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ABSTRACT

Inadequate feed consumption reduces intestinal 
barrier function in both ruminants and monogastrics. 
Objectives were to characterize how progressive feed 
restriction (FR) affects inflammation, metabolism, and 
intestinal morphology, and to investigate if glucagon-
like peptide 2 (GLP2) administration influences the 
aforementioned responses. Twenty-eight Holstein cows 
(157 ± 9 d in milk) were enrolled in 2 experimental 
periods. Period 1 [5 d of ad libitum (AL) feed intake] 
served as baseline for period 2 (5 d), during which cows 
received 1 of 6 treatments: (1) 100% of AL feed intake 
(AL100; n = 3), (2) 80% of AL feed intake (n = 5), 
(3) 60% of AL feed intake (n = 5), (4) 40% of AL feed 
intake (AL40; n = 5), (5) 40% of AL feed intake + 
GLP2 administration (AL40G; 75 µg/kg of BW s.c. 
2×/d; n = 5), or (6) 20% of AL feed intake (n = 5). 
As the magnitude of FR increased, body weight and 
milk yield decreased linearly. Blood urea nitrogen and 
insulin decreased, whereas nonesterified fatty acids 
and liver triglyceride content increased linearly with 
progressive FR. Circulating endotoxin, lipopolysac-
charide binding protein, haptoglobin, serum amyloid 
A, and lymphocytes increased or tended to increase 
linearly with advancing FR. Circulating haptoglobin 
decreased (76%) and serum amyloid A tended to de-
crease (57%) in AL40G relative to AL40 cows. Cows in 
AL100, AL40, and AL40G treatments were euthanized 
to evaluate intestinal histology. Jejunum villus width, 
crypt depth, and goblet cell area, as well as ileum villus 
height, crypt depth, and goblet cell area, were reduced 
(36, 14, 52, 22, 28, and 25%, respectively) in AL40 
cows compared with AL100 controls. Ileum cellular 
proliferation tended to be decreased (14%) in AL40 
versus AL100 cows. Relative to AL40, AL40G cows 
had improved jejunum and ileum morphology, includ-

ing increased villus height (46 and 51%), villus height 
to crypt depth ratio (38 and 35%), mucosal surface area 
(30 and 27%), cellular proliferation (43 and 36%), and 
goblet cell area (59 and 41%). Colon goblet cell area 
was also increased (48%) in AL40G relative to AL40 
cows. In summary, progressive FR increased circulating 
markers of inflammation, which we speculate is due to 
increased intestinal permeability as demonstrated by 
changes in intestinal architecture. Furthermore, GLP2 
improved intestinal morphology and ameliorated circu-
lating markers of inflammation. Consequently, FR is a 
viable model to study consequences of intestinal barrier 
dysfunction and administering GLP2 appears to be an 
effective mitigation strategy to improve gut health.
Key words: feed restriction, glucagon-like peptide 2, 
gut health

INTRODUCTION

There are various situations in animal agriculture 
where feed intake is suboptimal, either due to feed 
scarcity (e.g., shipping, drought, overcrowding) or 
resulting from an adaptive response (e.g., heat stress, 
immunoactivation). The decrease in energy and nutri-
ent intake constrains animal performance below its 
genetic potential and jeopardizes efficiency and profit-
ability. However, inadequate feed intake might affect 
productivity by mechanisms other than simply reduced 
substrate availability. Specifically, feed restriction (FR) 
and malnutrition cause intestinal barrier dysfunction in 
rodents, chickens, pigs, and humans (Rodriguez et al., 
1996; Yamauchi et al., 1996; Welsh et al., 1998; Boza et 
al., 1999; Pearce et al., 2013), and we and others have 
demonstrated this also occurs in growing and lactating 
ruminants (Zhang et al., 2013; Kvidera et al., 2017a). 
Thus, the deleterious effect of FR on the intestinal 
barrier appears to transcend species and physiologi-
cal states. Mechanistically, how FR negatively affects 
barrier integrity remains ill defined, but fasting and 
malnutrition reduce intestinal epithelial cell numbers, 
proliferation, migration rates, and villus height as well 
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as increase intestinal cell loss rate and apoptosis (Fer-
raris and Carey, 2000). Furthermore, FR decreases an-
timicrobial secreting Paneth cell function, which com-
promises the immune defense capacity of the gut and 
alters the microbiome (Hodin et al., 2011; Le Floc’h et 
al., 2014). Due to its effect on intestinal barrier func-
tion, FR increases the risk of endotoxin translocation 
from the gut lumen into portal, lymph, and systemic 
circulation (Deitch et al., 1990).

Endotoxin infiltration of the intestinal barrier ac-
tivates the immune system and causes a well-charac-
terized inflammatory response (van Miert and Frens, 
1968; Lohuis et al., 1988) coupled with a large energetic 
and AA requirement by stimulated leukocytes (John-
son, 2012; Iseri and Klasing, 2013; Kvidera et al., 2016, 
2017b). Immunoactivation rearranges the hierarchy of 
nutrient partitioning away from economically important 
phenotypes, contributing to a reduction in profitability. 
Thus, it is necessary to develop appropriate models to 
test potential leaky gut mitigation strategies. Several 
chemically induced models of leaky gut are available 
[e.g., nonsteroidal anti-inflammatory drugs, gamma-
secretase inhibitors, and dextran sodium sulfate (Fortun 
and Hawkey, 2007; Wirtz et al., 2007; Kvidera et al., 
2017a)], but these approaches are associated with side 
effects or are logistically difficult to deliver, particu-
larly in ruminants where the rumen prevents many oral 
compounds from reaching the lower intestines. Propi-
tiously, we and others have observed negative effects 
of FR on barrier function and systemic inflammation 
(Zhang et al., 2013; Pearce et al., 2013; Kvidera et al., 
2017a). Thus, a simple FR protocol could potentially 
be a cheap and appealing intestinal barrier dysfunction 
model. However, the severity and duration of FR in the 
aforementioned literature varies considerably and its 
effects on gut health are not extensively studied in the 
ruminant animal; ergo, it is not clear what magnitude 
of FR is required to dependably compromise intestinal 
barrier function. Consequently, a primary objective of 
the current experiment was to identify a magnitude of 
FR that induces an inflammatory response mirroring 
the physiological characteristics of on-farm situations 
that cause leaky gut.

A potential mitigation strategy to improve intestinal 
barrier function is glucagon-like peptide 2 (GLP2) 
administration. Endogenous GLP2 is secreted by en-
teroendocrine cells in response to luminal nutrients and 
it has trophic effects on intestinal growth (Drucker and 
Yusta, 2014). Exogenous GLP2 administration pre-
vents increased intestinal permeability in mouse models 
(Benjamin et al., 2000; Cameron and Perdue, 2005). 
Further, GLP2 administration improved expression of 
intestinal tight junction proteins, small intestine blood 
flow and growth, and reduced acute phase proteins in 

calves (Taylor-Edwards et al., 2011; Walker et al., 2015; 
Connor et al., 2017). Thus, a second objective was to 
evaluate whether GLP2 treatment ameliorates the 
negative effect of FR on intestinal health and systemic 
inflammation.

MATERIALS AND METHODS

Animals and Sampling

The Institutional Animal Care and Use Committee at 
Iowa State University approved all procedures involving 
animals. Twenty-eight lactating Holstein cows (157 ± 
9 DIM, 713 ± 10 kg of BW, parity 2 to 4) were used in 
an experiment conducted in 2 replications. Cows were 
housed in individual box-stalls (4.57 m by 4.57 m) at 
the Iowa State University Dairy Farm. Throughout the 
experiment, cows were milked twice daily (0600 and 
1800 h) and yields were recorded at each milking. Cows 
were individually fed a TMR formulated to meet or 
exceed the predicted requirements (NRC, 2001) of en-
ergy, protein, minerals, and vitamins (Table 1). Energy 
balance (EBAL) was calculated using the following 
equations: EBAL = energy intake − energy output, 
where energy intake = 1.6 Mcal/kg × DMI and energy 
output = (NEM = 0.08 Mcal/kg × BW0.75) + [NEL = 
milk yield × (0.029 × fat % + 0.0547 × protein % + 
0.0395 × lactose %)].

Table 1. Ingredients and composition of diet1

Item % of DM2

Ingredient
  Corn silage 42.8
  Alfalfa hay 19.7
  Rolled corn 18.1
  Whole cotton 8.6
  High-protein soybean meal3 5.4
  Soy Plus4 3.0
  Ground corn 2.3
Chemical analysis  
  CP 16.7
  NDF 32.1
  ADF 21.8
  NEL (Mcal/kg of DM) 1.6
1Values represent an average of ration nutrient summary reports col-
lected throughout the trial. Diet moisture averaged 43.56%.
2Values are percent of DM unless otherwise indicated. Average nutri-
ent levels: 4.41% fat, 0.84% Ca, 0.47% P, 0.37% Mg, 0.20% S, 1.20% 
K, 0.45% Na, 0.48% Cl, 56.58 mg/kg of Zn, 64.85 mg/kg of Mn, 136.46 
mg/kg of Fe, 17.91 mg/kg of Cu, 0.22 mg/kg of Co, 0.27 mg/kg of Se, 
0.85 mg/kg of I, 4,402.2 IU/kg of vitamin A, 1,438.8 IU/kg of vitamin 
D, and 24.2 IU/kg of vitamin E.
3Solvent-extracted soybean meal containing 54.5% CP, 35% RUP (% 
of CP; DM basis).
4Cooker-expeller processed soybean meal produced by West Central 
Cooperative, Ralston, Iowa, containing 46.6% CP, 60% RUP (% CP; 
DM basis).
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The trial consisted of 2 experimental periods within 
each replication with all treatments represented in both 
replicates. Period 1 (P1) lasted 5 d and served as the 
baseline which yielded data for covariate analysis. Dur-
ing P1, cows were fed ad libitum; feed was distributed 
once daily (0800 h) and orts were collected before the 
next feeding. Period 2 (P2) lasted 5 d during which 
cows were allocated to 1 of 6 FR treatments: (1) ad 
libitum feed intake (AL100; n = 3), (2) 80% of P1 
feed intake (AL80; n = 5), (3) 60% of P1 feed intake 
(AL60; n = 5), (4) 40% of P1 feed intake + saline ad-
ministration (AL40; ~3 mL s.c. at 0700 and 1900 h; n 
= 5), (5) 40% of P1 feed intake + GLP2 administration 
(AL40G; 75 µg of bovine GLP2/kg of BW s.c. at 0700 
and 1900 h; Elanco Animal Health, Greenfield, IN; n 
= 5), or (6) 20% of P1 feed intake (AL20; n = 5). The 
GLP2 was the native 33 AA bovine sequence but with 
a glycine substituted for alanine in position 2 to confer 
resistance to dipeptidyl peptidase IV.

Samples of TMR were obtained on P2D1 and P2D5 
for each replication (4 samples in total) for nutrient 
analysis (Dairyland Laboratories Inc., Arcadia, WI). 
Daily feed intake during P2 was determined by applying 
the desired percentage of FR to each cow’s mean daily 
intake during P1. The calculated amount of feed was 
divided into 3 equal portions during P2 (0800, 1300, 
and 1800 h) in order minimize metabolic variation due 
to gorging. During both P1 and P2, vitals were recorded 
twice daily at 0700 and 1900 h. Heart rate and respira-
tion rate were measured as beats or flank movements 
during a 15-s interval and were later transformed to 
beats/min and breaths/min, respectively. Rectal tem-
peratures were measured using a digital thermometer 
(GLA M700, San Luis Obispo, CA). Individual milk 
samples for composition analysis were obtained daily 
during both periods from the PM milking. Samples 
were stored at 4°C with a preservative (bronopol tablet, 
D & F Control System, San Ramon, CA) until analysis 
using AOAC approved infrared analysis equipment and 
procedures (AOAC International, 1995; method 972–16; 
Dairy Lab Services, Dubuque, IA). Body weights deter-
mined on d 1 of acclimation were used for calculating 
the GLP2 dose. Body weights were obtained again on d 
5 of P2 to calculate BW change.

A jugular catheter was implanted in all cows before 
P1. Blood samples for metabolite and inflammatory 
biomarker analysis were collected daily at 1730 h dur-
ing both periods into a glass tube containing 50 µL of 
sterile heparin (Sagent Pharmaceuticals, Schaumburg, 
IL). Pyrogen-free serum samples for endotoxin analysis 
were collected on d 2 and 4 of both P1 and P2 via 
coccygeal venipuncture. Prior to collection, the coccy-
geal area was scrubbed with alcohol-soaked gauze and 
the sample was collected into evacuated sterile serum 

collection tubes (BD Vacutainer, Franklin Lakes, NJ) 
and subsequently handled in sterile conditions. Serum 
samples were allowed to clot at room temperature 
for 1 h before centrifugation. Plasma and serum were 
harvested following centrifugation at 1,500 × g for 15 
min at 4°C, and subsequently frozen at −20°C until 
analysis. Samples for complete blood count analysis 
were collected on d 2 of P1 and d 4 of P2 via coccygeal 
venipuncture (3-mL Vacuette EDTA tubes, Greiner 
Bio-One, Monroe, NC), kept overnight at 4°C, and 
submitted to the Iowa State University Department of 
Veterinary Pathology for analysis.

Tissue Collection

Liver biopsies were collected from all animals on d 2 
of P1 and d 5 of P2 as previously described (Rhoads 
et al., 2004). Briefly, the area was shaved, disinfected, 
and locally anesthetized using 2% lidocaine (MWI 
Veterinary Supply Co., Glendale, AZ) before perform-
ing a percutaneous biopsy with a trocar. Samples were 
snap frozen in liquid nitrogen and stored at −80°C until 
analysis. Biopsy incisions were then sutured using 3–0 
nylon suture (Ethicon Inc., Somerville, NJ) and treated 
with a topical wound product (AluShield, Neogen 
Corp., Lexington, KY).

At the end of P2, cows were either returned to the 
ISU dairy herd or were transported to the Iowa State 
Livestock Infectious Disease Isolation Facility and eu-
thanized via captive bolt gun followed by exsanguina-
tion. A total of 13 cows from AL100 (n = 3), AL40 (n 
= 5), and AL40G (n = 5) treatments were euthanized. 
Liver and intestinal tissues were harvested within 15 
min of euthanasia. Intestinal samples (25-cm segments) 
were collected as follows: jejunum was collected 1 m 
proximal to the ileocecal junction, ileum was collected 
18 cm proximal to the ileocecal junction, and descend-
ing colon was collected 50 cm proximal to the rectum. 
All intestinal segments were flushed with cold PBS to 
remove luminal contents and a 4-cm section from the 
middle of the segment was collected and fixed in 10% 
neutral buffered formalin for later histological analysis.

Laboratory Analyses

Plasma insulin, nonesterified fatty acids (NEFA), 
glucose, BHB, lipopolysaccharide-binding protein 
(LBP), serum amyloid A (SAA), haptoglobin, and 
BUN concentrations were determined using commer-
cially available kits validated in our laboratory (insulin, 
Mercodia AB, Uppsala, Sweden; NEFA, Wako Chemi-
cals USA, Richmond, VA; glucose, Wako Chemicals 
USA Inc.; BHB, Pointe Scientific Inc., Canton, MI; LBP, 
Hycult Biotech, Uden, the Netherlands; SAA, Tridelta 
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Development Ltd., Kildare, Ireland; haptoglobin, Im-
munology Consultants Laboratory Inc., Portland, OR; 
BUN, Teco Diagnostics, Anaheim, CA). Pyrogen-free 
serum samples were analyzed for endotoxin in duplicate 
using sterile procedures and a Pierce Limulus Amebo-
cyte LAL Chromogenic Endotoxin Quantitation Kit 
(no. 88282, Thermo Scientific, Rockford, IL).

Portions of the liver samples (~5.0 g) were weighed, 
dried for 18 h at 102°C, and reweighed after cooling 
to determine liver moisture percentage. Hepatic tri-
glyceride (TG) content was measured using a method 
from Morey et al. (2011). A ~20-mg liver sample was 
weighed and homogenized with 500 µL of chilled PBS. 
The homogenate was then centrifuged at 8,000 × g for 
2 min at 4°C. Free glycerol was immediately determined 
using 10 µL of supernatant via enzymatic glycerol phos-
phate oxidase method (Sigma-Aldrich, St. Louis, MO). 
An additional 300 µL of supernatant was removed and 
incubated with 75 µL of lipase (MP Biomedicals, Solon, 
OH) at 37°C for 16 h before determining total glycerol 
using the same method. Free glycerol (before lipase 
digestion) was subtracted from total glycerol (after li-
pase digestion) to determine TG content, and this was 
expressed as a percentage of wet weight of the original 
sample. The intra-assay coefficients of variation for free 
glycerol and total glycerol were 1.9 and 0.8%, respec-
tively.

Histological Analysis

For histological analysis, 10% neutral buffered 
formalin-fixed ileum, jejunum, and colon samples were 
submitted to the Iowa State University Veterinary 
Diagnostic Laboratory for sectioning and periodic 
acid-Schiff (PAS) staining to quantify goblet cell area 
and villi morphology. One slide per tissue per cow was 
generated. Using a microscope (DMI3000 B Inverted 
Microscope, Leica, Bannockburn, IL) with an attached 
camera (12-bit QICAM Fast 1394, QImaging, Surrey, 
BC, Canada), 5 images per section of intestine were 
obtained at 50× magnification. All image processing 
and quantification was performed using ImageJ 1.48v 
(National Institutes of Health, Bethesda, MD). Periodic 
acid-Schiff stain was measured using the ImageJ color 
deconvolution tool with H PAS vector. Goblet cell area 
was expressed as a percentage of the total mucosal area 
stained by PAS. For villus measurements, 2 villi per 
image were measured for a total of 10 measurements 
per cow. Villus height was measured from the tip to the 
villus-crypt interface. Villus (v.) width was measured at 
mid-villus height. Crypt (c.) depth was measured from 
the villus-crypt opening to the lamina propria. Crypt 
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
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Immunofluorescence Staining

For immunofluorescence analysis, 10% neutral buff-
ered formalin-fixed jejunum, ileum, and colon were sec-
tioned at a thickness of 5 µm and mounted in the histol-
ogy laboratory at the Iowa State University Veterinary 
Diagnostic Laboratory. Slides were deparaffinized using 
Citrisolv Hybrid Solvent (Fisher Scientific, Waltham, 
MA), rehydrated by 100%, 95%, and 80% ethanol for 
5 min each and then rinsed in distilled water. Antigen 
retrieval was performed by incubating slides in citrate 
buffer (sodium citrate, citric acid, Tween-20, water) 
in a laboratory microwave for 8 min and then slides 
were allowed to cool for 20 min. Tissue sections were 
blocked in 5% BSA (Sigma-Aldrich) in PBS for 90 to 
180 min. Primary antibody against proliferating cell 
nuclear antigen (PCNA; PC10 mAb, Cell Signaling 
Technology #2586; 1:200 dilution), a marker of cellular 
proliferation, was applied to each section and incubated 
overnight at 4°C. Slides were washed thrice in 1× PBS 
for 10 min and incubated in fluorescent secondary 
antibody [anti-mouse IgG (H+L) F(ab’)2 fragment, 
AlexaFluor 488 conjugate, Cell Signaling Technology 
#4408; 1:1,000 dilution] for 1 h at room temperature. 
Slides were washed thrice in 1× PBS for 10 min and 
4',6-diamidino-2-phenylindole stain was applied to each 
section. Slides were stained with BSA/BSA, primary 
antibody/BSA, BSA/secondary antibody as negative 
controls to ensure specificity of the staining pattern 
obtained. Images were collected on a Leica fluorescent 
microscope at 100× magnification. The integrated 
density of the PCNA staining was analyzed (3 random 
animals per treatment and 10 villi per animal) using 
ImageJ software, which includes the area of the villi 
section measured in the quantification.

Statistical Analyses

The effects of FR on most variables progressed with 
time, and thus data from P2 d5 were statistically ana-
lyzed using PROC MIXED of SAS (SAS Institute Inc., 
Cary, NC) with extent of FR as the fixed effect. Linear 
and quadratic effects of AL100, AL80, AL60, AL40, 
and AL20 treatments (not AL40G) were analyzed us-
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ing preplanned orthogonal contrasts. In addition, a 
preplanned contrast of AL40 and AL40G treatments 
was included. For endotoxin analysis, both P2D2 and 
P2D4 data were used but the effects of day and treat-
ment by day interaction were not significant and were 
therefore removed from the model. For postmortem or-
gan and histology data, preplanned contrasts of AL100 
versus AL40 and AL40 versus AL40G were used. For 
liver TG, effect of treatment, period, and treatment 
by period interaction were assessed as well as linear 
and quadratic effects. Effect of replicate was included 
in the model and was removed if not significant. Each 
specific variable’s P1 value (when available) served as a 
covariate. Results are reported as least squares means 
and considered different when P ≤ 0.05 and tending to 
differ if P < 0.15.

RESULTS

As dictated by experimental design, DMI linearly 
declined with increasing FR (P < 0.01; Figure 1A). 
Similarly, a linear decrease occurred in both milk yield 
(Figure 1B) and EBAL (Table 2). No DMI, milk yield, 
or EBAL differences were detected between cows as-
signed to the AL40G and AL40 treatments (P > 0.15). 
A linear increase in milk fat content occurred with in-
creased severity of FR (P = 0.01; Table 2). Advancing 
FR linearly decreased MUN, protein, and lactose con-
tent (P < 0.01; Table 2). No differences were observed 
in milk composition between cows in the AL40 and 
AL40G treatments.

Heart and respiration rates declined linearly with FR 
(P ≤ 0.04; Table 2). Cows in the AL40G treatment 
had increased heart rate (7 beats per min) and rectal 
temperature (0.3°C) compared with AL40 controls (P 
≤ 0.05; Table 2). Unexpectedly, AL100 cows lost weight 
(28 kg), but BW loss increased with advancing FR se-
verity (linear: P < 0.01; Table 2). Body weight loss 
tended to be greater in AL40G relative to AL40 cows 
(60 vs. 40 kg; P = 0.09). Within each period, cows were 
weighed at the same time relative to milking and feed-
ing; however, BW loss data should be interpreted with 
caution because cows were not weighed at a similar 
time relative to either milking or feeding between P1 
and P2 due to logistical constraints.

Overall, no difference was observed in circulating 
glucose (P = 0.33; Figure 2A). Both circulating insulin 
and BUN decreased linearly (P < 0.01; Figures 2B and 
2C), whereas plasma NEFA increased linearly (P < 
0.01; Figure 2D) with increasing FR. Circulating BHB 
tended to differ (P = 0.07) between treatments with 
AL20 cows having the highest levels (51% above AL100 
controls; Figure 2E). Relative to AL40 controls, AL40G 
cows tended to have decreased circulating glucose (60 

vs. 66 mg/dL; P = 0.08; Figure 2A) and increased cir-
culating BUN (27%; P = 0.03; Figure 2C).

Circulating endotoxin, haptoglobin, SAA, and LBP 
increased or tended to increase linearly with advanc-
ing FR (P ≤ 0.08; Figures 3A, 3B, 3C, and 3D). A 
quadratic effect was detected for the insulin-to-DMI 
ratio where AL100 and AL20 treatments did not differ 
and AL80 and AL60 treatments were decreased ~50% 
relative to AL100 and AL20 (P < 0.01; Figure 3E). Cir-
culating lymphocytes increased with advancing FR (P 
= 0.05; Figure 3F), but no treatment or contrast effects 
were observed on any other immune cell parameters, 
including total white blood cells, neutrophils, mono-
cytes, eosinophils, and basophils (data not shown). 
In comparison with AL40 controls, AL40G cows had 
similar circulating endotoxin, but had decreased hap-
toglobin (76%; P = 0.01; Figure 3B) and tended to 
have decreased SAA levels (57%; P = 0.11; Figure 3C). 
Circulating LBP did not differ between AL40G cows 
and AL40 controls (P = 0.34; Figure 3D).

Relative to AL100 cows, AL40 cows had decreased 
jejunum villus width, jejunum crypt depth, ileum villus 
height, and ileum crypt depth (36, 14, 22, and 28% re-
duction, respectively; P < 0.01; Figures 4A, 4B, and 5), 
and ileum mucosal surface area tended to be decreased 
(12%; P = 0.08; Figures 4D and 5). Intestinal cellular 
proliferation, as measured by PCNA staining, tended 
to be decreased 14% in the ileum of AL40 relative to 
AL100 cows (P = 0.06; Figures 4E and 6). Goblet cell 
area was decreased 52 and 25% in the jejunum and 
ileum (P ≤ 0.01) and tended to be decreased 17% in 
the colon of AL40 compared with AL100 cows (P = 
0.06; Figures 4F and 5). No differences in villus height 
to crypt depth ratio between AL100 and AL40 treat-
ments were detected (P > 0.10; Figures 4C and 5). 
In comparison with the AL40 treatment, AL40G cows 
had increased jejunum and ileum villus height (46 and 
51% increase, respectively) and increased ileum crypt 
depth (17%; P ≤ 0.01; Figures 4A, 4B, and 5). In both 
jejunum and ileum, AL40G cows had increased villus 
height to crypt depth ratios and mucosal surface area 
(38 and 35% increase, respectively, and 30 and 29% 
increase, respectively; P < 0.01; Figures 4C, 4D, and 
5). The PCNA protein positive staining was increased 
in both jejunum (43%) and ileum (36%) of AL40G cows 
relative to AL40 controls (P < 0.01; Figures 4E and 6). 
Goblet cell area from AL40G cows was increased 59, 41, 
and 48% in the jejunum, ileum, and colon, respectively, 
relative to AL40 controls (P < 0.01; Figures 4F and 5).

Liver TG content did not differ during P1 (P > 0.10). 
At the end of P2, liver TG content increased linearly 
with increased severity of FR (P = 0.01), mainly due to 
an ~88% increase in AL40 and AL20 relative to AL100 
cows (Figure 7).
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DISCUSSION

Appreciation is increasing for how intestinal barrier 
integrity influences performance in animal agriculture. 
Circumstances where the gastrointestinal barrier is 
compromised include weaning (Boudry et al., 2004; Mo-
eser 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). Thus, identifying a mitigation strategy that 
could improve or ameliorate leaky gut would presum-

ably enhance production efficiency in a variety of spe-
cies. However, a standardized and easily implemented 
model to evaluate potential beneficial target molecules 
has not been established. Reduced feed intake causes 
intestinal barrier dysfunction in humans (Welsh et al., 
1998), rodents (Holt et al., 1986; Ueno et al., 2011), 
chickens (Yamauchi et al., 1996), pigs (Carey et al., 
1994; Pearce et al., 2013), and ruminant models (Zhang 
et al., 2013). Further, our preliminary data suggest 
that this is also the case in lactating cows (Kvidera et 
al., 2017a). Therefore, our objectives were to identify 
a magnitude of FR that affects circulating biomarkers 

Figure 1. Effects of incremental feed restriction and glucagon-like peptide 2 (GLP2) treatment on (A) DMI and (B) milk yield on d 5 of 
treatment. Treatments include AL100 = ad libitum intake; AL80 = restricted to 80% of ad libitum intake; AL60 = restricted to 60% of ad 
libitum intake; AL40 = restricted to 40% of ad libitum intake + saline (3 mL s.c. twice daily); AL40G = restricted to 40% of ad libitum intake 
+ glucagon-like peptide 2 (75 µg/kg of BW s.c. twice daily); and AL20 = restricted to 20% of ad libitum intake. Results are expressed as LSM 
± SEM. Values with differing letters (a–e) denote differences (P ≤ 0.05) between treatments.
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reflective of leaky gut, and to evaluate GLP2 adminis-
tration as a potential mitigation strategy in lactating 
cows.

As expected, FR reduced milk yield and energy bal-
ance and increased BW loss, phenotypes demonstrating 
successful implementation of our experimental design. 
Further, the extent of milk yield and energy balance de-
creases was similar to other studies of comparable length 
and degree of FR (Carlson et al., 2006; Ferraretto et al., 
2014). Metabolic changes observed during the current 
study are consistent with well-known hallmarks of FR 
in ruminants, including reduced circulating insulin (de 
Boer et al., 1985; Carlson et al., 2006; Ferraretto et al., 
2014) and BUN (Bjerre-Harpøth et al., 2012; Lérias et 
al., 2015) and increased circulating NEFA (de Boer et 
al., 1985; Carlson et al., 2006; Ferraretto et al., 2014). 
Additionally, liver fat content was increased in animals 
restricted to 40 or 20% ad libitum intake, which agrees 
with similar models (Carlson et al., 2006).

In the current study, no overt health disorders were 
observed, so the increase in circulating inflammatory 
biomarkers observed ostensibly originated from the 
translocation of gut luminal content into circulation 
due to reduced intestinal barrier integrity. Circulating 
endotoxin was elevated with increasing severity of FR, 
and levels were similar to those observed by Khafipour 
et al. (2009). However, endotoxin data should be treated 
with caution as the Limulus Amebocyte Lysate assay 
measures endotoxin biological activity and not LPS 

bound to inflammatory mediators such as soluble clus-
ter of differentiation 14 or LBP (Guerville and Boudry, 
2016). Perhaps better markers of gut luminal content 
infiltration are acute-phase proteins (APP), which 
are produced by the liver as a secondary (nonlocal) 
response to toxic stimuli and have been widely used as 
indicators of systemic inflammation (Ceciliani et al., 
2012). Circulating LBP, SAA, and haptoglobin were in-
creased with progressive FR, indicating an incremental 
inflammatory response. Others have demonstrated that 
feed and water deprivation are the main contributors 
to the APP response in receiving feedlot cattle (Cap-
pellozza et al., 2011; Marques et al., 2012). It is unclear 
why AL20 cows had a decreased APP response relative 
to less severely restricted cows. However, this is not un-
precedented, as the magnitude of APP production can 
be impaired during severe malnourishment (Doherty et 
al., 1993; Reid et al., 2002). Circulating insulin is also 
acutely increased during inflammation (Baumgard et 
al., 2016; Kvidera et al., 2017a,b) and recent reports 
suggest insulin actually has potent anti-inflammatory 
effects (Chalmeh et al., 2013); however, differences in 
feed intake (and thus circulating nutrients, a major 
driver of insulin secretion) make this interpretation dif-
ficult. Utilizing an insulin-to-DMI ratio allows us to 
quantify the amount of circulating insulin per unit of 
DMI. The insulin-to-DMI ratio reached its nadir in the 
AL60 treatment before increasing to the point where 
the ratio from AL20 cows did not statistically differ 

Table 2. Effects of 5 d of incremental feed restriction and glucagon-like peptide 2 (GLP2) treatment on milk and health parameters

Parameter

Treatment1

SEM

P-value

 

Contrast

AL100 AL80 AL60 AL40 AL40G AL20 Treatment Linear2 Quadratic2
AL40 vs. 
AL40G

Milk component                      
  Milk fat (%) 3.9 4.3 4.1 4.4 4.6 5.4 0.3 0.07 0.01 0.22 0.68
  Lactose (%) 4.8a 4.6ab 4.6ab 4.5ab 4.4bc 4.2c 0.1 0.01 <0.01 0.69 0.47
  Protein (%) 3.2 3.0 3.0 2.9 2.8 2.9 0.1 0.08 0.04 0.25 0.36
  TS (%) 12.8 13.0 12.5 12.7 13.1 13.4 0.4 0.55 0.41 0.24 0.49
  MUN (mg/dL) 14.6a 14.1ab 12.7bc 11.6c 12.2c 11.3c 0.5 <0.01 <0.01 0.76 0.41
  SCC ( ×1,000 cells/mL) 82 84 256 130 153 411 92 0.12 0.03 0.48 0.86
Energetic and health 
  parameter

                   

  Energy balance (Mcal/d) 11.2a 2.6b 0.0b −5.0c −6.4c −10.5d 1.2 <0.01 <0.01 0.32 0.49
  Tr3 (°C) 38.3 38.5 38.3 38.1 38.4 38.3 0.1 0.24 0.17 0.99 0.05
  RR4 (breaths/min) 42 45 39 38 43 36 3 0.13 0.04 0.69 0.15
  Heart rate (beats/min) 71a 69ab 64b 58c 65ab 65ab 2 0.01 0.01 0.05 0.02
  BW loss (kg) 28c 25c 36c 40bc 60ab 69a 8 <0.01 <0.01 0.09 0.09
a–dResults are expressed as LSM. Values with differing letters denote differences (P ≤ 0.05) between treatments.
1Treatments: AL100 = ad libitum intake; AL80 = restricted to 80% of ad libitum intake; AL60 = restricted to 60% of ad libitum intake; AL40 = 
restricted to 40% of ad libitum intake + saline (3 mL s.c. twice daily); AL40G = restricted to 40% of ad libitum intake + glucagon-like peptide 
2 (75 µg/kg of BW s.c. twice daily); AL20 = restricted to 20% of ad libitum intake.
2Assessed using AL100, AL80, AL60, AL40, and AL20 treatments.
3Rectal temperature.
4Respiration rate.
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from the AL100 controls. In the current study, the qua-
dratic effect of FR on the insulin-to-DMI ratio further 
corroborates that extensive FR causes inflammation.

Reduced feed intake has deleterious effects on intes-
tinal health (Ferraris and Carey, 2000). In the current 
study, FR to 40% of ad libitum intake for 5 d negatively 

affected intestinal architecture, characterized particu-
larly by reduced ileum villus height and crypt depth. 
The decreased villus height is likely due to decreased 
cellular proliferation. Numerous other FR models 
demonstrate detrimental effects on intestinal histology, 
including reduced villus height in feed-restricted pigs 

Figure 2. Effects of incremental feed restriction and glucagon-like peptide 2 (GLP2) treatment on circulating (A) glucose, (B) insulin, (C) 
BUN, (D) nonesterified fatty acids (NEFA), and (E) BHB on d 5 of treatment. Treatments include: AL100 = ad libitum intake, AL80 = re-
stricted to 80% of ad libitum intake, AL60 = restricted to 60% of ad libitum intake, AL40 = restricted to 40% of ad libitum intake + saline (3 
mL s.c. twice daily), AL40G = restricted to 40% of ad libitum intake + glucagon-like peptide 2 (75 µg/kg of BW s.c. twice daily), and AL20 = 
restricted to 20% of ad libitum intake. Results are expressed as LSM ± SEM. Values with differing letters (a–e) denote differences (P ≤ 0.05) 
between treatments.
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(Carey et al., 1994; Pearce et al., 2013), chickens (Ya-
mauchi et al., 1996), mice (Ueno et al., 2011), and rats 
(Holt et al., 1986). However, some FR models indicate 
no effect or even an increase in villus height (Holt et al., 
1986; Chappell et al., 2003; Hodin et al., 2011; Tůmová 
et al., 2016). Reasons for the discrepancy within the 
literature could be the severity and duration of FR as 
well as the intestinal segment examined. Mechanisti-

cally, fasting reduces intestinal epithelial cell numbers, 
cellular proliferation, and cellular migration rates, and 
this is coupled with increased rates of cellular loss and 
apoptosis, altogether contributing to changes in intes-
tinal architecture and increased epithelial permeabil-
ity (Ferraris and Carey, 2000; Chappell et al., 2003). 
Surprisingly, our PCNA immunohistochemistry stain 
indicated more proliferation occurring along the tips of 

Figure 3. Effects of incremental feed restriction and glucagon-like peptide 2 (GLP2) treatment on (A) circulating endotoxin, (B) haptoglo-
bin, (C) serum amyloid A (SAA), (D) LPS-binding protein (LBP), (E) insulin-to-DMI ratio (insulin:DMI), and (F) lymphocytes. Treatments 
include: AL100 = ad libitum intake, AL80 = restricted to 80% of ad libitum intake, AL60 = restricted to 60% of ad libitum intake, AL40 = 
restricted to 40% of ad libitum intake + saline (3 mL s.c. twice daily), AL40G = restricted to 40% of ad libitum intake + glucagon-like peptide 
2 (75 µg/kg of BW s.c. twice daily), and AL20 = restricted to 20% of ad libitum intake. Results are expressed as LSM ± SEM. Values with 
differing letters (a–c) denote differences (P ≤ 0.05) between treatments.
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the villi rather than in the crypts where proliferation 
is thought to normally occur. It is unclear exactly why 
this regional difference existed and further investiga-

tion is certainly required. It is also possible nonintes-
tinal cells could account for this unusual observation 
because macrophages express Pcna, which is alterable 

Figure 4. Effects of incremental feed restriction and glucagon-like peptide 2 (GLP2) treatment on (A) jejunum villus morphology, (B) ileum 
villus morphology, (C) villus height-to-crypt depth ratio in jejunum and ileum, (D) mucosal surface area in jejunum and ileum, (E) intensity of 
proliferating cell nuclear antigen (PCNA) protein in jejunum and ileum, and (F) goblet cell area as a percentage of epithelial area in jejunum, 
ileum, and colon. Treatments include AL100 = ad libitum intake; AL40 = restricted to 40% of ad libitum intake + saline (3 mL s.c. twice daily); 
and AL40G = restricted to 40% of ad libitum intake + glucagon-like peptide 2 (75 µg/kg of BW s.c. twice daily). Results are expressed as LSM 
± SEM. Values with differing letters (a–c) denote differences (P ≤ 0.05) between treatments. Mucosal surface area is expressed as an M-index 
as described by Kisielinski et al. (2002).
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by experimental treatment (Bueno-Silva et al., 2017; 
Thyagarajan et al., 2017). Additionally, the presence 
of macrophages can alter the abundance of PCNA in 
adjacent tissues (Shao et al., 2016) and altered PCNA 
abundance in porcine intestine has recently been dem-
onstrated, and although staining was certainly more 
pronounced in the villi crypts, positive PCNA was 
detected in the tips, though to a much lesser degree 
(Kang et al., 2010). Although altered morphology does 
not necessarily indicate decreased barrier function, 
malnutrition and increased intestinal permeability have 
been reported in numerous species (Holt et al., 1986; 
Welsh et al., 1998; Boza et al., 1999). Further, altered 
intestinal barrier function has been demonstrated in 
studies where structural changes in villus morphology 

were similar to those observed in the current study 
(Ford et al., 1985; Pearce et al., 2013). Psychological 
stress, likely experienced during hunger, also increases 
gastrointestinal tract barrier permeability (Vanuytsel 
et al., 2014; de Punder and Pruimboom, 2015). This 
is likely mediated by tumor necrosis factor α and pro-
teases released from mast cells upon central nervous 
system activation (Moeser et al., 2007; Overman et al., 
2012).

The importance of proper barrier function cannot 
be overstated as the intestine is continuously exposed 
to potential pathogens and toxins (Mani et al., 2012). 
The human gastrointestinal tract has a surface area 
of ~400 m2 (Murphy, 2012) and is continuously sub-
jected to antigen contact (Mani et al., 2012). Micro-

Figure 5. Representative images of periodic acid-Schiff stained (A) AL100 jejunum, (B) AL40 jejunum, (C) AL40G jejunum, (D) AL100 il-
eum, (E) AL40 ileum, (F) AL40G ileum, (G) AL100 colon, (B) AL40 colon, and (I) AL40G colon. AL100 = ad libitum intake; AL40 = restricted 
to 40% of ad libitum intake + saline (3 mL s.c. twice daily); AL40G = restricted to 40% of ad libitum intake + glucagon-like peptide 2 (75 µg/
kg of BW s.c. twice daily). Dark stain indicates positive identification of mucosubstances. Color version available online.
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bial exposure is certainly more extensive in ruminants 
due to pregastric fermentation and the relative size of 
the gastrointestinal tract. The direct consequence of 
intestinal barrier dysfunction is increased leakage of 
luminal antigens into the submucosa and portal blood 
stream with the potential to initiate an inflammatory 
response. This can undoubtedly compromise produc-
tion as immunoactivation is an energetically expensive 
process that redirects energy away from agriculturally 
productive purposes and compromises animal welfare 
(Johnson, 2012; Kvidera et al., 2017b). Therefore, as-
sessing molecules or nutritional strategies to ameliorate 
gut barrier dysfunction, including exogenous GLP2, 
has gained recent attention in production agriculture 
(Thymann et al., 2014; Connor et al., 2016). Endog-

enous GLP2 is a proglucagon-derived peptide secreted 
by enteroendocrine L cells in response to luminal nutri-
ents (Drucker and Yusta, 2014). The intestinal trophic 
effects of GLP2 are mediated through increased mes-
enteric blood flow, greater nutrient uptake, and release 
of growth factors such as IGF-1, IGF-2, keratinocyte 
growth factor, and epidermal growth factor-ErbB fam-
ily members (Connor et al., 2016). Exogenous GLP2 
administration reduced intestinal permeability, hepatic 
bacterial cultures, and intestinal crypt apoptosis in 
stressed mouse models (Boushey et al., 1999; Cameron 
and Perdue, 2005). The authors are unaware of previ-
ous literature examining the effect of GLP2 in lactat-
ing dairy cattle; however, GLP2 receptors have been 
characterized in the lactating cow’s gastrointestinal 

Figure 6. Representative image of proliferating cell nuclear antigen (PCNA) protein intensity in (A) AL100 jejunum, (B) AL40 jejunum, 
(C) AL40G jejunum, (D) AL100 ileum, (E) AL40 ileum, (F) AL40G ileum. Negative controls are (G) BSA/BSA, (H) primary antibody alone, 
and (I) secondary antibody alone. AL100 = ad libitum intake; AL40 = restricted to 40% of ad libitum intake + saline (3 mL s.c. twice daily); 
AL40G = restricted to 40% of ad libitum intake + glucagon-like peptide 2 (75 µg/kg of BW s.c. twice daily). Lighter coloration represents PCNA 
positive staining. Color version available online.
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tract (Connor et al., 2010). In calves, GLP2 adminis-
tration increased small intestine tight junction protein 
expression, blood flow, and growth and reduced circu-
lating APP (Taylor-Edwards et al., 2011; Connor et 
al., 2013; Walker et al., 2015; Connor et al., 2017). In 
the current study, administering GLP2 increased ileum 
villus height even above the ad libitum controls. Nega-
tive effects of FR on ileum mucosal area and goblet 
cell area of all 3 segments were also rescued or even 
improved (compared with ad libitum-fed controls) by 
GLP2 administration. Though FR did not affect villus 
height to crypt depth ratios, jejunum villus height, or 
jejunum mucosal surface area, GLP2 increased each 
of these parameters ~30 to 50% above ad libitum-fed 
control cows. Increased villus height in animals admin-
istered GLP2 is likely explained by increased cellular 
proliferation observed in both the jejunum and ileum. 
It is unclear why FR affected the ileum more than 
the jejunum, but it may be due to diminished nutrient 
availability from the proximal to distal intestine. Fur-
thermore, regional differences are present in immune 
cell populations, which generally increase from proximal 
to distal intestine (Mowat and Agace, 2014), and FR 
is a psychologically stressful event where cortisol may 
induce intestinal permeability via mast-cell-dependent 
mechanisms (Vanuytsel et al., 2014). Differences in 

vascularization and blood flow between the jejunum 
and ileum may also play a role in section differences. 
Subtle changes in jejunum intestinal architecture also 
may not be detected due to the low number of cows 
used in this study. Regardless, these data clearly dem-
onstrate the beneficial effects of GLP2 on the intestine 
in both treatments, which agrees with Hu et al. (2010) 
who also observed the trophic effects of GLP2 in both 
heat-stressed and healthy chickens. Further, admin-
istering GLP2 lowered circulating haptoglobin and 
SAA (76 and 57%, respectively). A reduced circulating 
SAA response to coccidial infection was also observed 
in calves administered GLP2 (Connor et al., 2017). 
We hypothesize that the protective effect of GLP2 on 
intestinal permeability and subsequent prevention of 
endotoxin infiltration play a role in the APP reduc-
tion. Glucagon-like peptide 2 may also have a direct 
role in inhibiting inflammation because it stimulates 
antimicrobial peptide secretion by Paneth cells in the 
intestinal epithelium (Lee et al., 2012), which may 
reduce microbial load and subsequent microbial com-
ponent leakage into systemic circulation. Furthermore, 
GLP2 can suppress the pro-inflammatory response of 
macrophages to LPS (Xie et al., 2014). Collectively, 
the histology and changes in APP profile strongly sug-
gest that GLP2 improved gut barrier function.

Figure 7. Effects of incremental feed restriction and glucagon-like peptide 2 (GLP2) treatment on liver triglyceride (TG) content. Treatments 
include AL100 = ad libitum intake; AL80 = restricted to 80% of ad libitum intake; AL60 = restricted to 60% of ad libitum intake; AL40 = 
restricted to 40% of ad libitum intake + saline (3 mL s.c. twice daily); AL40G = restricted to 40% of ad libitum intake + glucagon-like peptide 
2 (75 µg/kg of BW s.c. twice daily); and AL20 = restricted to 20% of ad libitum intake. Trt = treatment; Per = period; P1D2 = period 1 and 
d 2; P2D5 = period 2 and d 5. Results are expressed as LSM ± SEM.
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Despite its beneficial effects on intestinal health, 
GLP2 administration did not improve production 
parameters, as evidenced by similar milk yield and 
composition between AL40 and AL40G cows. This is 
not entirely surprising, as the experiment was know-
ingly underpowered to detect production differences. 
Additionally, employing the FR model limits potential 
positive effects GLP2 may have on feed intake. It would 
be of interest to study GLP2 administration during a 
natural model of stress with objectives of determining 
if GLP2 has a beneficial effect on feed intake or pro-
duction and if this further improves intestinal growth 
and integrity. It is unclear whether the GLP2-induced 
decrease in circulating glucose is of biological relevance 
(66 vs. 60 mg/dL), but it may be related to GLP2’s 
neuroendocrine role in the gut-brain axis, which can 
suppress hepatic glucose production and increase in-
sulin sensitivity (Guan, 2014). Injecting GLP2 did not 
influence circulating insulin, and this is not surprising 
as GLP2 does not directly modulate insulin secretion 
(Schmidt et al., 1985). Interestingly, GLP2 administra-
tion increased BUN (27%) and the reasons behind this 
effect are not clear, but interpreting BUN in ruminants 
is difficult because it originates from both skeletal 
muscle catabolism and excessive rumen ammonia pro-
duction.

Decreased intestinal barrier integrity has several 
negative consequences and thus research into ruminant 
intestinal health has gained recent attention (Connor 
et al., 2016; Steele et al., 2016). However, it is difficult 
to model leaky gut to test potential mitigation strate-
gies. Various models exist to pharmaceutically induce 
intestinal barrier dysfunction, including nonsteroidal 
anti-inflammatory drugs, gamma-secretase inhibitors, 
and dextran sodium sulfate (Fortun and Hawkey, 2007; 
Wirtz et al., 2007; Kvidera et al., 2017a), but these 
approaches are difficult to administer in ruminants and 
are often associated with undesirable side effects. As 
previously mentioned, the severity and duration of FR 
documented in scientific literature varies considerably 
and its effects on gut health are not extensively stud-
ied in the ruminant animal, hence it is not clear what 
magnitude of FR is required to dependably compro-
mise intestinal barrier function. In the current study, 
animals restricted to 40% of their ad libitum intake for 
5 d exhibited a well-defined increase in inflammatory 
parameters. Intestinal architecture deterioration ac-
companied this inflammation, providing us confidence 
that intestinal dysfunction was likely the cause. One 
drawback to our FR model is that GLP2’s potential 
benefits on feed intake are eliminated. Nevertheless, 
GLP2 administration improved intestinal health and 
subsequently reduced inflammatory parameters inde-
pendent of any changes in feed intake.

CONCLUSIONS

Increasing severity of FR reduced milk yield and in-
creased circulating endotoxin and APP as well as liver 
TG, and cows fed 40% of their ad libitum intake were 
most affected. Progressive FR causes intestinal bar-
rier dysfunction characterized by reduced ileum villus 
height, mucosal surface area, and cellular proliferation 
as well as reduced goblet cell area in all 3 intestinal 
sections evaluated. Administering GLP2 had a marked 
beneficial effect on intestinal growth, morphology, and 
reduced circulating APP in comparison with cows on 
a similar plane of nutrition. In conclusion, FR had 
detrimental effects on intestinal barrier integrity and 
administering GLP2 alleviated these negative effects.
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