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ABSTRACT

Study objectives were to evaluate the effects of inten-
tionally reduced intestinal barrier function on produc-
tivity, metabolism, and inflammatory indices in other-
wise healthy dairy cows. Fourteen lactating Holstein
cows (parity 2.6 £ 0.3; 117 £ 18 d in milk) were enrolled
in 2 experimental periods. Period 1 (5 d) served as the
baseline for period 2 (7 d), during which cows received
1 of 2 i.v. treatments twice per day: sterile saline or
a gamma-secretase inhibitor (GSI; 1.5 mg/kg of body
weight). Gamma-secretase inhibitors reduce intestinal
barrier function by inhibiting crypt cell differentiation
into absorptive enterocytes. During period 2, control
cows receiving sterile saline were pair-fed (PF) to the
GSI-treated cows, and all cows were killed at the end
of period 2. Administering GSI increased goblet cell
area 218, 70, and 28% in jejunum, ileum, and colon,
respectively. In the jejunum, GSI-treated cows had
increased crypt depth and reduced villus height, villus
height-to-crypt depth ratio, cell proliferation, and mu-
cosal surface area. Plasma lipopolysaccharide binding
protein increased with time, and tended to be increased
42% in GSI-treated cows relative to PF controls on
d 5 to 7. Circulating haptoglobin and serum amyloid
A concentrations increased (585- and 4.4-fold, respec-
tively) similarly in both treatments. Administering GSI
progressively reduced dry matter intake (66%) and, by
design, the pattern and magnitude of decreased nutrient
intake was similar in PF controls. A similar progressive
decrease (42%) in milk yield occurred in both treat-
ments, but we observed no treatment effects on milk
components. Cows treated with GSI tended to have
increased plasma insulin (68%) and decreased circulat-
ing nonesterified fatty acids (29%) compared with PF
cows. For both treatments, plasma glucose decreased
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with time while B-hydroxybutyrate progressively in-
creased. Liver triglycerides increased 221% from period
1 to sacrifice in both treatments. No differences were
detected in liver weight, liver moisture, or body weight
change. Intentionally compromising intestinal barrier
function caused inflammation, altered metabolism, and
markedly reduced feed intake and milk yield. Further,
we demonstrated that progressive feed reduction ap-
peared to cause leaky gut and inflammation.

Key words: inflammation, insulin, intestinal integrity,
lipopolysaccharide

INTRODUCTION

Appreciation is growing for the importance of proper
intestinal barrier function in domestic farm animals.
The luminal content of the gastrointestinal tract tech-
nically remains extrinsic to the animal, and thus serves
the dual role of absorbing valuable nutrients while
preventing infiltration of unwanted compounds and
molecules (Mani et al., 2012). The human gastrointes-
tinal tract has a surface area of ~400 m*, which is 200
times greater than that of the skin (Murphy, 2012), and
it is continuously subjected to potentially pathogenic
microorganisms and toxins (Mani et al., 2012). Barrier
importance is heightened in cattle, because both the
size of the gastrointestinal tract and potential toxin
exposure are more extensive in ruminants due to pre-
gastric fermentation compartments. It is not surprising
that a large majority of the immune system resides in
the splanchnic bed (van der Heijden et al., 1987).

A variety of diseases, albeit with etiological differ-
ences, have a common dominant pathology of impaired
intestinal barrier function (i.e., leaky gut), including
Crohn’s disease, inflammatory bowel syndrome, celiac
disease, and alcoholism (Draper et al., 1983; Bargiggia
et al., 2003; Ludvigsson et al., 2007; McGowan et al.,
2012). Recognized circumstances in animal agriculture
in which gastrointestinal tract barrier function is com-
promised include weaning (Boudry et al., 2004; Moeser
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et al., 2007), heat stress (Baumgard and Rhoads, 2013;
Pearce et al., 2013), and rumen acidosis (Emmanuel et
al., 2007; Khafipour et al., 2009; Minuti et al., 2014).
Additionally, reduced feed intake decreases barrier in-
tegrity in humans (Welsh et al., 1998) and farm animals
(Pearce et al., 2013; Zhang et al., 2013; Stoakes et al.,
2015a). Further, we have preliminary evidence strongly
implicating leaky gut as the etiological origin of ketosis
in transitioning dairy cows (Abuajamich et al., 2016).
Accordingly, multiple situations experienced by farm
animals have the potential to induce leaky gut.

Presumably, an impaired intestinal barrier will
negatively affect economically important phenotypes.
However, directly studying post-absorptive and produc-
tion consequences of leaky gut is difficult, because the
conditions thought to be responsible for reducing intes-
tinal barrier integrity also affect multiple tissues and
systems. Obvious examples of biologically confounding
situations include the periparturient period and heat
stress, both of which are accompanied by marked
homeorhetic adaptations to support a new dominant
physiological state (Bauman and Currie, 1980; Baum-
gard and Rhoads, 2013). Evaluating the metabolic,
endocrine, inflammatory, and production consequences
of leaky gut in isolation would provide insight into its
direct impact on the pathophysiology of common on-
farm disorders.

We hypothesized that intestinal tract barrier dysfunc-
tion (in apparently otherwise healthy animals) would
detrimentally affect production parameters, metabolic
variables, and inflammatory indices, and that these
post-absorptive consequences would resemble charac-
teristic biomarkers in the aforementioned disorders.
To test this, we used gamma-secretase inhibitor (GSI)
to decrease intestinal barrier integrity. Administrating
GSI causes intestinal metaplasia of mucus-secreting
goblet cells from crypt cells via Notch pathway interfer-
ence (Milano et al., 2004; van Es et al., 2005), which is
necessary for normal absorptive enterocyte maturation
and proliferation (Okamoto et al., 2009). Disrupting
ordinary crypt cell differentiation using GSI severely
damages intestinal structures (Wong et al., 2004) and
inhibiting the Notch pathway decreases epithelial cell
turnover and increases intestinal permeability (Obata
et al., 2012).

MATERIALS AND METHODS
Animals and Sampling

The Institutional Animal Care and Use Committee at
Towa State University approved all procedures involving
animals. Fourteen lactating Holstein cows (117 £ 18
DIM; 666 + 14 kg BW; parity 2.6 + 0.3) were housed
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at the lowa State University Dairy Farm and enrolled
in 2 experimental periods. Period 1 (P1) lasted 4 to 5 d
and served as the baseline (data generated for covariate
analysis) for period 2 (P2). Period 2 lasted 7 d, during
which cows received 1 of 2 i.v. treatments twice daily
at 0600 and 1800 h: control (1 L sterile saline; n = 7)
or GSI (1.5 mg/kg of BW semagacestat dissolved in 1
L of sterile saline; LY-450139; Eli Lilly and Company,
Indianapolis, IN; n = 7). The GSI dose was selected
from a preliminary dose-response trial, where 1 mg/
kg/d BW did not induce overt phenotypic responses
and 6 mg/kg day caused a severe and rapid decrease
in feed intake (data not shown). Control animals were
pair-fed (PF) to the GSI-treated cows to eliminate the
confounding effects of dissimilar nutrient intake, as we
have described (Wheelock et al., 2010).

All cows were individually fed a TMR once daily at
0800 h, and orts were recorded daily before feeding.
The TMR was formulated by Nutrition Professionals
Inc. (Neenah, WI) to meet or exceed the predicted re-
quirements of energy, protein, minerals, and vitamins
(NRC, 2001; Table 1). Reductions in daily feed intake
by GSI-treated cows in P2 were determined as a per-
centage of their mean daily ad libitum intake during P1.
Initiation of P2 for the PF cows occurred 1 d later to
allow for pair-feeding calculations and implementation.
For tissue-collection consistency, PF and GSI cows were
euthanized after morning blood samples on the same

Table 1. Ingredients and composition of diet'

Composition % of DM?
Ingredient
Corn silage 33.6
Alfalfa hay 19.8
Rolled corn 17.1
Ground corn 13.7
Whole cotton 8.6
Soy Plus® 4.2
High-protein soybean meal' 3.0
Chemical analysis
CP 15.7
NDF 31.6
ADF 22.7
NE;, (Mcal/kg DM) 1.6

"Values represent an average of samples collected and composited
throughout the trial. Dry matter averaged 53%.

?Average nutrient levels: 5.74% fat, 0.84% Ca, 0.34% P, 0.37% Mg,
0.19% S, 1.1% K, 0.44% Na, 0.47% Cl, 56.30 mg/kg Zn, 60.08 mg/kg
Mn, 95.76 mg/kg Fe, 17.28 mg/kg Cu, 0.19 mg/kg Co, 0.28 mg/kg Se,
43.68 mg/kg I, 4,475.9 IU /kg vitamin A, 1,438.8 IU/kg vitamin D, and
26.95 1U /kg vitamin E.

3Cooker-expeller processed soybean meal produced by West Central
Cooperative (Ralston, TA), containing 46.6% CP, 60% RUP (% CP);
DM basis.

*Solvent-extracted soybean meal containing 54.5% CP, 35% RUP (%
CP); DM basis.
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calendar day (P2 d 8 for GSI-treated cows and P2 d 7
for PF cows).

Throughout the experiment, cows were milked twice
daily at 0500 and 1700 h, and yields were recorded at
each milking. Individual milk samples were obtained
daily for composition analysis during both periods at
the morning milking. Samples were stored at 4°C with
a preservative (bronopol tablet; D&F Control System,
San Ramon, CA) until analysis by Dairy Lab Services
(Dubuque, TA) using AOAC International-approved
infrared analysis equipment and procedures (AOAC
International, 1995; method 972-16).

Heart rate, respiration rate, rectal temperature, and
manure score were measured twice daily at 0700 and
1900 h. Heart rate and respiration rate were measured
as beats or flank movements during a 15 s interval and
later transformed to beats/min and breaths/min, re-
spectively. Rectal temperatures were measured using
a digital thermometer (M700; GLA, San Luis Obispo,
CA). The manure score for each animal was determined
based on a scale of 1 (liquid) to 5 (firm) using the
scoring system of Skidmore et al. (1996). Body weights
were recorded on d 5 of P1 to calculate GSI dosage and
again immediately preceding death.

A jugular catheter was inserted into each cow as pre-
viously described (Baumgard et al., 2002) before P1 for
blood sampling, and a second catheter was inserted 1 d
before P2 for GSI or saline administration. Serum and
plasma samples were collected daily at 0500 h during
both periods using an empty glass tube and a glass tube
containing 50 pL of sterile heparin (Sagent Pharma-
ceuticals, Schaumburg, IL), respectively. Pyrogen-free
serum samples were collected on d 3 and 5 of P1 and on
d 1, 3, 5, and 7 of P2. Before collection, the coccygeal
area was scrubbed with alcohol-soaked gauze, and the
sample was collected via venipuncture into evacuated
sterile serum collection tubes (Vacutainer; BD, Franklin
Lakes, NJ) and handled in sterile conditions from then
on. Serum samples were allowed to clot for 1 hour at
room temperature. Plasma and serum were harvested
following centrifugation at 1,500 x g for 15 min at 4°C,
and then frozen at —20°C until analysis.

Tissue Collection

Liver biopsies were collected on d 3 of P1 and d 5
of P2, as previously described (Rhoads et al., 2009).
Briefly, the area was shaved, disinfected, and locally
anesthetized using lidocaine before performing a per-
cutaneous biopsy with a trocar. Four samples (~20 mg
each) were collected, snap-frozen in liquid nitrogen, and
stored at —80°C until analyzed. Incisions were then
sutured and topically treated with AluShield (Neogen
Corp., Lexington, KY).
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Cows were euthanized with a CASH Special captive
bolt gun (Accles & Shelvoke Ltd., Sutton Coldfield,
UK) using a large animal charge, followed by exsangui-
nation, which was completed by severing the carotid
arteries bilaterally. Liver and intestinal tissues were
harvested immediately, and liver and spleen weights
were recorded. A liver sample was collected from ~20
cm dorsal to the ventral liver margin (a location antici-
pated to be where the liver biopsies were obtained) and
was snap-frozen in liquid nitrogen and stored at —80°C
until further analysis. A jejunum segment was collected
~5.5 m proximal to the ileocecal junction. An ileum
segment was collected immediately proximal to the il-
eocecal junction. A colon segment was collected ~1.5 m
proximal to the pelvic inlet. Jejunum, ileum, and colon
segments (~20 to 30 cm) were flushed with cold PBS
to remove intestinal contents. A transversal section was
collected from each sample and fixed in 10% neutral
buffered formalin for later histological analysis.

Blood Analyses

Plasma insulin, nonesterified fatty acids (NEFA),
glucose, BHB, LPS-binding protein (LBP), serum
amyloid A (SAA), haptoglobin, and BUN concentra-
tions were determined using commercially available kits
validated for use in our laboratory (insulin, Mercodia
AB, Uppsala, Sweden; NEFA, Wako Chemicals USA
Inc., Richmond, VA; glucose, Wako Chemicals USA
Inc.; BHB, Pointe Scientific Inc., Canton, MI; LBP,
Hycult Biotech, Uden, the Netherlands; SAA, Tridelta
Development Ltd., Kildare, Ireland; haptoglobin, Im-
munology Consultants Laboratory Inc., Portland, OR;
BUN, Teco Diagnostics Anaheim, CA). The inter- and
intra-assay coefficients of variation for insulin, NEFA,
glucose, BHB, LBP, SAA, and BUN assays were 6.7
and 17.5%, 7.1 and 7.3%, 6.9 and 5.9%, 27.3 and 5.3%,
14.3 and 4.6%, and 5.8 and 1.9%, respectively. Serum
LPS was analyzed in triplicate using sterile procedures
and a PyroGene endotoxin detection assay (Lonza,
Walkersville, MD); inter- and intraassay coefficients of
variation were 64.9 and 29.7%, respectively.

Liver Analyses

Portions of the liver samples (~5.0 g) were weighed,
dried in an oven for 18 h at 102°C, and reweighed
after cooling to determine liver moisture percentage.
To determine liver triglyceride content, a portion (~20
mg) was weighed and homogenized with 500 pL chilled
PBS. The homogenate was then centrifuged at 8,000 x
g for 2 min at 4°C. Free glycerol was immediately de-
termined using 10 pL of supernatant and the enzymatic
glycerol phosphate oxidase method (Sigma-Aldrich, St.
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Louis, MO). An additional 300 pL of supernatant was
removed and incubated with 75 pL of lipase (MP Bio-
medicals, Solon, OH) at 37°C for 16 h before determin-
ing total glycerol using the same enzymatic glycerol
phosphate oxidase method. Free glycerol (before lipase
digestion) was subtracted from total glycerol (after li-
pase digestion) to determine triglyceride content, and
this was expressed as a percentage of the wet weight of
the original sample before homogenization. The intra-
assay coefficients of variation for free glycerol and total
glycerol were 1.9 and 0.8%, respectively.

Histological Analyses

For histological analysis, 10% neutral buffered for-
malin-fixed jejunum, ileum, and colon were sectioned
and periodic acid-Schiff (PAS) stained at the Iowa
State University Veterinary Diagnostic Laboratory for
morphological and goblet cell area quantification. One
slide per cow per tissue was generated. For histologi-
cal and goblet cell analysis, a microscope (DMI3000 B
Inverted Microscope; Leica, Bannockburn, IL) with
an attached camera (12-bit QICAM Fast 1394; QIm-
aging, Surrey, BC) was used to obtain images from 5
non-overlapping fields per slide at 100x magnification.
All morphological measurements were obtained using
ImagelJ (1.48b, National Institutes of Health, Bethesda,
MD). For villus measurements, 1 villus per image was
measured, for a total of 5 measurements per cow. Total
mucosal area was determined after subtracting luminal
area, and the area of the PAS stain was measured using
the ImageJ color deconvolution tool with H PAS vec-
tor. Goblet cell area was expressed as the percentage
of the total mucosal area stained by PAS. Villus height
was measured from the villus tip to the villus-crypt
interface. Villus (v.) width was measured at mid-villus
height. Crypt depth was measured from the villus-crypt
opening to the laminae propria. Crypt (c.) width was
measured at the villus-crypt interface level. A mucosal
surface area estimate was obtained using the mucosal-
to-serosal amplification ratio M, as previously reported
by Kisielinski et al. (2002), where

v. width 4 c. width]2 _ [v. width]2
2 2 2

v. width  c. width ¥

[ 5

(v. width X v. length) + [

M=

Immunofluorescence Staining

For immunofluorescence analysis, 10% neutral buff-
ered formalin-fixed jejunum, ileum, and colon were sec-
tioned at a thickness of 5 pm and mounted in the histol-
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ogy laboratory at the Iowa State University Veterinary
Diagnostic Laboratory. Slides were deparaffinized using
Citrisolv Hybrid Solvent (Fisher Scientific, Pittsburgh,
PA), rehydrated by incubation for 3 min twice in 100%
ethanol, 95% ethanol for 1 min, 80% ethanol for 1 min,
and then rinsed in distilled and deionized water. An-
tigen retrieval was performed by incubating slides in
citrate buffer (sodium citrate, citric acid, Tween20, wa-
ter) at 95°C for 30 min. Tissue sections were blocked in
5% BSA (Sigma-Aldrich) in PBS for 90 to 180 min. Pri-
mary antibody against proliferating cell nuclear antigen
(PC10 monoclonal antibody, Cell Signaling Technology
#2586; 1:200 dilution), a marker of cellular prolifera-
tion, was applied to each section and incubated over-
night at 4°C. Slides were washed 3 times in PBS and in-
cubated in fluorescent secondary antibody [anti-mouse
IgG (H'L) F(ab’), fragment, AlexaFluor 488 conjugate,
Cell Signaling Technology 4408; 1:1,000 dilution] for 1
h at room temperature. Slides were washed 3 times in
PBS, and 4',6-diamidino-2-phenylindole (DAPI) stain
was applied to each section. Slides were stored in the
dark at 4°C to prevent fading. To decrease variability
due to staining day, each tissue type was stained on the
same day, and slides were imaged within 6 h. For each
animal, 5 images from each tissue were collected on a
Leica fluorescent microscope at 100x magnification. To
ensure antibody binding specificity, negative controls
omitted the primary antibody, the secondary antibody,
or both. Mouse IgG was used in place of the primary
antibody to control for antibody isotype nonspecific
binding. Fluorescence signaling was obtained for 1
individual villus per image in the jejunum and ileum
samples, and the total fluorescence of each colon image
was performed using integrated density quantification
in ImagelJ.

Statistical Analyses

For production and blood parameters, the effects of
treatment, day, and treatment x day interaction were
assessed using PROC MIXED (SAS Institute, Inc.,
Cary, NC) and a repeated measures analysis with an
autoregressive covariance structure and day as the re-
peated effect. The P1 value for each specific variable
(when available) served as a covariate. For postmortem
data, the effect of treatment was also assessed using
PROC MIXED. Immunofluorescence staining data were
analyzed using the unpaired t-test function in Graph-
Pad Prism (GraphPad Software Inc., La Jolla, CA).
Irrespective of treatment, Pearson correlation analysis
between intestinal parameters and the change in cir-
culating inflammatory parameters (P2 d 5-7 average
minus P1 average) was conducted using PROC CORR
in SAS. Data are reported as least squares means and
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were considered significant if P < 0.05; a tendency was
declared if 0.05 < P < 0.15.

RESULTS

During P2, GSI administration progressively de-
creased DMI (P < 0.01; Figure 1A), and feed intake
was reduced 66% by the end of the study. By experi-
mental design, the pattern and extent of feed intake
reduction was similar in PF cows (P = 0.96; Figure
1A). There was a similar and progressive decline in
milk yield for both treatments during P2 (P < 0.01;
Figure 1B), whereby milk yield was reduced 42% by
the end of the study. There were no differences in milk
components between treatments, but we did observe
a tendency for milk SCC and MUN to be increased in
GSI-treated cows (144 and 22%, respectively, P < 0.08;
Table 2). Milk fat content increased (45%) over time
for both PF and GSI treatments (P = 0.05; Table 2).

Manure score was decreased 29% in GSI-treated cows
(P = 0.03; Figure 1C) due to a progressive reduction
that did not occur in PF controls. Overall, GSI-treated
cows had slightly increased heart rate and respiration
rate compared to PF cows (8 beats/min and 7 breaths/
min, respectively; P < 0.01; Table 2). There was a ten-
dency for GSI-treated cows to have an increased rectal
temperature compared to PF controls (38.6 vs. 38.4°C;
P = 0.06; Table 2).

Plasma glucose concentrations decreased slightly
with time (P = 0.05; Figure 2A) in both treatments.
Cows treated with GSI tended to have increased plasma
insulin (68%) and decreased circulating NEFA (29%)
compared with PF controls (P < 0.07; Figures 2B and
2C). Circulating NEFA increased with time in both
treatments (P < 0.01; Figure 2C), whereby at the end
of P2, NEFA were increased 5.2- and 2.2-fold relative
to baseline values in PF and GSI-treated cows, respec-
tively. There was a tendency for a treatment x day
interaction in plasma BHB due to a more pronounced
increase in GSI-treated cows (124% increase on d 7 from
baseline; Figure 2D) compared with PF controls (81%
increase on d 6 from baseline) over time. We detected
no differences in circulating BUN (data not shown).
Cows treated with GSI tended to have a 70% decrease
in circulating LPS on d 5 and 7 relative to PF cows (P
= 0.12; Figure 3A). Plasma LBP increased with time
(P < 0.01; Figure 3B) and tended to be increased 42%
in GSI-treated cows compared with PF controls on d 5
to 7 (P = 0.14; Figure 3B). Haptoglobin and SAA pro-
gressively increased similarly in both treatments, and
were 585- and 4.4-fold higher, respectively, at the end
of P2 relative to baseline (P < 0.01; Figure 3C and 3D).

Compared with PF controls, administering GSI in-
creased goblet cell area 218, 70, and 28% in jejunum,
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ileum, and colon, respectively (P < 0.02; Figure 4A and
Figure 5). Jejunum villus height, villus height-to-crypt
depth ratio, and mucosal surface area were reduced
(21, 36, and 21%, respectively) in GSI-treated cows,
and jejunum crypt depth was increased 43% compared
with PF controls (P < 0.01; Figures 4B, 4D, and 4E).
Jejunum villus width was not affected by treatment.
Crypt depth tended to be increased 21% in the ileum of
GSI-treated animals relative to controls (P = 0.06; Fig-
ure 4C), but there were no other detectable effects on
ileumm morphology. Intestinal cellular proliferation, as
measured by proliferating cell nuclear antigen (PCNA),
was decreased 27% in the jejunum of GSI-treated cows
relative to PF controls (P < 0.01), but no differences
were observed in the ileum or colon (Figure 4F and
Figure 6).

Irrespective of treatment, the change in circulating
LBP (P2 d 5 to 7 average minus P1 average) was cor-
related with the jejunum villus height-to-crypt-depth
ratio (r = —0.89, P < 0.01; Figure 7), as well as je-
junum crypt depth and villus height (r = 0.84 and
—0.69, respectively, P < 0.01; data not shown). Change
in circulating SAA was correlated with jejunum villus
width (r = 0.64, P = 0.03) and tended to be correlated
with the villus height-to-crypt depth ratio and mucosal
surface area (r = —0.47 and —0.53, respectively, P <
0.13; data not shown). Circulating haptoglobin change
tended to be correlated with jejunum villus width and
jejunum mucosal surface area (r = 0.50 and —0.44, P
< 0.15; data not shown). In the ileum, there were no
correlations between changes in acute phase proteins
and intestinal morphology parameters.

Liver triglyceride content was increased 221% at
death relative to baseline in both treatments (P < 0.01;
Figure 8). There were no treatment differences in liver
weight, liver moisture percentage, liver or spleen weight
as a percentage of BW, or change in overall BW (Table
3).

DISCUSSION

A variety of situations in animal agriculture can
reduce intestinal barrier function, the consequences
of which likely stimulate the immune system, cause
inflammation, and eventually compromise production.
Examples include weaning (Boudry et al., 2004; Moeser
et al., 2007), heat stress (Baumgard and Rhoads, 2013;
Pearce et al., 2013), rumen acidosis (Emmanuel et al.,
2007; Khafipour et al., 2009; Minuti et al., 2014), and
the periparturient period (Abuajamieh et al., 2016).
However, a myriad of behavioral, metabolic, and endo-
crine events accompanying these situations make it dif-
ficult to study the consequences of poor intestinal bar-
rier health in isolation. To our knowledge, a controlled
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Figure 1. Effects of gamma-secretase inhibitor (GSI) or pair-feeding (PF) on (A) DMI; (B) milk yield; and (C) manure score in lactating
Holstein cows. Values for P1 represent the period 1 average that was statistically used as a covariate. Results are expressed as LSM + SEM.
tIndicates a significant treatment effect (P < 0.05).

experiment intentionally reducing intestinal barrier dysfunction in otherwise healthy mid-lactation dairy
integrity has never been performed in ruminants. Our cows.

objectives were to elucidate the inflammatory, produc- Administering GSI in our experiment disturbed intes-
tion, and metabolic consequences of intestinal barrier tinal architecture, changes likely reflective of leaky gut
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Table 2. Effects of gamma-secretase inhibitor (GSI) or pair-feeding (PF) on production variables and vital measurements

Treatment P-value

Parameter PF! GSI? SEM Treatment Day Treatment x day
Milk components

Milk fat (%) 4.2 44 0.4 0.65 0.05 0.51

Lactose (%) 4.8 4.8 0.1 0.92 0.11 0.99

Protein (%) 2.6 2.7 0.1 0.61 0.17 0.73

Total solids (%) 124 12.9 0.2 0.28 0.18 0.37

Other solids (%) 5.7 5.7 0.1 0.98 0.10 0.99
SCC (x1,000 cells/mL) 54 132 27 0.07 0.32 0.30
MUN (mg/dL) 11.5 14.0 0.9 0.08 0.10 0.28
Rectal temperature (°C) 38.4 38.6 0.1 0.06 0.31 0.48
Respiration rate (breaths/min) 33 40 2 0.01 0.01 0.36
Heart rate (beats/min) 66 74 2 <0.01 <0.01 0.24

!Cows pair-fed to gamma-secretase inhibitor treatment and administered 1 L of saline twice daily.
*Cows administered 1.5 mg/kg of BW gamma-secretase inhibitor twice daily.

(Ford et al., 1985; Pearce et al., 2013). Crypt cell Notch
signaling is inhibited by GSI (De Strooper et al., 1999),
and altering this pathway increases intestinal perme-
ability (Obata et al., 2012). Furthermore, GSI decreases
absorptive enterocyte proliferation and causes goblet
cell hyperplasia (van Es et al., 2005), which was evident
in the current study because of the decrease in jejunal
cell proliferation and the increase in goblet cell area
in jejunum, ileum, and colon. The effects of GSI were
particularly evident in the jejunum, because changes
in villus height, crypt depth, their ratio, and mucosal
surface area are indicative of damaged epithelium (van
der Hulst et al., 1998; Pearce et al., 2013). We do not
know why the jejunum was more sensitive to GSI than
the ileum and colon, but a plausible explanation is a
larger proportion of absorptive enterocytes in jejunum
villi relative to other segments of the gastrointestinal
tract (Cheng and Leblond, 1974). Additionally, goblet
cell hyperplasia likely contributed to the progressive
decrease in manure scores (indicative of increased fecal
moisture) due to increased mucus production.

The direct consequence of intestinal barrier dys-
function is the increased leakage of luminal antigens
into the bloodstream, with the potential to initiate
an inflammatory response. Elevated rectal tempera-
ture, heart rate, and respiration rate are indicative of
immunoactivation (Jacobsen et al., 2005), and these
were increased in cows administered GSI, suggesting
a greater degree of inflammation. To further assess
inflammation, we measured 3 acute phase proteins:
haptoglobin, SAA, and LBP. The liver produces acute
phase proteins as a secondary (non-local) response to
toxic stimuli, and they have been widely acknowledged
as markers of systemic inflammation (Ceciliani et al.,
2012). Admittedly, acute phase protein production is a
nonspecific response to endotoxin infiltration that could
originate from a wide variety of sources (e.g., uterus,

mammary). However, in the present study, because of
the localized intestinal effects of GSI and lack of overt
extra-intestinal infection, intestinal barrier dysfunction
was the ostensible source of the acute phase protein
response. Levels of all 3 measured acute phase proteins
increased from P1 to P2 in both GSI and PF cows. The
increased circulating acute phase proteins in PF cows
was not unexpected, because reduced nutrient intake
has been reported to compromise intestinal integrity
in rodent, pig, and human models (Rodriguez et al.,
1996; Welsh et al., 1998; Pearce et al., 2013), and we
have demonstrated that reduced feed intake negatively
affects ileum morphology in lactating cows (Stoakes et
al., 2015a). After 5 d of treatment, LBP levels tended
to be increased in GSI-treated cows compared with PF
controls (Figure 3B). Interestingly, the magnitude of
increased circulating LBP in GSIl-infused cows mir-
rored the increase observed in cows with ketosis and
rumen acidosis (Khafipour et al., 2009; Abuajamieh et
al., 2016), indicating a similar inflammatory response
to seemingly differing and unconnected disorders. In-
cidentally, this was also the period (near the end of
P2) when treatment differences in LPS were largest
(Figure 3A). Binding of LBP to LPS is essential for the
activation of its receptor TLR-4 and the subsequent
production of inflammatory mediators (Lu et al., 2008).
Therefore, LPS clearance partially depends on LBP,
and interpreting changes in both can be difficult when
considering them independently. Changes in circulating
LBP were well correlated with jejunal intestinal mor-
phology parameters of villus height, crypt depth, and
the villus height-to-crypt depth ratio, suggesting that
changes in circulating LBP are responsive to the degree
of intestinal damage and decreased barrier function
(i.e., ~79% of the variation in circulating LBP changes
can be explained by the jejunum villus height-to-crypt
depth ratio). Reasons why LBP could be a more sensi-
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tive marker of leaky gut-induced inflammation than
the other acute phase proteins measured remains un-
known, but is likely because the LBP is specific for LPS
clearance, and SAA and haptoglobin play more broad
roles in combating infection (Ceciliani et al., 2012).
The increased LBP levels during the end of P2, coupled
with the histological data, suggest GSI treatment had
a more detrimental effect on intestinal integrity, result-
ing in increased luminal content leakage into the portal
blood, and perhaps a more robust response to detoxify-
ing LPS compared with PF cows.

Using the pair-feeding design allowed us to discrimi-
nate between the direct effects of GSI and the indirect
effects of GSI-mediated reduced DMI. Hence, the GSI-

Journal of Dairy Science Vol. 100 No. 5, 2017

treated cows had a progressive and marked decrease in
DMI and, by design, the PF controls had a similar pat-
tern and magnitude of feed intake reduction. The GSI
treatment induced a steady decrease in milk yield, but
this appeared to be mostly related to inadequate feed
consumption, because the PF cows had a comparable
decrease in both pattern and severity. For the present
experiment, we assumed decreased DMI was a conse-
quence of GSl-induced leaky gut, but we acknowledge
GSI may alter appetite by an unknown extra-intestinal
mechanism. Nevertheless, decreased feed intake, milk
yield, or both are characteristic of inflammatory situa-
tions such as weaning, heat stress, transition period dis-
orders, and rumen acidosis. The magnitude of decreased
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DMI and milk yield in the present study was more
extensive than the majority of these circumstances,
but the postabsorptive metabolism and inflammatory
responses underpinning the aforementioned disorders
shared similarities with what is described here.

The metabolic profile of the current model resembles
conditions involving immune system activation, further
evidence supporting the hypothesis that leaky gut is
the cause of many on-farm disorders. For example, de-
spite marked reductions in feed intake, plasma insulin
levels remained unchanged from P1 in the GSI-treated
cows, but progressively decreased as expected in the
PF cows. By d 5 to 7 of P2, insulin concentrations were
increased 79% in GSI-treated cows compared with PF
controls. The increased insulin (a potent anabolic hor-
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mone) in GSI-treated cows was energetically difficult to
explain, because feed intake was severely depressed and
cows were obviously in an intensely catabolic condi-
tion (i.e., >40 kg of BW loss). However, this unusual
temporal pattern was similar to the increased insulin
levels experienced by a variety of species exposed to
heat stress, another leaky gut-inducing and catabolic
condition (Baumgard and Rhoads, 2013). The insulin
differences may be partially explained by LPS, because
infusing LPS into the mammary gland increased circu-
lating insulin in lactating cows (Waldron et al., 2006),
and we have demonstrated increased circulating insulin
in pigs, calves, and lactating cows infused i.v. with LPS
(Rhoads et al., 2009; Stoakes et al., 2015b; Kvidera et
al., 2016, 2017). The changes in insulin were not reflect-
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Figure 5. Representative images of periodic acid-Schiff stained (A) jejunum, (B) ileum, and (C) colon of pair-fed controls (PF), and (D)
jejunum, (E) ileum, and (F) colon of cows administered gamma-secretase inhibitor (GSI). Dark purple stain is positive for mucosubstances.

ed in circulating glucose, which decreased similarly over
time for both treatments, suggesting that GSI-treated
cows may have become slightly insulin-resistant. This
profile fits with a status of immunoactivation that is
characterized by hyperinsulinemia and whole-body in-
sulin resistance (Lang et al., 1990; McGuinness, 2005;
Kvidera et al., 2016, 2017), redirecting glucose away
from major disposal sites (i.e., muscle and adipose)
and toward the immune system, a substantial insulin-
induced and insulin-independent glucose user when it
is activated (Lang et al., 1990; Maratou et al., 2007;
Palsson-McDermott and O’Neill, 2013). We have previ-
ously established that the intensely activated immune
system of a lactating dairy cow requires over 1 kg of
glucose in a 12-h period (Kvidera et al., 2017), and this

highlights the fact that immune stimulation comes at
a huge glucose cost. Thus, the aforementioned changes
in carbohydrate metabolism appear to be a strategy to
both “spare glucose” (muscle and adipose tissue insulin
resistance) and activate/provide fuel for the immune
system (hyperinsulinemia).

As expected, considering inadequate energy intake,
there was a progressive and marked increase in plasma
NEFA levels during P2 in both treatment groups; how-
ever, GSI cows tended to have a 41% decrease in circu-
lating NEFA on d 5 to 7 compared with PF cows. The
treatment differences in insulin likely explained the dif-
ferences in circulating NEFA, because insulin is a potent
antilipolytic signal (Vernon, 1992), and these insulin/
NEFA idiosyncrasies mimic the metabolic fingerprint of
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Figure 6. Representative image of proliferating cell nuclear antigen (PCNA) protein intensity in jejunum of a pair-fed control (PF; A) and a
cow administered gamma-secretase inhibitor (GSI; B). Negative controls were primary antibody omitted (C) and IgG serum in place of primary

antibody (D). Nuclear stain is blue and PCNA stain is green.
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Figure 7. Correlation between the jejunum villus height-to-crypt
depth ratio and the change in circulating LPS-binding protein (LBP;
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cludes the combination of cows administered 1.5 mg/kg of BW gam-
ma-secretase inhibitor (GSI) 2x /d and cows pair-fed to GSI treatment
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Table 3. Effects of gamma-secretase inhibitor (GSI) or pair-feeding
(PF) on liver and spleen measurements postmortem and BW change

Treatment P-value

Ttem PF' Gsr’ SEM Treatment
Liver

Weight (kg) 9.5 10.6 0.5 0.19

% of BW 1.6 1.8 0.1 0.42

Moisture (%) 68.6 71.0 1.0 0.14
Spleen

Weight (kg) 1.20 105  0.05 0.73

% of BW 0.18 0.16 0.01 0.28
BW

BW change® (kg) —48.2 —65.2 17.7 0.53

!Cows pair-fed to gamma-secretase inhibitor treatment and adminis-
tered 1 L of saline twice daily.

*Cows administered 1.5 mg/kg of BW gamma-secretase inhibitor twice
daily.
30ver duration of treatment administration.

multiple heat-stressed species (Baumgard and Rhoads,
2013). Although they tended to have decreased NEFA
concentrations at the end of P2, GSI-administered cows
had a higher peak BHB relative to PF controls (124 vs.
81% increase from baseline, respectively). Interestingly,
during the periparturient period, NEFA and BHB are
not well correlated, and dairy cows diagnosed with ke-
tosis have increased BHB levels despite similar NEFA
concentrations (McCarthy et al., 2015; Zhang et al.,
2016). Similarly, BHB is elevated in heat-stressed pigs
despite a blunted response to lipolytic signals (Sanz Fer-
nandez et al., 2015). Reasons for discordant patterns in
NEFA and BHB are not clear, but increased circulating
NEFA certainly cannot fully explain increased circulat-
ing BHB observed in GSI-treated cows. Despite marked
treatment differences in circulating NEFA | liver triglyc-
eride content increased similarly in both treatments,
from what is considered “normal” during P1 to “mildly
fatty” at sacrifice (Bobe et al., 2004). Incidentally,
intestinal endotoxin infiltration contributes to hepatic
steatosis (Ilan, 2012), and fatty liver is characteristic of
both ketotic and heat-stressed transitioning dairy cows
(Bobe et al., 2004; Bernabucci et al., 2010). Thus, it is
not surprising GSI-infused cows had increased liver fat
content despite ~40% less circulating NEFA.

To our knowledge, this was the first study using GSI
in a ruminant model. Therefore, our understanding of
its direct influence on metabolic or endocrine systems is
limited. Potential toxicity issues arise with GSI due to
their inhibition of Notch cleavage, which is associated
with alteration of lymphopoiesis in addition to intesti-
nal toxicity (Wong et al., 2004). However, clinical trials
for the specific GSI used in the present study have been
conducted successfully in mice, dogs, and guinea pigs
with few negative side effects (Hyslop et al., 2004; May
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et al., 2004; Lanz et al., 2006), and multiple human
studies have been conducted by Siemers et al. (2005,
2006, 2007). Furthermore, goblet cell metaplasia may
have been a limitation of our study, because increased
mucus production may have partially limited bacte-
rial translocation into portal and systemic circulation.
However, due to the temporal increase in both circulat-
ing biomarkers of leaky gut and metabolic alterations,
we consider this unlikely. Finally, our experimental
design was complicated by the fact that both treat-
ments negatively affected intestinal health during P2.
Fortunately, neither treatment was implemented dur-
ing P1 and each treatment’s repeatedly measured pa-
rameters can be compared with its respective baseline
value. Regrettably, this type of comparison cannot be
accomplished for the intestinal morphology and organ
data, because these variables were measured only at
sacrifice. However, the detrimental effect of GSI on
jejunal intestinal morphology (coupled with differences
in LBP and insulin), despite similar feed restriction to
the controls, indicated a more severe effect of GSI on
intestinal integrity than feed restriction alone.

CONCLUSIONS

Administering GSI appeared to induce intestinal
damage and compromise intestinal permeability. This
reduced barrier integrity had production, metabolic,
and inflammatory consequences, including decreased
DMI, decreased milk yield, hyperinsulinemia, increased
circulating ketones, and increased acute phase proteins.
Further, feed restriction appeared to directly cause
intestinal barrier dysfunction. We now have strong
evidence to suggest that intestinal barrier dysfunction
directly affects traditional production, metabolic, and
inflammatory parameters, and many of these changes
are strikingly similar to the phenotypes observed in
both heat-stressed and ketotic dairy cows.
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