber contents in the studies by Gozho
et al. (2007), Khafipour et al. (2009b), and Li et al.
(2012b). However, the LPS concentrations in rumen
fluid during the SARA challenges conducted by Gozho
et al. (2007), Khafipour et al. (2009b), and Li et al.
(2012b) were higher than those observed during the
grain feeding period in our study. This may be explained
by the lower grain content of the MG diet in the cur-
rent study compared with that of the SARA challenge
diets in the earlier studies. In agreement, the parallel
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study by Schurmann (2013) showed that the duration
of feeding the MG diet did not affect the concentra-
tion of total VFA in the rumen. This concentration was
84.1 mM across treatments, which is much lower than
those observed during the SARA challenges conducted
by Gozho et al. (2007), Khafipour et al. (2009b), and
Li et al. (2012b). Schurmann (2013) also showed that
the mean reticular pH decreased only from 6.90 for
CON to 6.59 for MG7, and increased thereafter to 6.79.
This suggests that increasing the dietary grain content
increases the LPS concentration of rumen digesta, even
if this increase does not induce SARA. Similar observa-
tions were reported by Emmanuel et al. (2008) and
Zebeli and Ametaj (2009). Moreover, the increase in ru-
men LPS resulting from feeding the MG diet continued
for up to 21 d after the first grain feeding. This increase
does not indicate that the total population of gram-
negative bacteria in the rumen changed, as the size of
this population and the concentration of LPS in the
rumen may not be correlated (Nagaraja et al., 1978).
Rather, the increase in grain content in the diets might
have increased the turnover rate of gram-negative bac-
teria and, as a result, the release of LPS (Hurley, 1995;
Wells and Russell, 1996a).

The LPS concentration in the jejunum was lower (P
< 0.05) than that in the rumen, ileum, cecum, colon,
or rectum (Table 1). Although the LPS concentration
in the rumen increased (cubic P = 0.03) due to the
MG diet, a linear reduction of LPS in the jejunum (P
= 0.05) accompanied by a linear reduction of total
VFA (P = 0.04) and a tendency for a linear decrease in
acetate (P = 0.07) were observed in the jejunum with
increasing duration of the moderate grain diet (Tables
2 and 3). Digesta flowing out of the reticulo-rumen con-
tains LPS. The reduction in LPS concentration in the
jejunal digesta may be due to LPS clearance, neutral-
ization, or detoxification occurring between 2 sampling
sites (Mani et al., 2013). Various proteases, lysozyme,
and bile acids are involved in this process (Poelstra
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et al., 1997; Lalles, 2010; Mani et al., 2012). Ribeiro
et al. (2010) concluded that acidification, such as that
occurring in the abomasum of cattle, deactivates LPS.
Alkaline phosphatase, which is a common hydrolase en-
zyme present in liver and intestine, especially the proxi-
mal segment of the intestine, can also dephosphorylate
bacterial LPS (Poelstra et al., 1997; Lalles, 2010; Mani
et al., 2012). Le Huerou et al. (1992) indicated that
alkaline phosphatase activity is located mainly in the
proximal jejunum and is nearly absent in the distal
jejunum and the ileum of growing cattle. In rodents,
alkaline phosphatase mRNA and activity are present
at their highest levels in the duodenum and decrease
sharply toward the jejunum and ileum (Lalles, 2010).
Therefore, we can speculate that alkaline phosphatase
in the bovine proximal jejunum plays a significant role
in dephosphorylating bacterial LPS and reducing its
toxicity. The tendency for a linear reduction in LPS in
jejunal digesta observed with advancing days on the
MG diet in our study may indicate that the capacity of
LPS detoxification before the jejunum increased when
the calves were fed the MG diet for an extended period.
As this is the first study in which ruminal and jejunal
LPS were compared, further studies are needed to shed
more light on this issue.

The concentration of LPS in the digesta collected
at the distal ileum was higher (P < 0.05) than that in
the jejunum, cecum, colon, or rectum, and was similar
to that observed in the rumen (Table 1). The effect of
feeding the MG diet to calves on LPS concentration
in the ileal digesta showed a cubic pattern of change,
increasing for MG3 and MGT7, decreasing for MG14,
and increasing once again for MG21 (Table 1). The
duration of time feeding the moderate grain diet did
not affect the profile of VFA and tended to decrease
ammonia nitrogen concentration cubically in the ileum.

The concentration of LPS in the digesta in the jeju-
num was lower than that in the rumen and ileum (Table
1). Therefore, LPS in the ileum must be mainly derived

Table 1. Effects of the duration of feeding a moderate-grain diet on LPS in rumen fluid [log,((EU/mL)| and

intestine [log;o(EU/g of wet digesta)] of calves

Treatment' Contrast®

Compartment CON MG3 MGT MG14 MG21 SE L Q C

Rumen 4.19 4.69 4.85 4.79 4.75 0.10 <0.01 <0.01 0.03
Jejunum 3.40 3.38 3.36 3.40 2.82 0.19 0.05 0.16 0.40
Tleum 4.58 5.03 4.76 4.49 4.84 0.13 0.85 0.62 0.01
Cecum 3.52 4.15 3.96 3.65 4.09 0.22 0.39 0.93 0.02
Colon 3.46 3.96 3.66 3.50 4.03 0.25 0.36 0.53 0.10
Rectum 3.22 3.73 3.65 3.19 3.96 0.22 0.22 0.51 0.02

!Control (CON) calves received 91.5% chopped hay and 8.5% vitamin-mineral supplement. Calves assigned to
MG3, MG7, MG14, and MG21 received a high-energy (moderate-grain) diet consisting of 41.5% barley grain,
50% chopped hay, and 8.5% vitamin-mineral supplement for 3, 7, 14, and 21 d, respectively.

*Contrast patterns: L = linear, Q = quadratic, C = cubic.
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Table 2. Effects of the duration of feeding a moderate-grain diet on total VFA concentration (mM) of digesta

in the intestines of calves

Treatment Contrast®
Compartment CON MG3 MG7 MG14 MG21 SE L Q C
Jejunum 12.0 7.9 9.8 7.6 8.1 1.4 0.04 0.20 0.55
Ileum 21.0 25.1 21.8 21.0 22.7 2.9 0.89 0.92 0.36
Cecum 104.9 107.6 113.9 122.1 118.5 7.9 0.13 0.44 0.70
Colon 76.6 96.3 98.3 97.0 109.9 6.8 0.01 0.48 0.10
Rectum 61.3 88.1 94.5 80.3 103.1 7.4 0.01 0.44 0.01

!Control (CON) calves received 91.5% chopped hay and 8.5% vitamin-mineral supplement. Calves assigned to
MG3, MG7, MG14, and MG21 received a high-energy (moderate-grain) diet consisting of 41.5% barley grain,
50% chopped hay, and 8.5% vitamin-mineral supplement for 3, 7, 14, and 21 d, respectively.

*Contrast patterns: L = linear, Q = quadratic, C = cubic.

from local gram-negative bacteria. Assuming a stable
ratio of viable bacterial count and endotoxin concentra-
tion during normal growth of gram-negative bacteria
as reported by Dofferhoff et al. (1991), the higher LPS
in ileal digesta might indicate a larger population of
gram-negative bacteria species in the ileum than in the
large intestine. For instance, Maki and Picard (1965)
reported that the population of E. coli, a gram-negative
species that sheds high potency LPS, was numerically
larger in the ileum than that in the cecum and colon
of cattle. However, another explanation could be that
the release rates of endotoxin from gram-negative bac-
teria in the ileum and large intestine are different. This
agrees with Goris et al. (1988), who reported that the
concentration of LPS in intestinal digesta of mice corre-
sponds with the proliferative activity of gram-negative
bacteria but not necessarily with their population.

A drastic reduction of the LPS concentration in the
digesta from the ileum to the cecum was detected in
our study. Because the ileal samples in our study were
collected in the region before the incision located 20 cm
from the ileo-cecal junction, detoxification, and pos-
sibly translocation, of LPS in the distal ileum may have
contributed to this reduction. In addition, microfold
cells, a type of specialized lymphoid cells in Peyer’s

patches, and dendritic cells in the distal ileum can ac-
tively transport foreign antigens, including endotoxins,
from the intestine to underlying macrophages (Neutra
et al., 1996; Rescigno et al., 2001), in which LPS is
bound, internalized, and partially degraded (Hampton
et al., 1991).

The concentrations of LPS in the digesta collected
in the cecum, colon, and rectum were higher than that
in the jejunum, but lower than that in the rumen and
ileum (Table 1). No difference was detected among
the concentrations of LPS in the cecum, colon, and
rectum (Table 1). The effect of the MG diet on LPS
concentration in the cecal digesta and rectal contents
showed a cubic pattern of change, slightly increasing
for MG3 and MG7, then decreasing for MG14, before
increasing for MG21 (Table 1). A tendency for a similar
cubical pattern for LPS concentration was detected in
colon digesta (Table 1). The duration of feeding the
MG diet increased only butyrate in the cecum, linearly.
In contrast, feeding the grain diet to calves had a much
greater effect on hindgut fermentation, as indicated by
linearly increased concentrations of total VFA, acetate,
propionate, and butyrate in digesta of the colon and
rectum (Tables 2, 3, 4 and 5, respectively). The grain
diet reduced the ammonia nitrogen concentration of

Table 3. Effects of the duration of feeding a moderate-grain diet on the acetate concentration of digesta (mM)

in the intestines of calves

Treatment' Contrast’
Compartment CON MG3 MGT7 MG14 MG21 SE L Q C
Jejunum 7.5 3.7 5.5 3.8 4.0 1.3 0.07 0.26 0.39
Tleum 17.5 21.9 19.3 18.5 20.0 2.4 0.92 0.91 0.27
Cecum 78.6 82.6 87.8 93.9 90.2 6.2 0.12 0.32 0.79
Colon 55.0 2.7 74.3 73.9 83.7 5.5 0.01 0.36 0.09
Rectum 46.5 67.3 71.1 60.2 76.5 5.4 0.01 0.40 <0.01

'Control (CON) calves received 91.5% chopped hay and 8.5% vitamin-mineral supplement. Calves assigned to
MG3, MG7, MG14, and MG21 received a high-energy (moderate-grain) diet consisting of 41.5% barley grain,
50% chopped hay, and 8.5% vitamin-mineral supplement for 3, 7, 14, and 21 d, respectively.

*Contrast patterns: L = linear, Q = quadratic, C = cubic.
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Table 4. Effects of the duration of feeding a moderate-grain diet on the propionate concentration (ma) of

digesta in the intestines of calves

Treatment' Contrast®
Compartment CON MG3 MG7 MG14 MG21 SE L Q C
Jejunum 0.89 0.54 0.71 0.56 0.58 0.15 0.18 0.41 0.51
Tleum 1.17 1.15 1.02 0.82 1.00 0.19 0.25 0.33 0.49
Cecum 16.21 15.90 16.81 18.16 17.88 1.07 0.11 0.70 0.49
Colon 11.63 13.93 13.94 13.90 16.07 0.75 <0.01 0.87 0.06
Rectum 8.54 11.26 11.78 10.30 13.91 1.07 0.01 0.90 0.02

!Control (CON) calves received 91.5% chopped hay and 8.5% vitamin-mineral supplement. Calves assigned to
MG3, MG7, MG14, and MG21 received a high-energy (moderate-grain) diet consisting of 41.5% barley grain,
50% chopped hay, and 8.5% vitamin-mineral supplement for 3, 7, 14, and 21 d, respectively.

*Contrast patterns: L = linear, Q = quadratic, C = cubic.

cecal and colon digesta cubically and tended to reduce
that of rectal contents cubically (Table 6).

Published data on LPS concentration in the large
intestine of cattle are sparse. Li et al. (2012a,b,c) re-
ported that LPS in the cecum and rectum of dairy cows
ranged from 12,832 to 118,522 EU/g of wet sample,
which is higher than that observed in our study. More-
over, those authors observed a significant increase in
LPS in the large intestine when the grain content in the
diet increased and SARA was induced. This discrep-
ancy might be explained by different dietary formula-
tions and feeding management in these studies. In the
present study, the control diet contained little grain,
and the MG diet contained 41.5% grain, as it was not
aimed at inducing SARA. In contrast, the control diets
in Li et al. (2012a,b) contained 42% and 30% grain, and
the high-grain diets for inducing SARA in these studies
contained 49% and 64% grain, respectively. The higher
dietary grain contents in the earlier studies must have
resulted in a larger amount of fermentable carbohy-
drate reaching the large intestine. This would increase
fermentation, bacterial growth, and LPS shedding in
this part of the digestive tract (Li et al., 2012 b). Also,
ad libitum feeding was adopted by i et al. (2012a,b,c),
whereas the calves in the present study were limited to

DMTI of 2.25% of BW. This could have further reduced
the availability of substrates for the bacteria flora in
the large intestine of the calves and resulted in overall
lower growth rate of bacteria and lower LPS releasing.

The concentrations of LPS in plasma were below the
detection limit of 0.14 EU/mL for all treatments (Table
7). The absence of LPS in peripheral blood plasma was
in agreement with findings in previous studies where
moderate- (Khafipour et al., 2009b) or high-grain diets
(Gozho et al., 2007; Li et al., 2012b) were fed. However,
an increase in the concentration of LPS in peripheral
blood during a grain-based SARA challenge reported
by Khafipour et al. (2009a) was accompanied by lower
rumen pH and higher LPS concentration in rumen
digesta. Compared with our study, the higher rumen
acidity and ruminal LPS concentration in the earlier
studies would have increased the risk of translocation of
LPS out of the rumen (Emmanuel et al., 2008; Plaizier
et al., 2012). In the parallel study of Schurmann (2013),
barrier function of the rumen epithelium decreased
when the duration of grain feeding increased. However,
Schurmann (2013) determined this barrier function by
measuring tissue conductance and the flux of mannitol
through epithelial tissue in Ussing chambers. Mannitol
is a small molecule compared with LPS. Hence, the

Table 5. Effects of the duration of feeding a moderate-grain diet on the butyrate concentration (mM) of

digesta in the intestines of calves

Treatment' Contrast’
Compartment CON MG3 MGT7 MG14 MG21 SE L Q C
Jejunum 0.41 0.43 0.42 0.43 0.39 0.06 0.81 0.70 0.98
Tleum 0.65 0.75 0.59 0.70 0.74 0.14 0.68 0.71 0.94
Cecum 3.90 4.72 5.64 5.98 6.35 0.68 0.01 0.33 0.67
Colon 3.18 5.02 6.47 5.60 6.23 0.66 0.01 0.06 0.07
Rectum 2.58 6.28 8.64 6.84 9.73 1.20 <0.01 0.19 0.02

'Control (CON) calves received 91.5% chopped hay and 8.5% vitamin-mineral supplement. Calves assigned to
MG3, MG7, MG14, and MG21 received a high-energy (moderate-grain) diet consisting of 41.5% barley grain,
50% chopped hay, and 8.5% vitamin-mineral supplement for 3, 7, 14, and 21 d, respectively.

*Contrast patterns: L = linear, Q = quadratic, C = cubic.
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Table 6. Effects of the duration of feeding a moderate-grain diet on the ammonia nitrogen concentration (mg/

dL) of digesta in the intestines of calves

Treatment' Contrast®

Compartment CON MG3 MG7 MG14 MG21 SE L Q C

Rumen 14.86 13.72 19.70 20.62 13.58 1.66 0.71 <0.01 0.15
Jejunum 11.48 11.90 7.34 9.28 9.90 1.63 0.40 0.18 0.77
Tleum 6.76 5.94 5.56 7.34 5.28 0.80 0.58 0.61 0.06
Cecum 8.20 6.60 6.22 7.32 6.16 0.59 0.14 0.46 0.03
Colon 5.64 4.20 4.74 5.18 4.46 0.39 0.38 0.75 0.03
Rectum 4.72 3.86 4.06 4.12 3.66 0.33 0.07 0.67 0.09

'Control (CON) calves received 91.5% chopped hay and 8.5% vitamin-mineral supplement. Calves assigned to
MG3, MG7, MG14, and MG21 received a high-energy (moderate-grain) diet consisting of 41.5% barley grain,
50% chopped hay, and 8.5% vitamin-mineral supplement for 3, 7, 14, and 21 d, respectively.

*Contrast patterns: L = linear, Q = quadratic, C = cubic.

paracellular permeability of the rumen epithelium for
mannitol may be greater than that for LPS, and changes
in this permeability (and therefore barrier function) for
mannitol may not reflect similar changes in the barrier
function for LPS. Another reason for the absence of
LPS in peripheral blood could be that the acidity and
LPS concentration of digesta in the large intestine in
our study were lower than that in the studies by Li et
al. (2012b). As high acidity and a high concentration of
LPS of digesta in the large intestine may pose a greater
risk for translocation of LPS than that of digesta in the
rumen (Plaizier et al. 2008; Li et al., 2012b), differences
in the conditions of hindgut digesta between our study
and that of Li et al. (2012b) may explain why LPS was
only detected in peripheral blood in the earlier study.
The absence of LPS in peripheral blood must not be in-
terpreted to indicate the total absence of translocation
of LPS out of the digestive tract, as the liver rapidly
detoxifies LPS in portal blood and peripheral blood
(Andersen et al., 1994; Munford, 2005). Hence, trans-
location of LPS from the digestive tract may increase
LPS in peripheral blood only once the LPS-detoxifying
capacity of the liver has been exceeded.

Increased concentrations of LBP, Hp, and SAA in
bovine peripheral blood are often detected during
grain-induced SARA, regardless of an increase in LPS
in peripheral blood (Khafipour et al., 2009b; Li et al.,
2012a,b). These increases in acute phase proteins in-
dicate systemic inflammation in cattle. Nonetheless,
the concentrations of LBP, Hp, and SAA in peripheral
blood remained unchanged in our study. This further
proves that a moderate increase in LPS in ruminal
and intestinal digesta may not reach the threshold for
translocation and triggering systemic inflammation
(Zebeli et al., 2012).

CONCLUSIONS

This study is the first to report a longitudinal change
in the concentrations of LPS in the digesta throughout
the bovine digestive tract. The greatest concentration
of LPS in the digesta was observed in the rumen and
ileum, followed by the large intestine, whereas the
lowest concentration was detected in the jejunum. An
increase in ruminal LPS was detected after switching
from a forage-based diet to a MG diet. In contrast to

Table 7. Effects of the duration of feeding a moderate-grain diet on concentrations of acute phase proteins
serum amyloid A (SAA), haptoglobin (Hp), and LPS-binding protein (LBP), and endotoxic LPS in peripheral

blood plasma of calves

Treatment' Contrast®
Item CON MG3 MGT7 MG14  MG21 SE L Q C
SAA, mg/L 59.9 56.2 42.2 49.2 53.1 12.5 0.78 0.46 0.79
Hp, mg/L 104.1 101.6 103.5 83.7 106.8 15.8 0.79 0.37 0.34
LBP, mg/L 4:5 5.7 4.3 2.9 3.8 1.4 0.41 0.71 0.42
LPS, EU/mL ND? ND ND ND ND

'Control (CON) calves received 91.5% chopped hay and 8.5% vitamin-mineral supplement. Calves assigned to
MG3, MG7, MG14, and MG21 received a high-energy (moderate-grain) diet consisting of 41.5% barley grain,
50% chopped hay, and 8.5% vitamin-mineral supplement for 3, 7, 14, and 21 d, respectively.

*Contrast patterns: L = linear, Q = quadratic, C = cubic.

*ND = not detectable (i.e., <0.14 EU/mL).
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the change in ruminal LPS, a linear reduction of LPS
in jejunal digesta indicated that the capacity of LPS
degradation before the jejunum and in the proximal je-
junum increased when the calves were fed the MG diet
for an extended period. The high LPS concentration in
ileal digesta and its drastic reduction from the ileum to
the cecum warrant further research on the role of the
ileum in host defense against gut-derived endotoxins.
However, the absence of, and increase in, acute phase
proteins, such as LBP, SAA, and Hp, as well as the
undetectable concentration of LPS in peripheral blood
indicated that no systemic inflammation occurred, re-
gardless of the increases in LPS in the digestive tract
of calves.
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