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ABSTRACT

To evaluate the effects of heat stress (HS) conditions
and dietary organic acid and pure botanical (OA/PB)
supplementation on gut permeability and milk produc-
tion, we enrolled 46 multiparous Holstein cows [208 +
4.65 dry matter intake (DMI; mean + SD), 3.0 £+ 0.42
lactation, 122 £+ 4.92 d pregnant, and 39.2 £+ 0.26 kg
of milk yield] in a study with a completely randomized
design. Cows were assigned to 1 of 4 groups: thermo-
neutral conditions (TN-Con, n = 12), HS conditions
(HS-Con, n = 12), thermoneutral conditions pair-fed
to HS-Con (TN-PF, n = 12), or HS supplemented with
OA/PB [75 mg/kg of body weight (BW); 25% citric
acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin,
and 55.6% triglyceride; HS-OAPB, n = 10]. Supple-
ments were delivered twice daily by top-dress; all cows
not supplemented with OA/PB received an equivalent
amount of the triglyceride used for microencapsulation
of the OA/PB supplement as a top-dress. Cows were
maintained in thermoneutrality [temperature-humidity
index (THI) = 68| during a 7-d acclimation and covari-
ate period. Thereafter, cows remained in thermoneutral
conditions or were moved to HS conditions (THI: diur-
nal change 74 to 82) for 14 d. Cows were milked twice
daily. Clinical assessments and BW were recorded,
blood was sampled, and gastrointestinal permeability
measurements were repeatedly evaluated. The mixed
model included fixed effects of treatment, time, and
their interaction. Rectal and skin temperatures and res-
piration rates were greater in HS-Con and HS-OAPB
relative to TN-Con. Dry matter intake, water intake,
and yields of energy-corrected milk (ECM), protein,
and lactose were lower in HS-Con relative to HS-OAPB.
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Nitrogen efficiency was improved in HS-OAPB relative
to HS-Con. Compared with TN-Con and TN-PF, milk
yield and ECM were lower in HS-Con cows. Total-
tract gastrointestinal permeability measured at d 3 of
treatment was greater in HS-Con relative to TN-Con
or TN-PF. Plasma total fatty acid concentrations were
reduced, whereas insulin concentrations were increased
in HS-Con relative to TN-PF. We conclude that expo-
sure to a heat-stress environment increases total-tract
gastrointestinal permeability. This study highlights
important mechanisms that might account for milk
production losses caused by heat stress, independent
of changes in DMI. Our observations also suggest
that dietary supplementation of OA/PB is a means to
partly restore ECM production and improve nitrogen
efficiency in dairy cattle experiencing heat stress.
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INTRODUCTION

Heat stress negatively affects cow health, well-being,
fertility, and milk production (Collier et al., 1982;
Baumgard et al., 2017) and it is estimated to cost ~$2.3
billion in annual losses to the US dairy industry (St-
Pierre et al., 2003; Ferreira et al., 2016). Substantial
effort has focused on defining the cow’s mechanistic ad-
aptations to heat stress and how these responses affect
lactation (Baumgard and Rhoads, 2013) and gestation
(Ouellet et al., 2020). It is estimated that heat stress
reduces milk production in part by decreasing nutrient
intake and shifting glucose utilization away from milk
synthesis. This is achieved partly because blood supply
is shunted from the visceral organs toward the body
periphery (Kenney and Havenith, 1993). This redistri-
bution of blood supply may compromise the integrity of
the intestinal barrier (Hall et al., 2001) and contribute
to systemic inflammation (Collier et al., 1982; Baum-
gard and Rhoads, 2013) in the cow. In turn, inflamma-
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tion may limit milk production by partitioning glucose
toward an activated immune system (Kvidera et al.,
2017). Although the clustering of immune cells in the
small intestine of the heat-stressed cow (Koch et al.,
2019) serves as supporting evidence for this hypothesis,
whether increased gastrointestinal permeability occurs
during exposure to heat stress in dairy cattle remains
unclear.

Dietary supplementation of organic acids (OA; e.g.,
citric and sorbic acids) and pure botanicals (PB; e.g.,
thymol and vanillin) represents a promising strategy
to support and reduce antibiotic usage in livestock
production systems (Pearlin et al., 2020; Rossi et al.,
2020). These natural compounds have unique antimi-
crobial, anti-inflammatory, antioxidant, and immu-
nomodulatory properties that, when combined, have
the potential to improve gastrointestinal health by
controlling bacterial pathogen growth and enhancing
barrier function (Tugnoli et al., 2020). Organic acids
are characterized as weak, short-chain acids that are
widely distributed in nature. Although numerous OA
and PB blends can be fed to livestock species, espe-
cially in swine and poultry (Hassan et al., 2010; Ma et
al., 2021), the mode of action of these compounds is
centered on acidification of the gastrointestinal tract.
The OA undissociated form can penetrate bacterial
cells (which possess a neutral pH) and dissociate,
reducing intracellular pH and inhibiting enzymatic
reactions and nutrient transport (Mani-Lépez et al.,
2012). By restricting the growth of pH-sensitive and
pathogenic bacteria, supplementation of OA blends
has been shown to improve weight gain and feed con-
version ratio in broiler chicks (Hassan et al., 2010).
Pure botanicals are single components of plant es-
sential oils and oleoresins. These compounds are also
reported to possess pH-reducing properties against
bacteria and have anti-inflammatory, antioxidant, and
immunomodulatory properties (Rossi et al., 2020).
In vitro, thymol, a direct extract from thyme, has
been shown to reduce the growth and expression of
virulence genes in Escherichia coli K88 (Bonetti et al.,
2020). Supplementation of OA/PB (25% citric acid,
16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and
56% triglyceride matrix) in the diet of weaned pigs
allowed for improved productive performance (i.e.,
increased BW gain) and, in vitro, restored intesti-
nal barrier (i.e., increased transepithelial resistance)
when supplemented at 0.2 g/L in cultured Caco-2
cells (Grilli et al., 2015b). More recently, dietary OA/
PB supplementation was investigated in dairy calves
experiencing moderate heat stress (Fontoura, 2022).
It was observed that dietary OA/PB supplementa-
tion partly restored DMI, and the lower DMI was the
main driver of reduced growth performance in grow-
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ing calves during heat stress. It remained uncertain
whether dietary OA/PB supplementation improves
lactation performance and restores gastrointestinal
barrier of the dairy cow experiencing heat stress.

Our current knowledge regarding physiological adap-
tations to heat stress suggests that heat exposure may
result in compromised gastrointestinal integrity in lac-
tating cows. Strategies aimed at improving gastrointes-
tinal health, such as dietary OA/PB supplementation,
may be a means to improve dairy cattle heat-stress re-
silience and milk production. Therefore, our objectives
were to determine (1) whether heat stress increases gas-
trointestinal permeability in lactating dairy cows, and
(2) whether dietary OA/PB supplementation serves as
a nutritional strategy to enhance milk production in
dairy cows experiencing heat stress.

MATERIALS AND METHODS

Experimental Design

All experimental procedures were approved by the
Cornell University Institutional Animal Care and Use
Committee (protocol #2018-0110). In 6 blocks of 8, 48
multiparous pregnant and lactating Holstein cows [208
+ 4.65 DIM (mean £+ SD), 3.0 + 0.42 lactations, 122
+ 4.92 days carrying calf, and 39.2 + 0.26 kg of milk
yield) were enrolled in a trial with a complete random-
ized design. Cows were transported from the Cornell
University Dairy Research Center (Harford, NY) to the
Cornell University Large Animal Research and Teach-
ing Unit (Ithaca, NY). Animals were acclimated to the
Large Animal Research and Teaching Unit in thermo-
neutrality [22.2 + 0.25°C; 44.9 4+ 0.05% relative hu-
midity; 68 4+ 0.32 temperature-humidity index (THI)]
for 7 d. At the end of acclimation, cows blocked by
lactation, days carrying calf, and milk yield were ran-
domly allocated into 1 of 4 environmental conditions:
thermoneutrality and unsupplemented (TN-Con; n =
12); heat-stressed and unsupplemented (HS-Con; n =
12); thermoneutrality and unsupplemented but pair-fed
to match the feed intake of heat-stressed and unsupple-
mented cows (TN-PF; n = 12); and heat-stressed and
supplemented with OA/PB (75 mg/kg of BW; HS-
OAPB; n = 10) for 14 d. The OA/PB supplement was
composed of 25% citric acid, 16.7% sorbic acid, 1.7%
thymol, 1.0% vanillin, and 55.6% triglyceride (AviP-
lus R; Vetagro S.p.A.) and delivered as a twice-daily
top-dress in alignment with feed offering during the
14-d experimental period. All cows not treated with the
OA/PB supplement received an equivalent amount of
the triglyceride (vegetable lipid; Vetagro S.p.A.) that
was used to encapsulate the OA/PB supplement for
rumen protection.
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Cows were housed in temperature-controlled rooms
equipped with individual tiestalls (bedded with wood
shavings) and provided fresh diets at 0730 and 1630
h daily. Diet was mainly composed of corn silage and
haylage (Table 1). Cows had ad libitum access to water
and feed and were fed to achieve 5% orts daily. For
the pair-feeding regimen, TN-PF cows were fed based
on the average percent decrease in feed intake of HS-
Con cows. The daily decrease for the HS-Con cows was
calculated relative to the last 4 d of the acclimation
period. During the 14 d of the experiment, the daily
percent decrease of HS-Con cows was applied to the
TN-PF cows, relative to their baseline intake during
acclimation. Cows were milked twice daily at 0600 and
1600 h. For thermoneutral conditions, daily ambient
temperatures were kept at ~22 to 23°C. For heat-stress
conditions, ambient temperatures increased at 0600 h
from 27 to 37°C and decreased at 1800 h from 37 to
27°C. The goal was to maintain a THI of 68 in thermo-
neutrality and reaching but not exceeding a THI of 82
for heat-stress conditioning (Figure 1). Temperatures
for each environment were monitored using HOBO log-
gers (model IMX2300; Onset Computer Corp.).

Data and Sample Collection

Diet ingredients were sampled weekly and composit-
ed for each block. Clinical assessments were performed
thrice daily. During these assessments, rectal and skin
temperatures, and respiration rates were recorded at
0700, 1200, and 1600 h. Rectal temperatures were mea-
sured using a large-animal digital rectal thermometer
(model GLA M900; GLA Agricultural Electronics).
Skin temperatures were measured using a noncontact
infrared temperature gun (model 586; Fluke Corp.) on
a shaved area of the left flank. Respiration rates were
determined by counting flank movements for a 15-s
period, then multiplying by 4 to obtain movements per
minute. Baseline measurements for clinical assessments
were calculated as an average during the last 4 d of the
acclimation period. Feed, water intakes, and milk yields
were recorded daily throughout the entire experiment.
Body weights were recorded weekly. Baseline measure-
ments for feed and water intakes were calculated as an
average during the last 4 d of the acclimation period,
and BW was recorded a day before the beginning of
environmental conditioning. Milk was collected at 4
consecutive milkings, starting in the afternoon and end-
ing on a morning, during the baseline period (last 2 d of
acclimation, until the morning of heat-stress condition-
ing), at the beginning of heat stress conditioning (d 1
to 3), at the midpoint of heat-stress conditioning (d 6
to 8), and at the end of heat stress conditioning (d 12
to 14). Milk samples at each milking were collected in a
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Table 1. Nutrient composition (% of DM unless otherwise noted) of
experimental TMR fed to multiparous lactating Holstein cows’

Ttem Diet
Ingredient
Corn silage 40.0
Concentrate mix” 41.8
Haylage 15.6
Whey concentrate 2.60
Nutrient composition, %
DM 43.9
CP 15.7
NDF 31.7
ADF 20.7
Crude fat (ether extract) 4.70
Mineral
Ash 6.81
Calcium 0.85
Phosphorus 0.38
Magnesium 0.26
Potassium 1.56
Sodium 0.49
Energy, Mcal/kg of DM
NE;, 1.70
NEy, 1.91
ME 2.86

"Forty-six pregnant multiparous and lactating Holstein cows were ran-
domly assigned to 1 of 4 treatments at enrollment: unsupplemented
thermoneutral conditions (TN-Con, n = 12), heat stress with no sup-
plementation (HS-Con, n = 12), thermoneutral conditions pair-fed to
HS-Con (TN-PF, n = 12), and HS supplemented with organic acids
and pure botanicals (OA/PB; 75 mg/kg of BW; AviPlus R; contains
25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and
55.6% triglyceride; Vetagro S.p.A.; HS-OAPB, n = 10). Control cows
(not supplemented with OA/PB) received a matching dose of the lipid
matrix.

*Concentrate mix contained 43.9% corn meal, 14.1% canola meal,
10.2% soy hulls, 8.00% blood meal, 7.42% mineral premix, 4.30%
amino acid blend (AminoPlus; Ag Processing Inc.), 3.30% corn gluten
feed, 2.43% soybean meal, 1.40% salt carbonate, 1.30% calcium salts
of fatty acids (Energizer Gold; IFFCO Animal Nutrition), 1.2% palm
fat (BergaFat F-100; Berg + Schmidt GmbH & Co. KG), 1.04% white
salt, 0.82% limestone, 0.32% Met (AminoShure-XM; Balchem Inc.),
and 0.20% Lys (Smartamine ML; Adisseo USA Inc.).

sealed tube containing 2-bromo-2-nitropropane-1,3-diol
and stored at 4°C for milk composition analysis within
3 d of collection.

Blood for plasma and serum separation was collected
in the morning (preprandial) and afternoon (peak heat)
on d —1 (baseline sample), 1, 2, 3, 7, and 14 by coccy-
geal venipuncture into an evacuated blood tube, which
contained potassium EDTA as an anticoagulant when
plasma was collected. Acute and chronic changes in
intestinal barrier function were evaluated in vivo using
the paracellular permeability marker chromium (Cr)-
EDTA in a 180 mM solution on d 3 and 13, respectively,
and as previously described (Wood et al., 2015; Horst
et al., 2020). The Cr-EDTA solution was prepared in
the laboratory within 5 d before use. Briefly, to make
1 L of Cr-EDTA solution, 47.7 g of chromium chloride
hexahydrate (CAS#: 10060-12-5; Beantown Chemical
Corp.) was dissolved in 300 mL of double-distilled wa-
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Figure 1. Average environmental conditions throughout the ex-
periment. Data were averaged hourly throughout the experiment for
(A) ambient temperature, (B) relative humidity, and (C) temperature-
humidity index (THI). BL = baseline values for acclimation period;
TN = thermoneutral conditions; HS = heat stress conditions.
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ter. In a separate flask, 66.7 g of EDTA disodium salt
dihydrate (CAS#: 30130; Chem-Impex International
Inc.) was dissolved in 500 mL of double-distilled water
using a plate warmer and stirrer. Once dissolved, both
solutions were combined, and the flask was covered
with foil and allowed to boil for 1 h. Thereafter, the
solution was allowed to cool to room temperature and
1.937 g of calcium dichloride dihydrate (CAS#: 10035-
04-8; MP Biomedicals LL.C) was added. Dry sodium
hydroxide pellets and 10 M sodium hydroxide were used
to adjust the pH of the solution. Once pH reached 6.0,
double-distilled water was added to reach 1 L. Begin-
ning at 0700 h (after milking, before feeding), the 180
mM solution of Cr-EDTA (1.5 L) was pulse dosed into
the rumen via the oro-esophageal route using a cattle
pump system (Springer Magrath Co.). Blood samples
were collected at 0, 1, 2, 4, 8, 12, 18, and 24 h relative
to Cr-EDTA administration by coccygeal venipuncture
into an evacuated tube containing dipotassium EDTA
for total Cr determination using “Cr isotope analysis
[i.e., *Cr represents 9.5% of total Cr (the sum of *Cr,
*2Cr, ®Cr, and *'Cr)]. Plasma and serum samples were
separated using centrifugation (3,100 x g for 20 min at
4°C). Separated plasma or serum samples were initially
stored at —20°C and then transferred to —80°C for
long-term storage within 2 wk of collection.

Sample Analyses

Feed samples were analyzed for DM (AOAC Interna-
tional, 2000), CP (AOAC International, 2000), soluble
protein (Krishnamoorthy et al., 1982), NDF (Van Soest
et al., 1991), ADF (AOAC International, 2000), TDN
(sum of digestible protein, digestible carbohydrate, and
fat), ash (Thiex et al., 2012), ether extract (Thiex,
2009), and lignin (AOAC International, 2000) by Cum-
berland Valley Analytical Services Inc. (Cumberland,
MD). Milk samples were analyzed for fat, true protein,
lactose, and MUN concentrations using Fourier trans-
form infrared spectroscopy and SCC by flow cytometry
(Dairy One, Ithaca, NY). To measure changes in meta-
bolic health markers, which are often responsive to heat
stress (Garcia et al., 2015; Joo et al., 2021), plasma
samples were analyzed for fatty acids (FA), glucose,
total and free cholesterol, plasma urea-N (PUN), in-
sulin, and LPS-binding protein (LBP). Serum samples
were analyzed for triglyceride. Total FA, glucose, total
and free cholesterol, and LBP concentrations were de-
termined using enzymatic methods and commercially
available kits (HR series NEFA-HR #999-34691, 995-
34791, 991-34891, and 993-35191; Autokit Glucose
#997-03001; Cholesterol E #999-02601, Cholesterol E
free #993-02501; Wako Chemicals USA Inc.; and LBP
#HK503; Hycult Biotech). A PUN analysis was per-



Fontoura et al.: HEAT STRESS AND INTESTINAL PERMEABILITY

formed as described by Chaney and Marbach (1962)
using an enzymatic colorimetric assay based on a pur-
chased commercial kit (#640; Sigma-Aldrich). Plasma
insulin concentrations were measured using RIA (#PI-
12K Porcine Insulin RIA Kit; EMD Millipore Corp.)
on an LKB-Wallac CliniGamma Counter (Beckman
Coulter) as previously described (Krumm et al., 2019).
Serum triglyceride concentrations (Triglyceride GPO
liquid reagent set #T7532-500, Pointe Scientific) were
measured following the manufacturer’s instructions.
All spectrophotometric measurements were conducted
using a SpectraMax Plus 384 Microplate Reader (Mo-
lecular Devices). Intra- and interassay coefficients of
variation were 7.21% and 8.85%, 4.72% and 3.31%,
4.88% and 12.3%, 3.97% and 6.97%, 5.39% and 6.56%,
7.80% and 7.40%, 1.57% and 2.36%, and 5.35% and
18.7% for FA, glucose, total and free cholesterol, PUN,
insulin, triglyceride, and LBP, respectively.

Plasma samples collected during the Cr-EDTA chal-
lenge were submitted for analysis at the USDA-ARS
Plant, Soil and Nutrition Research Laboratory (Ithaca,
NY). Briefly, each sample was aliquoted into an indi-
vidual glass tube containing 1 mL of plasma. Plasma
samples were dried at 90°C for 12 h. Dried plasma
samples were treated with 3 mL of 60:40 HNO;:HCIO,
mixture and left overnight to destroy organic matter.
The mixture was then slowly heated to 70 to 120°C for
2 h in a heating block. The temperature of the heating
block was then raised to 145°C for 2 h. If necessary,
more nitric acid (i.e., 1 to 2 mL) was added to remove
the brownish color of organic matter. Then, the tem-
perature of the heating block was raised to 190°C for
10 min and turned off. The cooled samples in the tubes
were then diluted to 5 mL, vortexed, and transferred
into autosampler tubes to run in inductively coupled
plasma mass spectrometry (ICP-MS model: Agilent
G3272A; Agilent Technologies, Inc.). Appropriate stan-
dard§ were prepared in 2% HCIO, and measured isoto-
pic »Cr.

Calculations and Statistical Analyses

The THI was calculated according to the equation
reported by Kendall et al. (2008):

THI = (1.8 x T + 32) — [(0.55 — 0.0055 x RH)
x (1.8 x T — 26)],
where T = air temperature (°C), and RH = relative
humidity (%).
Total water intake was calculated as the sum of wa-

ter contained in the feed and voluntary water intake.
Yields of 3.5% FCM, ECM, and milk components were
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calculated using milk yield and component concentra-
tions for each milking, summed for a daily total, and
averaged for each collection period. The efficiencies
for milk yield, FCM (FCME) and ECM (ECME)
production were calculated as the ratio of milk yield,
FCM, or ECM in relation to DMI. Somatic cell score
was calculated from SCC for statistical analysis using
a logarithmic transformation: Log, (SCC/100,000) + 3
(Ali and Shook, 1980). The concentrations of serum
esterified cholesterol were calculated by subtracting
concentrations of free cholesterol from total cholesterol.
The concentration of Cr per unit of BW was obtained
by dividing the amount of Cr at each time point by the
regressed BW of the cows on the day of the Cr-EDTA
challenge. These values were used to calculate the area
under the curve (AUC) for each Cr-EDTA challenge.
The AUC for Cr per unit of BW during Cr-EDTA chal-
lenge was calculated using the trapezoidal method as
previously described by Pires et al. (2007).

Statistical analyses were carried out using the mixed
model procedure of SAS (v9.4, SAS Institute Inc.) ac-
cording to the following model:

Yijkhn =p + Ci + Tj + Bk + D1 + Tim + Tj X Dl
+ T; x Ti, + LACT + DCC + DIM + pVar + €,

where Y, = dependent variable; u = overall mean
effect for the measure; C; = random effect of cow (i =
1 to 45); T; = fixed effect of treatment (j = 1 to 4); B;
= fixed effect of block (k=1 to 6); D, = fixed effect of
day (I =1 to 14); Ti,, = fixed effect of time (m = 1 to
3 for clinical parameters, and m = 1 to 8 for intestinal
permeability), when appropriate to clinical and blood
response variables; T; x D; = fixed effect of the interac-
tion between treatment and day; 7; x Ti, = the fixed
effect of the interaction between treatment and time;
LACT = number of lactations used as a covariate; DCC
= days carrying calf used as a covariate; DIM = days
in milk used as a covariate; pVar = baseline measure-
ment for each response variable used as a covariate;
and ey, = the residual error. The fixed effect of time
and the interaction between treatment and time for
blood metabolites were tested but removed from the
model because P > 0.25. The covariance structures
used to test fit statistics included variance components,
compound symmetry, autoregressive one, unstructured,
and ante-dependence one. Smaller fit values (Bayesian
information criterion) were always selected. The model
was used to evaluate production responses, clinical
measurements, blood metabolites, and the in vivo in-
testinal permeability test.

Observations were deemed as outliers if Studen-
tized residuals were > 3.0 or < —3.0. Normality of
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the residuals was checked with normal probability and
box plots and homogeneity of variances with plots of
residuals versus predicted values to ensure no viola-
tion of model assumptions. The least squares means
comparisons were performed using preplanned nonor-
thogonal contrasts of interest (e.g., HS-Con vs. TN-
Con, HS-Con vs. TN-PF, and HS-Con vs. HS-OAPB)
using unadjusted P-values. Main effects were declared
significant at P < 0.05 and trending toward signifi-
cance at 0.05 < P < 0.15. Interactions were declared
significant at P < 0.15. Results are expressed as least
squares means £ standard errors of the means, unless
otherwise noted.

RESULTS

Although 48 cows (n = 12/treatment) were initially
enrolled in the experiment, during the experiment, 2
cows (n = 2 for HS-OAPB) had to be removed due to
pre-existing health conditions discovered when exposed
to the heat environment (i.e., stomach ulcer and clos-
tridial infection) and 1 cow (n = 1 for HS-Con) had to be
removed due to an abortion on d 12 of the study, which
could be attributed to their exposure to a HS environ-
ment. Because the 2 cows in the HS-OAPB treatment
group with pre-existing conditions had to be removed
from the HS environment early in the experimental
period (i.e., d 1 and 3), these cows were excluded from
the final sample and data analyses, which is reflected
in all tables and figures. The HS-Con cow that aborted
on d 12 of the study was kept in the data set until
d 12 because we cannot rule out the possibility that
this outcome was caused by the treatment. Cows in
the HS-Con and HS-OAPB groups had increased rectal
and skin temperatures and respiration rates compared
with cows maintained in thermoneutrality (Treatment,
P < 0.01; Figure 1). The increase in rectal tempera-
tures peaked at 2.1°C higher in HS-Con compared with
TN-Con cows (Supplemental Table S1; https://data
.mendeley.com/datasets/6px2ns6spc/1; Fontoura et
al., 2022¢). The peaks for rectal and skin temperatures
were 40.7°C and 38.6°C during the afternoon clinical
assessment. We also observed that the TN-PF group
had lower rectal and skin temperatures and respiration
rates relative to cows in the TN-Con group (Treatment,
P < 0.01; Figure 2).

Exposure to heat stress resulted in lesser BW and
greater BW loss for HS-Con, TN-PF, and HS-OAPB
cows compared with TN-Con cows (Treatment x Week,
P < 0.01; Table 2 and Supplemental Figure S1A; https:
//data.mendeley.com/datasets/j3sfwjhzxn/1; Fontoura
et al., 2022a). However, when compared with HS-Con,
the OA/PB cows tended to have smaller BW loss (HS-
Con vs. HS-OAPB, P = 0.15; Table 2 and Supplemen-

Journal of Dairy Science Vol. 105 No. 9, 2022

7847

—e— TN-Con

A

415 -
41.0 -
© 405 A
¥ 400 -
3
T 395 -
8390 -
$385 1§
8 38.0 -
3
2375 -
37.0 -
36.5

~#---TN-PF —&—HS-Con =  HS-OAPB

Treatment, P < 0.01

Day, P< 0.01

Time, P<0.01

Treatment x Day, P< 0.01
Treatment x Time, P < 0.01
SEM=0.10

- n- D oo\
n-A - AP N

BL 1234567 891011121314

Treatment, P < 0.01

Day, P< 0.01

Time, P<0.01

Treatment x Day, P < 0.01

400 - Treatment x Time, P < 0.01
SEM=0.16
39.0 1
9 38.0 A
g 370 -
£
360 {8
8
QE, 35.0 1
+ 34.0
£
&% 33.0 -
32.0 A
31.0
BL 1234567 891011121314
C Treatment, P < 0.01
Day, P<0.01
Time, P < 0.01
140 - Treatment x Day, P< 0.01
Treatment x Time, P < 0.01
E 120 A SEM = 1.90
2'100 1
o 80
s
'5 60 - z
©
£ 40 1
w
@ 20 -
0

BL 12345678 91011121314

Day of experiment

Figure 2. Effects of environmental conditioning and dietary organ-
ic acid and pure botanical supplementation on (A) rectal temperature,
(B) skin temperature, and (C) respiration (resp) rate of pregnant mul-
tiparous lactating Holstein cows. Cows were randomly assigned to 1 of
4 treatments at enrollment: unsupplemented thermoneutral conditions
(TN-Con, n = 12), heat stress with no supplementation (HS-Con, n =
12), thermoneutral conditions pair-fed to HS-Con (TN-PF, n = 12),
and HS supplemented with organic acids and pure botanicals (OA/
PB; 75 mg/kg of BW; AviPlus R; contains 25% citric acid, 16.7% sor-
bic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; Vetagro
S.p.A.; HS-OAPB, n = 10). Control cows (not supplemented with OA/
PB) received a matching dose of the lipid matrix. BL = baseline values
for acclimation period.
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Table 2. Effects of heat stress and dietary organic acid and pure botanical supplementation on productive performance, milk composition, and

feed efficiency of lactating multiparous Holstein cows

Treatment' P-value®
HS-Con vs.  HS-Con vs.  HS-Con vs.
Variable TN-Con TN-PF HS-Con HS-OAPB SEM  Treatment TN-Con TN-PF HS-OAPB
Productive performance
BW, kg 684 655 629 640 5.61 <0.01 <0.01 <0.01 0.17
Live weight variation, kg/d 0.23 —4.10 —5.22 —3.83 0.66 <0.01 <0.01 0.22 0.15
DML, kg/d 24.8 12.8 13.4 14.8 0.65 <0.01 <0.01 0.54 0.14
Total water intake,” L/d 160 108 107 137 8.35 <0.01 <0.01 0.89 <0.01
Voluntary water intake, L/d 135 80.6 97.2 122 5.68 <0.01 <0.01 0.05 <0.01
Milk yield, kg/d 34.3 25.3 22.5 25.2 1.24 <0.01 <0.01 0.09 0.12
3.5% FCM, kg/d 42.4 33.3 29.0 31.5 1.08 <0.01 <0.01 0.01 0.10
ECM, kg/d 41.0 31.9 27.4 30.2 1.04 <0.01 <0.01 <0.01 0.05
Milk composition, %
Fat 4.93 5.22 5.26 4.80 0.13 0.06 0.07 0.82 0.02
Protein 3.29 3.23 3.02 3.06 0.04 <0.01 <0.01 <0.01 0.53
Lactose 4.86 4.78 4.79 4.84 0.23 0.07 0.04 0.75 0.11
TS 14.1 14.1 14.0 13.6 0.13 0.08 0.64 0.52 0.08
SCS 2.01 2.14 2.32 1.92 0.17 0.42 0.20 0.44 0.12
MUN, mg/dL 11.5 11.7 15.9 13.5 0.44 <0.01 <0.01 <0.01 <0.01
Milk solids, kg/d
Fat 1.66 1.35 1.18 1.24 0.05 <0.01 <0.01 0.01 0.34
Protein 1.13 0.86 0.69 0.80 0.03 <0.01 <0.01 <0.01 0.01
Lactose 1.67 1.28 1.08 1.26 0.05 <0.01 <0.01 <0.01 0.01
Feed efficiency ratio
Milk* i 1.39 1.94 1.72 1.67 0.05 <0.01 <0.01 <0.01 0.51
3.5% FCME" 2.67 2.36 1.85 1.76 0.20 0.02 0.02 0.09 0.65
ECME' 2.53 2.24 1.76 1.69 0.23 0.01 0.01 0.08 0.81

'Forty-six pregnant multiparous and lactating Holstein cows were randomly assigned to 1 of 4 treatments at enrollment: unsupplemented ther-
moneutral conditions (TN-Con, n = 12), heat stress with no supplementation (HS-Con, n = 12), thermoneutral conditions pair-fed to HS-Con
(TN-PF, n = 12), and HS supplemented with organic acids and pure botanicals (OA/PB; 75 mg/kg of BW; AviPlus R; contains 25% citric acid,
16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; Vetagro S.p.A.; HS-OAPB, n = 10). Control cows (not supplemented with

OA/PB) received a matching dose of the lipid matrix.

*Statistical significance was considered when P < 0.05. Trend toward significance was considered when 0.05 < P < 0.15.

3Calculated as the sum of water in feed and voluntary water intake.
*Milk efficiency was calculated as the ratio of milk yield and DML
"ECM efficiency was calculated as the ratio of ECM and DML

%3.5% FCM efficiency was calculated as the ratio of 3.5% FCM and DMI.

tal Figure S1A). The DMI of HS-Con cows was reduced
by approximately 44% compared with TN-Con cows
(HS-Con vs. TN-Con, P < 0.01; Table 2; Figure 3A).
As a result of the study design, TN-PF and HS-Con
cows had similar DMI (P = 0.54; Table 2; Figure 3A).
Supplementation with OA/PB tended to restore DMI
by ~10% relative to HS-Con (HS-Con vs. HS-OAPB,
P = 0.14; Table 2, Figure 3A). Voluntary water intake
was decreased in HS-Con relative to TN-Con cows (P
< 0.01; Table 2; Figure 3B), whereas supplementation
with OA/PB increased voluntary water intake relative
to HS-Con (P < 0.01; Table 2; Figure 3B). Importantly,
these results were also observed when we summed total
water intake (HS-Con vs. TN-Con, P < 0.01, and HS-
Con vs. HS-OAPB, P < 0.01; Table 2 and Supplemen-
tal Figure S1C).

Heat-stress exposure reduced yields of milk, 3.5%
FCM, and ECM (Treatment, P < 0.01; Table 2, Fig-
ure 3C and 3D). Both TN-PF and HS-OAPB groups
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had significant or trended toward significantly superior
performance (i.e., milk yield, FCM, ECM) compared
with HS-Con cows (Table 2). The HS-Con cows also
had reduced fat, protein, lactose, and TS relative to
TN-Con cows (P < 0.01; Table 2; Figures 4A and 4C,
Supplemental Figures S1E and S1G, respectively).
Yield of ECM was also reduced in heat-stressed cows,
especially when considering ECM efficiency (1.76 vs.
2.53, HS-Con vs. TN-Con, P = 0.01; Table 2 and Figure
3D). Although we did not observe a restorative effect
of OA/PB for feed efficiency (HS-Con vs. HS-OAPB,
P > 0.51; Table 2 and Supplemental Figure S1I), we
did detect evidence for improved nitrogen efficiency
that resulted in increased milk protein yield with OA/
PB supplementation (HS-Con vs. HS-OAPB, P = 0.01;
Figure 4B), reduced MUN (HS-Con vs. HS-OAPB, P
< 0.01; Figure 4C), and trends toward a reduction in
PUN (HS-Con vs. HS-OAPB, P = 0.08; Figure 4D) for
HS-OAPB cows relative to their HS-Con counterparts.
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Figure 3. Effects of environmental conditioning and dietary organic acid and pure botanical supplementation on (A) DMI, (B) water intake,
(C) milk yield, and (D) ECM of pregnant multiparous lactating Holstein cows. Cows were randomly assigned to 1 of 4 treatments at enrollment:
unsupplemented thermoneutral conditions (TN-Con, n = 12), heat stress with no supplementation (HS-Con, n = 12), thermoneutral conditions
pair-fed to HS-Con (TN-PF, n = 12), and HS supplemented with organic acids and pure botanicals (OA/PB; 75 mg/kg of BW; AviPlus R;
contains 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; Vetagro S.p.A.; HS-OAPB, n = 10). Control
cows (not supplemented with OA/PB) received a matching dose of the lipid matrix. BL = baseline values for acclimation period.

Plasma total FA concentrations were increased in
TN-PF relative to HS-Con (HS-Con vs. TN-PF, P =
0.02; Table 3, Figure 5A). Heat stress exposure in un-
supplemented cows also resulted in decreased plasma
glucose concentrations relative to TN-Con (HS-Con
vs. TN-Con, P = 0.02; Table 3, Figure 5B), increased
plasma insulin concentrations (HS-Con vs. TN-PF, P
= 0.03; Table 3, Figure 5C) relative to TN-PF, and in-
creased PUN levels (P < 0.01; Table 3, Figure 4D) rela-
tive to TN-Con and TN-PF. We also observed increased
serum triglyceride concentrations in HS-Con relative to
TN-Con (HS-Con vs. TN-Con, P = 0.01; Table 3, Fig-
ure 5D). We observed higher concentrations of plasma
cholesterol in HS-Con relative to TN-Con (HS-Con vs.
TN-Con, P = 0.05; Table 3, Figure 5E), with a reduc-
tion in esterified cholesterol concentrations in the HS-
Con cows relative to TN-PF (HS-Con vs. TN-Con, P =
0.01; Figure 5F). Reflective of the esterified cholesterol
patterns, plasma concentrations of total cholesterol
were increased in TN-PF cows (HS-Con vs. TN-PF,
P = 0.03; Table 3, Figure 5G). Heat-stress exposure
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also elevated circulating plasma LBP concentrations
relative to thermoneutrality and pair-feeding (HS-Con
vs. TN-Con, P < 0.01; HS-Con vs. TN-PF, P = 0.03).
Apart from the reduced PUN and LBP concentrations
relative to HS-Con cows (HS-Con vs. HS-OAPB, P =
0.08 and P = 0.02, respectively), supplementation of
OA/PB did not overtly modify circulating metabolites
or insulin.

The results from the in vivo gastrointestinal perme-
ability Cr-EDTA assay are presented in Figure 6 and
Supplemental Figure S2 (https://data.mendeley.com/
datasets/xkr93dz6vr/1; Fontoura et al., 2022b). During
acute heat stress (i.e., d 3 of heat conditioning), we
observed that HS-Con cows had increased plasma Cr
concentrations from h 4 to 24 h compared with their
TN-Con counterparts (Treatment x Time, P < 0.01;
e.g., TN-Con vs. HS-Con at h 12, P < 0.01; Figure
6A). Relative to the TN-PF cows, HS-Con cows also
had increased plasma Cr AUC concentrations (HS-Con
vs. TN-PF, P = 0.04; Figure 6B). The HS-Con cows
also had increased apparent total-tract gastrointestinal
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Figure 4. Effects of environmental conditioning and dietary organic acid and pure botanical supplementation on milk components and yields
of pregnant multiparous lactating Holstein cows. (A) Milk fat percent, (B) fat yield, (C) protein percent, (D) protein yield, and (E) MUN. Cows
were randomly assigned to 1 of 4 treatments at enrollment: unsupplemented thermoneutral conditions (TN-Con, n = 12), heat stress with no
supplementation (HS-Con, n = 12), thermoneutral conditions pair-fed to HS-Con (TN-PF, n = 12), and HS supplemented with organic acids
and pure botanicals (OA/PB; 75 mg/kg of BW; AviPlus R; contains 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6%
triglyceride; Vetagro S.p.A.; HS-OAPB, n = 10). Control cows (not supplemented with OA/PB) received a matching dose of the lipid matrix.

BL = baseline values for acclimation period.

permeability compared with their pair-fed counterparts
(Treatment x Time, P < 0.01; e.g., TN-PF vs. HS-Con
at h 8 and 12, P < 0.01; Figure 6A). In addition, plas-
ma Cr AUC for HS-Con cows were ~35% higher than
that of TN-Con cows (HS-Con vs. TN-Con, P = 0.05;
Figure 6B). Furthermore, we observed that OA/PB
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supplementation lowered circulating Cr concentrations
12 h after Cr-EDTA pulse dose on d 3 relative to HS-
Con cows (Treatment x Time, P < 0.01, respectively;
Figure 6A). However, plasma Cr AUC concentrations
were not modified by HS-OAPB relative to HS-Con
(Figure 6B). After chronic exposure (i.e., d 13 of en-
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Table 3. Effects of heat stress and dietary organic acid and pure botanical supplementation on metabolic and inflammation markers and insulin

concentrations of lactating multiparous Holstein cows

Treatment' P-value®

HS-Con vs.  HS-Con vs.  HS-Con vs.
Variable TN-Con TN-PF HS-Con HS-OAPB SEM  Treatment TN-Con TN-PF HS-OAPB
Total fatty acids, pmol/L 147 459 349 325 33.3 <0.01 <0.01 0.02 0.62
Glucose, mg/dL 69.5 64.6 62.4 63.5 1.96 0.07 0.02 0.41 0.69
Insulin, ng/mL 1.03 0.59 0.86 0.97 0.09 <0.01 0.18 0.03 0.38
Plasma urea-N, mg/dL 9.4 10.1 12.8 11.8 0.42 <0.01 <0.01 <0.01 0.08
Triglycerides, mg/dL 11.0 12.0 13.0 12.0 0.50 0.07 0.01 0.17 0.19
Cholesterol, mg/dL 39.2 45.3 45.3 43.9 2.09 0.16 0.05 0.99 0.65
Esterified cholesterol, mg/dL 145 166 138 138 7.23 0.04 0.49 0.01 0.98
Total cholesterol, mg/dL 186 212 184 182 9.25 0.10 0.89 0.03 0.89
LPS-binding protein, pg/mL 3.45 4.09 5.57 3.91 0.52 0.02 <0.01 0.03 0.02

'Forty-six pregnant multiparous and lactating Holstein cows were randomly assigned to 1 of 4 treatments at enrollment: unsupplemented ther-
moneutral conditions (TN-Con, n = 12), heat stress with no supplementation (HS-Con, n = 12), thermoneutral conditions pair-fed to HS-Con
(TN-PF, n = 12), and HS supplemented with organic acids and pure botanicals (OA/PB; 75 mg/kg of BW; AviPlus R; contains 25% citric acid,
16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; Vetagro S.p.A.; HS-OAPB, n = 10). Control cows (not supplemented with

OA/PB) received a matching dose of the lipid matrix.

*Statistical significance was considered when P < 0.05. Trend toward significance was considered when 0.05 < P < 0.15.

vironmental conditioning), we observed that HS-Con
cows had increased plasma Cr concentrations relative
to TN-Con cows from h 12 to 24 (Treatment x Time,
P < 0.10; e.g., HS-Con vs. TN-Con, P = 0.05 at h 18;
Figure 6C). We also observed a tendency for higher
plasma Cr AUC in HS-Con cows relative to TN-Con
(HS-Con vs. TN-Con, P = 0.14; Figure 6D). However,
when compared with TN-PF cows, HS-Con cows had
similar plasma Cr concentrations (HS-Con vs. TN-PF,
P = 0.56; Figure 6C) and similar Cr AUC (HS-Con
vs. TN-PF, P = 0.91; Figure 6D). Furthermore, we
observed increased plasma Cr concentrations in TN-PF
cows relative to TN-Con cows from h 12 to 24 (Treat-
ment X Time, P = 0.04 for h 12, P = 0.02 for h 18,
and P = 0.10 for h 24; Figure 6C). However, plasma Cr
AUC was numerically but not significantly greater for
TN-PF cows on d 13 relative to TN-Con cows.

DISCUSSION

As reviewed by Baumgard et al. (2017), heat stress
is defined as a problem for dairy systems, and yet heat
stress continues to jeopardize milk production and
health in dairy cattle in the United States and beyond.
The thermal comfort zone (TCZ) in dairy cattle can be
assessed using a calculated index that incorporates both
temperature and relative humidity of an environment
(i.e., THI). The TCZ of dairy cows was considered when
THI <71 (Armstrong, 1994). However, recent research
suggests that the TCZ for lactating cows is shifting to a
lower THI threshold, with cows experiencing heat stress
when THI exceeds 68 (Zimbelman et al., 2009; Tao et
al., 2018). This shift in THI can be attributed to the in-
creased genetic potential for milk production of modern
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dairy herds (Brito et al., 2021) and the inherent heat
sensitivity of high-producing dairy cows (Aguilar et al.,
2010). In our study, we were able to maintain a THI
of 68 in thermoneutrality and a THI range from 74 to
82 during the day, maintaining a THI of 74 at night in
heat-stress conditions. We observed the expected clini-
cal responses, including higher rectal and skin tempera-
tures and increased respiration rates, in heat-stressed
cows relative to their TN counterparts. The observed
increases in these parameters were within previously
reported values observed for heat-stressed lactating
cows (Becker et al., 2020). Another important observa-
tion was the reduced skin and rectal temperatures and
respiration rates of TN-PF cows relative to TN-Con,
which has been demonstrated previously (Rhoads et
al., 2009; O’Brien et al., 2010). The decreased plane of
nutrition by restricting the DMI of pair-fed cows most
likely led to less metabolic heat generated by lower feed
digestion (Lean, 2002).

Decreasing DMI is a hallmark adaptation that dairy
cows undergo when exposed to environmental condi-
tions that cause heat stress (West, 2003). It is not
uncommon to see a >30% decrease in DMI in cows
experiencing heat stress (Collier et al., 2017). This re-
sponse is likely regulated by the central nervous system
(Andersson and Larsson, 1961) and potentially medi-
ated through the hypothalamic-pituitary-adrenal axis,
as demonstrated in other farm animal species (e.g.,
poultry; Quinteiro-Filho et al., 2012; Song et al., 2012).
In our study, we observed an overall ~45% reduction in
DMI in cows exposed to high THI. By utilizing a pair-
feeding regimen, the reduction in DMI alone explained
63 to 78% of the decrease in milk yield during wk 1 and
2, respectively. Similarly, the reduced DMI explained
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Figure 5. Effects of environmental conditioning and dietary organic acid and pure botanical supplementation on metabolic markers, and
hormone concentrations of pregnant multiparous lactating Holstein cows. Circulating levels of (A) total fatty acids, (B) glucose, (C) insulin, (D)
plasma urea-N (PUN), (E) triglycerides, (F) cholesterol, (G) esterified cholesterol, and (H) total cholesterol. Cows were randomly assigned to 1
of 4 treatments at enrollment: unsupplemented thermoneutral conditions (TN-Con, n = 12), heat stress with no supplementation (HS-Con, n
= 12), thermoneutral conditions pair-fed to HS-Con (TN-PF, n = 12), and HS supplemented with organic acids and pure botanicals (OA/PB;
75 mg/kg of BW; AviPlus R; contains 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; Vetagro S.p.A.;
HS-OAPB, n = 10). Control cows (not supplemented with OA/PB) received a matching dose of the lipid matrix. BL = baseline values for ac-
climation period.
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Figure 6. Effects of environmental conditioning and dietary organic acid and pure botanical supplementation on in vivo intestinal perme-
ability measure by (A, C) chromium (Cr) concentrations in plasma per unit of BW, and (B, D) area under the curve (AUC) after a pulse dose
of Cr-EDTA in pregnant multiparous lactating Holstein cows. Panels A and B are relative to Cr-EDTA challenge on d 3 of heat stress condition-
ing; panels C and D are relative to Cr-EDTA challenge on d 13 of heat stress conditioning. Cows were randomly assigned to 1 of 4 treatments
at enrollment: unsupplemented thermoneutral conditions (TN-Con, n = 12), heat stress with no supplementation (HS-Con, n = 12), thermo-

neutral conditions pair-fed to HS-Con (TN-PF, n = 12), and HS supplemented with organic acids and pure botanicals (OA/PB; 75 mg/kg of
BW:; AviPlus R; contains 25% citric acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin, and 55.6% triglyceride; Vetagro S.p.A.; HS-OAPB, n
= 10). Control cows (not supplemented with OA/PB) received a matching dose of the lipid matrix. LHS-Con vs. TN-Con, Treatment x Time,
P < 0.15; *HS-Con vs. TN-PF, Treatment x Time, P < 0.15; {TN-PF vs. TN-Con, Treatment x Time, P < 0.15; {HS-Con vs. HS-OAPB,

Treatment x Time, P < 0.15.

34 to 74% and 40 to 75% of the decrease in ECM and
FCM during wk 1 and 2, respectively. In relation to
water intake, HS-Con cows consumed less water rela-
tive to TN-Con cows. In contrast to our hypothesis and
common thinking, our findings differ from the notion
that cows increase water intake during bouts of heat ex-
posure (West, 2003; Hall et al., 2018). We attribute this
divergence to the level of milk production of our study
cows, as the reduction in water intake may be an adap-
tive response of high-producing cows (i.e., >30 kg/d in
thermoneutrality) because of a reduced requirement for
milk synthesis and demand for lower heat production
associated with milk synthesis (Collier, et al., 2019).
However, it is important to note that compared with
TN-PF cows, HS-Con cows had higher water consump-
tion (by ~17 L/d). Such reductions in TN-PF cows are
reasonable, considering the strong positive correlation
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between DMI and water intake (Holter and Urban,
1992; Dado and Allen, 1994).

Exposure to an environment with a high THI modi-
fies milk fat and protein synthesis in lactating cows and,
in turn, directly affects the synthesis of ECM. Indeed,
we observed that HS-Con cows had reduced yields of
milk, ECM, and milk solids compared with TN-Con
and TN-PF cows. The reduction in milk fat yield of
HS cows, relative to their TN-PF counterparts, is con-
troversial in climate-controlled studies. Some studies
do not observe alterations in milk fat percentage in
cows exposed to elevated heat (Rhoads et al., 2009;
Wheelock et al., 2010), whereas others detect reduced
milk fat yield (Ouellet et al., 2019). Some argue that
milk fat synthesis is sustained by an increase in the
incorporation of preformed FA (i.e., >C16) into milk
fat (Hammami et al., 2015; Liu et al., 2017). In the
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present study, we did not detect a difference in milk
fat percentage between HS-Con and TN-PF cows; how-
ever, the observed reduction in milk fat yield with heat
stress is plausible considering several field observations
of reduced milk fat during the warmer months in the
United States and other temperate climates (Hammami
et al., 2013; Bernabucci et al., 2014; Salfer et al., 2019).
Previous reports indicate that exposure to a heat-stress
environment decreases de novo FA synthesis (i.e., C4
to C14) in the mammary gland (Liu et al., 2017). This
could stem from a shortage of acetate due to reduced
DMI (Bauman et al., 1970; Urrutia et al., 2019). Ex-
posure to a heat-stress environment also appears to
inhibit milk protein synthesis. The observed decrease in
milk protein concentrations in HS-Con cows, relative to
TN-Con and TN-PF cows, agrees with previous reports
(Cowley et al., 2015; Gao et al., 2017). Heat exposure
does appear to affect the ability of the mammary gland
to synthesize milk proteins by downregulating the ex-
pression of major milk protein genes such as (3-casein
and butyrophilin (Hu et al., 2016). Importantly, the
transcriptional downregulation of milk protein genes,
such as late endosomal/lysosomal adaptor, mitogen-
activated protein kinase, and mammalian target of ra-
pamycin activator 2, which are crucial for mammalian
target of rapamycin activation and downstream protein
synthesis (Gao et al., 2019), further suggests there is an
intrinsic transcriptomic downregulation of milk protein
synthesis in the mammary gland during heat exposure.
Moreover, heat stress develops with oxidative stress and
increased mitochondrial dysfunction in the mammary
gland (Guo et al., 2021), which may further contribute
to reductions in protein synthesis (Slimen et al., 2014).

Evaluating feed efficiency for dairy herds on the sole
basis of milk volume per unit of feed consumed may be
misleading (Britt et al., 2003). This is especially impor-
tant for the heat-stressed dairy cow, as the metabolic
changes in fat and protein metabolism (Baumgard and
Rhoads, 2013) have the capacity to alter metabolism
in the mammary gland and reduce milk component
synthesis (Cowley et al., 2015; Ouellet et al., 2019).
Thus, evaluating feed efficiency based on ECM is ap-
propriate. We observed a decrease in milk efficiency
(i.e., milk yield:DMI ratio) in HS-Con cows relative to
TN-PF cows but not TN-Con cows. However, ECME
and FCME values were lower for HS-Con cows than for
TN-Con or TN-PF cows. Tao et al. (2018), while evalu-
ating 3.5% FCME in early-lactation heat-stressed cows
relative to actively cooled cows, observed no change in
3.5% FCME. The divergence across studies may be due
to difference in environmental conditions (e.g., a cli-
mate-controlled study versus a heat-stress environment
with or without cooling). Nonetheless, it is important
for us to consider how heat stress affects feed efficiency
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because economic loss involving inputs (e.g., feed costs
and heat abatement using natural resources) and out-
puts (i.e., ECM, FCM) is a reality, and decreases in the
efficiency of milk production can contribute to a greater
carbon footprint by the dairy industry, assuming that
the planet continues to warm, and Holsteins remain the
dominant dairy breed in temperate climates.

We were able to confirm that heat-stressed cows
mobilize body fat but to a lesser extent than TN-PF
cows. This reduction in body fat mobilization is a clas-
sic feature of heat exposure in dairy cows (Baumgard
and Rhoads, 2013). The observed higher plasma insulin
concentrations of HS-Con, relative to TN-PF cows, is
explanatory considering the strong antilipolytic action
of insulin (Arner et al., 1981). The observed increase in
circulating triglyceride concentrations of HS-Con rela-
tive to TN-Con cows is comparable to findings derived
in nonruminants (Emami et al., 2020). A decrease in
mammary gland uptake of triglyceride is one explana-
tion. Alternatively, hepatic triglyceride export within
very low density lipoproteins could be enhanced during
heat stress; however, significant evidence suggests that
a reduced capability of triglyceride export may develop
during heat-stress conditioning due to downregulation
of hepatic apolipoprotein B100 and a reduction in
circulating apolipoproteins (Basirico et al., 2009; Min
et al., 2016). We also documented a temporal change
in circulating cholesterol status with the heat-stress
response. Specifically, circulating cholesterol concentra-
tions were greater in TN-PF and HS-Con cows relative
to the TN-Con cows. This could be due to an increase
in hepatic acetate supply due to an increase in FA
B-oxidation. In addition, the upregulation of hepatic
3-hydroxyl-3-methylglutaryl-coenzyme A reductase, the
rate-limiting enzyme of cholesterol synthesis, has been
observed in response to elevated environmental tem-
peratures (i.e., 37°C to 45°C) in rat hepatocyte cultures
(Corton et al., 1994). Our observations are important
to consider because cholesterol aids in the development
of the heat shock response (Balogh et al., 2013). Cho-
lesterol may also be esterified with fatty acyl chains. In
our study, TN-PF cows had greater concentrations of
esterified cholesterol than cows in the other treatment
groups. This could be attributed to the heightened
availability of plasma total FA in the pair-fed group.
The potential implications of these findings on bovine
biology are uncertain at the present time.

It is clear that other factors—beyond reductions in
DMI——contribute to reduced milk synthesis in heat-
stressed cows. The current hypothesis is that heat ex-
posure increases gastrointestinal permeability and acti-
vates the immune system to shift nutrient partitioning
away from the mammary gland (Kvidera et al., 2017;
Koch et al., 2019). Our observation of higher plasma
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Cr AUC of HS-Con cows, relative to TN-Con and
TN-PF cows, during acute environmental conditioning
(i.e., d 3) indicates that initial exposure to an elevated
heat environment causes gastrointestinal permeability
in lactating dairy cows. Our finding is in alignment
with Koch et al. (2019), who observed the infiltration
of macrophage-like cells in the mucosa and submucosal
layer of the jejunum and reduced mRNA and protein
abundance of paracellular tight junction protein zonula
occludens in heat-stressed cows after 4 d exposure to
moderate heat (i.e., THI = 76). Progressive exposure
(i.e., 13 d) to a heat-stress environment was able to
maintain heightened gastrointestinal permeability of
HS-Con cows, relative to TN-Con or TN-PF cows,
although the response was muted compared with that
at d 3. It is important to highlight that we measured
total-tract gastrointestinal permeability. Although the
ruminal epithelial barrier may also experience disrup-
tions caused by reduced pH and increased lactate
levels after HS exposure (Steele et al., 2016; Zhao et
al., 2019), postruminal gut permeability could be a
greater contributor to impaired gut barrier because of
the thinner and more delicate intestinal epithelium.
Future work should determine whether heat stress in-
creases postruminal gut permeability and whether this
outcome persists with time. Nonetheless, the increased
gastrointestinal permeability that we observed during
acute and chronic heat exposure is an important obser-
vation related to the physiological adaptation to heat
stress. Impairments in the gastrointestinal barrier are
likely to result in increased transmigration of commen-
sal and pathogenic bacteria and bacterial-derived me-
tabolites, such as LPS. Our observations of increased
circulating levels of LBP, a soluble acute-phase protein
that binds to bacterial LPS and elicits an immune
response (Kvidera et al., 2017), further supports this
notion, because LPS has the potential to elicit a local
inflammatory response in the gut and has been shown
to lead to systemic inflammation in mouse models (Yue
et al., 2012; Mohammad and Thiemermann, 2021). In
the lactating dairy cow, this reprioritizes glucose utili-
zation toward the immune system and away from milk
synthesis (Kvidera et al., 2017).

Acute feed restriction did not impair total-tract gut
permeability after 3 d. These findings contradict work
by Horst et al. (2020). They observed that with a 40%
feed restriction, which is similar to the feed reduction in
TN-PF cows in our study, gastrointestinal permeability
was enhanced in mid-lactation dairy cows housed in
thermoneutrality. Our data suggest that heat-stress
exposure is detrimental to the gastrointestinal tract,
independent of changes in DMI during acute heat expo-
sure. However, as nutrient restriction for TN-PF cows
progressed (i.e., after 12 d), we observed an increase
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in gastrointestinal permeability relative to TN-Con
cows. Thus, it appears that chronic nutrient restriction
can contribute to increased gut permeability. This has
been shown in a swine model of heat stress, where after
7 d of heat exposure (i.e., ~35°C) or pair-feeding in
growing pigs, intestinal permeability measured using
Ussing chambers was similar between the HS and PF
groups (Pearce et al., 2013). Tt is interesting to postu-
late whether chronic periods of nutrient deficit (e.g.,
during the postpartum period) would potentiate gut
permeability following heat exposure. In our study, the
contrasting response between acute heat exposure and
pair-feeding on gut permeability also raises the ques-
tion of how the mechanisms of impaired gut barrier are
different or similar considering the delayed response to
nutrient restriction. It is also important to note that
even though we did not measure the isotopic composi-
tion of Cr in the diet, the fact that we still observed a
significant increase in circulating »Cr concentrations in
HS-Con cows with reduced DMI suggests that dietary
Cr had a negligible effect on our results.

Although a common practice in poultry and swine
production (Tugnoli et al., 2020), dietary OA/PB
supplementation in ruminant species remains relatively
unexplored. The large variety of OA and PB that can
be blended makes it difficult to compare unique modes
of action for each compound (Pearlin et al., 2020).
However, we considered OA/PB as a dietary feed ad-
ditive for heat-stressed cows because of its documented
ability to improve growth performance in poultry
species (Mohammadi Gheisar et al., 2015) and pigs
experiencing weaning stress (Grilli et al., 2015b), and
its potential to improve intestinal permeability demon-
strated ex vivo (Grilli et al., 2015b; Toschi et al., 2020).
Thus, the current OA/PB mixture (i.e., 25% citric
acid, 16.7% sorbic acid, 1.7% thymol, 1.0% vanillin,
and 55.6% triglyceride matrix) has been shown to have
bactericidal and anti-inflammatory properties (Toschi
et al., 2020). Moreover, previous evidence supports the
reduction of pathogenic bacteria (e.g., Escherichia coli
and Salmonella spp.) in rumen fluid supplemented with
water-solubilized OA /PB at 5% (vol/vol) (Grilli et al.,
2015a); however, whether this effect occurs in the small
intestine in response to feeding rumen-protected OA/
PB is uncertain.

We were able to observe partial restoration of lacta-
tion performance of heat-stressed cows supplemented
with OA/PB relative to their unsupplemented counter-
parts (i.e., HS-Con). The HS-OAPB cows had signifi-
cantly greater yields of ECM, milk protein, and lactose;
these increases were more pronounced after exposure to
high THI for 7 d, remaining elevated until the end of
the 14-d experimental period. Specifically, HS-OAPB
cows produced 2.7 kg/d more milk than HS-Con cows.
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Moreover, HS-OAPB cows tended to have higher yields
of ECM and 3.5% FCM (i.e., +2.8 and +2.5 kg/d, re-
spectively). The increase in ECM and milk solids could
be partly explained by the increased DMI of HS-OAPB
cows relative to HS-Con cows. Cows with HS-OAPB
treatment consumed an additional ~1.4 kg of DM daily.
Increased DMI with dietary OA/PB supplementation
has also been observed in weaned dairy calves fed OA/
PB at the same feeding level (i.e., 75 mg/kg of BW;
Fontoura, 2022). Although the mechanistic reason for
increased intake remains unclear, evidence supports
sorbic acid action on the insulin growth factor (IGF)
system. Previous work indicates that supplementation
of sorbic acid also increases feed intake in swine and
was demonstrated to increase circulating IGF-1 and
mRNA expression of IGF1R in hepatocytes (Luo et al.,
2011), which may stimulate the arcuate nucleus of the
hypothalamus and thereby stimulate feed intake (Hong
et al., 2017). In addition to increased DMI, dietary
inclusion of citric acid could have served as a key sub-
strate for ruminal acetate production (Wright, 1971).
Although this requires confirmation in the dairy cow,
dietary citric acid supplementation has been shown to
increase ruminal acetate production in steers (Wang et
al., 2009). The inclusion of thymol and vanillin might
also have contributed to increased FCM and DMI, con-
sidering that Kung et al. (2008), when supplementing
mid-lactation Holstein cows with a blend of PB that
included thymol and vanillin (daily dose: 1.2 g/d for
9 wk), also observed substantial increases in DMI and
3.5% FCM in supplemented cows.

Optimizing nitrogen use efficiency (i.e., incorpora-
tion into milk while reducing excretion) is considered a
key action to reduce the environmental impact of dairy
systems (Calsamiglia et al., 2010). Importantly, during
heat-stress exposure, lactating cattle go through meta-
bolic adaptations to survive the increased heat load that
results in increased use of glucose and AA in other body
tissues rather than incorporation into milk (Baumgard
and Rhoads, 2013), which leads to increased N excre-
tion (Gao et al., 2017). Our observations of increased
milk protein yields and decreased MUN and PUN in
HS-OAPB cows, relative to unsupplemented HS-Con
cows, suggests that OA/PB supplementation was able
to improve nitrogen efficiency during exposure to heat
stress. This improvement may have been achieved in
part by the additional energy provided by higher DMI
of HS-OAPB cows (i.e., ~4.0 Mcal of ME/d, ~2.4 Mcal
of NE;,/d more relative to HS-Con) that allowed more
energy to support protein synthesis in the mammary
gland (Lobley, 2007). The elevated circulating insulin
concentrations in heat-stressed cows could be another
contributing factor that, combined with increased di-
etary energy intake with OA/PB feeding, could have

Journal of Dairy Science Vol. 105 No. 9, 2022

7856

supported higher milk protein yields in HS-OAPB
cows. It has been demonstrated previously that insu-
lin is a potent regulator of milk protein synthesis by
increasing the expression of genes directly involved in
protein synthesis, casein synthesis, and AA uptake ex
vivo (Menzies et al., 2009), as well as increased milk
protein synthesis (by 15%) when administered during
a hyperinsulinemic-euglycemic clamp in late-lactation
cows (Mackle et al., 2000). The observed increased wa-
ter intake in HS-OAPB cows, relative to HS-Con cows,
could also be playing a role. It has been shown that a
50% decrease in water consumption increases nitrogen
excretion in the urine and milk and increases circulat-
ing PUN (Steiger Burgos et al., 2001). In this scenario,
it is likely that urea recycling in the kidneys plays an
important role in water conservation and reduction
of urinary volume and thus water loss (Maltz et al.,
1981). However, whether a reduction of ~20% in water
intake, which is closer to the reduction of HS-Con rela-
tive to HS-OABP, can produce similar effects remains
unknown.

In general, with the exception of circulating PUN
levels, OA/PB supplementation did not greatly affect
metabolic markers and insulin concentrations. The
results obtained from the Cr-EDTA permeability test
also displayed some degree of homogeneity, relative to
HS-Con response, and although numerically lower, the
plasma Cr AUC of HS-OAPB cows was not signifi-
cantly different from that of HS-Con cows on d 3 or 13.
However, dietary OA/PB feeding decreased circulating
Cr concentrations following the Cr-EDTA challenge
on d 3 (i.e., h 12). These findings suggest a modest
but real improvement in gut barrier with OA/PB
supplementation. This is in alignment with others that
demonstrated improved intestinal barrier in response
to OA/PB supplementation using ex vivo intestinal
explants and Caco-2 cells (Grilli et al., 2015b; Toschi
et al., 2020). In addition, the reduced concentration
of LBP in HS-OAPB cows, relative to HS-Con cows,
further supports an improvement in intestinal health
of OA/PB supplemented cows. The hypothesized mode
of action for OA/PB to improve the intestinal bar-
rier likely involves reducing the presence of pathogenic
bacteria and their direct anti-inflammatory properties
(Bonetti et al., 2020; Tugnoli et al., 2020); however,
this requires further study in ruminants. We are aware
that components of the OA/PB supplement (e.g., citric
acid) have chelating properties but we are uncertain
whether this affected our Cr results; this finding de-
serves recognition and further attention. Regardless,
the improvement of gastrointestinal barrier with OA/
PB could explain the gains in ECM yields observed
with this feeding strategy. Considering how changes
in gut microbiota may influence intestinal permeabil-
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ity and mucosal immunity (Bischoff et al., 2014) and
the potential for OA/PB feeding to modulate the gut
microbiome, future research should determine whether
the ability of OA /PB supplementation to partly restore
milk production is due to protective effects on the gut
microbiome and barrier integrity.

CONCLUSIONS

In multiparous Holstein cows, we confirmed that re-
peated bouts of heat exposure (i.e., 14 d) impaired lac-
tation performance (i.e., yields of milk, ECM, and 3.5%
FCM, milk components and solids, and ECME and
FCME) and developed a febrile response and increased
total-tract gastrointestinal permeability. We were able
to demonstrate that decreased milk production and
increased apparent total-tract gastrointestinal perme-
ability were not solely caused by a reduction in feed
intake. However, our findings suggest that increases
in apparent total-tract gastrointestinal permeability
develop quickly with initial exposure to heat stress but
reduce over time. The dietary supplementation of OA/
PB in heat-stressed cows resulted in higher MY and
ECM, which could have been partly explained by the
increased DMI of HS-OAPB cows. The increased energy
delivery provided by the higher DMI in HS-OAPB cows
also contributed to improved nitrogen efficiency and re-
sponded with higher milk protein yield compared with
their HS-Con counterparts. We conclude that dietary
OA/PB supplementation is a means to partly restore
milk production in lactating dairy cattle experiencing
heat stress.

ACKNOWLEDGMENTS

We acknowledge the financial support from the
Northeast Sustainable Agriculture Research and
Education Graduate Student Research Grant (GNE
#18-171; South Burlington, VT), the Foundation for
Food and Agriculture (FFAR) for the Seeding Solu-
tions Grant (CA18-SS-0000000144; Washington, DC),
and the FFAR Fellowship that supported Ananda Fon-
toura. We also express appreciation for Vetagro S.p.A.
that served as the FFAR industry cosponsor for both
programs. We thank Michael Van Amburgh (Cornell
University, Ithaca, NY) and Lance Baumgard (Iowa
State University, Ames) for their thoughtful contribu-
tions to our study. From Cornell University, we thank
Bruce Berggren-Thomas, Lindsay Sprague, RaeAnne
Carpenter, Crystal Chang, Meghan Deys, Arianna Fer-
guson, Tanya France, Ian Frost, Darren Kwan, Michelle
Li, Regina Martinez, Andres Ortega, Victoria Reiter,
Jacob Rubin, Caitlin Russoti, Brianna Tate, Melissa
Vogellus, and Maxine Zaretsky for sample collection

Journal of Dairy Science Vol. 105 No. 9, 2022

7857

support, and Susanne Pelton and Shree Giri for labora-
tory technical support. We also thank Greg Johnson,
Lisa Furman, and Samantha Schon at the Cornell
University Dairy Research Center (Dryden, NY) and
Jessica Waltemeyer, Jeff Jebbett, Jeff Novitski, John
Steele, and Lilyanna Berghorn at the Cornell Univer-
sity Large Animal Research and Teaching Unit (Ithaca,
NY). E. Grilli reports a relationship with Vetagro Inc.
that includes board membership. The authors have not
stated any other conflicts of interest.

REFERENCES

Aguilar, 1., I. Misztal, and S. Tsuruta. 2010. Short communication:
Genetic trends of milk yield under heat stress for US Holsteins. J.
Dairy Sci. 93:1754-1758. https://doi.org/10.3168/jds.2009-2756.

Ali, A. K. A, and G. E. Shook. 1980. An optimum transformation for
somatic cell concentration in milk. J. Dairy Sci. 63:487-490. https:
//doi.org/10.3168 /jds.S0022-0302(80)82959-6.

Andersson, B., and B. Larsson. 1961. Influence of local temperature
changes in the preoptic area and rostral hypothalamus on the reg-
ulation of food and water intake. Acta Physiol. Scand. 52:75-89.
https://doi.org/10.1111/j.1748-1716.1961.tb02203 x.

AOAC International. 2000. Official Methods of Analysis. 17th ed.
AOAC International.

Armstrong, D. V. 1994. Heat stress interaction with shade and cool-
ing. J. Dairy Sci. 77:2044-2050. https://doi.org/10.3168/jds.S0022
-0302(94)77149-6.

Arner, P., J. Bolinder, P. Engfeldt, and J. Ostman. 1981. The antilipo-
lytic effect of insulin in human adipose tissue in obesity, diabetes
mellitus, hyperinsulinemia, and starvation. Metabolism 30:753—
760. https://doi.org/10.1016/0026-0495(81)90020-2.

Balogh, G., M. Péter, A. Glatz, I. Gombos, Z. Torok, I. Horvath, J. L.
Harwood, and L. Vigh. 2013. Key role of lipids in heat stress man-
agement. FEBS Lett. 587:1970-1980. https://doi.org/10.1016/j
febslet.2013.05.016.

Basirico, L., U. Bernabucci, P. Morera, N. Lacetera, and A. Nardone.
2009. Gene expression and protein secretion of apolipoprotein
B100 (ApoB100) in transition dairy cows under hot or thermoneu-
tral environments. Ital. J. Anim. Sci. 8(Suppl. 2):592-594. https:/
/doi.org/10.4081 /ijas.2009.52.592.

Bauman, D. E., R. E. Brown, and C. L. Davis. 1970. Pathways of fatty
acid synthesis and reducing equivalent generation in mammary
gland of rat, sow, and cow. Arch. Biochem. Biophys. 140:237-244.
https://doi.org/10.1016/0003-9861(70)90028-7.

Baumgard, L. H., R. J. Collier, and D. E. Bauman. 2017. A 100-Year
Review: Regulation of nutrient partitioning to support lactation.
J. Dairy Sci. 100:10353-10366. https://doi.org/10.3168/jds.2017
-13242.

Baumgard, L. H., and R. P. J. Rhoads Jr.. 2013. Effects of heat
stress on postabsorptive metabolism and energetics. Annu. Rev.
Anim. Biosci. 1:311-337. https://doi.org/10.1146/annurev-animal
-031412-103644.

Becker, C. A.,; R. J. Collier, and A. E. Stone. 2020. Invited review:
Physiological and behavioral effects of heat stress in dairy cows. J.
Dairy Sci. 103:6751-6770. https://doi.org/10.3168/jds.2019-17929.

Bernabucci, U., S. Biffani, L. Buggiotti, A. Vitali, N. Lacetera, and A.
Nardone. 2014. The effects of heat stress in Italian Holstein dairy
cattle. J. Dairy Sci. 97:471-486. https://doi.org/10.3168/jds.2013
-6611.

Bischoff, S. C., G. Barbara, W. Buurman, T. Ockhuizen, J.-D. Schul-
zke, M. Serino, H. Tilg, A. Watson, and J. M. Wells. 2014. In-
testinal permeability—A new target for disease prevention and
therapy. BMC Gastroenterol. 14:189. https://doi.org/10.1186/
s12876-014-0189-7.

Bonetti, A., B. Tugnoli, B. Rossi, G. Giovagnoni, A. Piva, and E.
Grilli. 2020. Nature-identical compounds and organic acids reduce


https://doi.org/10.3168/jds.2009-2756
https://doi.org/10.3168/jds.S0022-0302(80)82959-6
https://doi.org/10.3168/jds.S0022-0302(80)82959-6
https://doi.org/10.1111/j.1748-1716.1961.tb02203.x
https://doi.org/10.3168/jds.S0022-0302(94)77149-6
https://doi.org/10.3168/jds.S0022-0302(94)77149-6
https://doi.org/10.1016/0026-0495(81)90020-2
https://doi.org/10.1016/j.febslet.2013.05.016
https://doi.org/10.1016/j.febslet.2013.05.016
https://doi.org/10.4081/ijas.2009.s2.592
https://doi.org/10.4081/ijas.2009.s2.592
https://doi.org/10.1016/0003-9861(70)90028-7
https://doi.org/10.3168/jds.2017-13242
https://doi.org/10.3168/jds.2017-13242
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.3168/jds.2019-17929
https://doi.org/10.3168/jds.2013-6611
https://doi.org/10.3168/jds.2013-6611
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1186/s12876-014-0189-7

Fontoura et al.: HEAT STRESS AND INTESTINAL PERMEABILITY

E. coli K88 growth and virulence gene expression in vitro. Toxins
(Basel) 12:468. https://doi.org/10.3390/toxins12080468.

Brito, L. F., N. Bedere, F. Douhard, H. R. Oliveira, M. Arnal, F.
Penagaricano, A. P. Schinckel, C. F. Baes, and F. Miglior. 2021.
Review: Genetic selection of high-yielding dairy cattle toward
sustainable farming systems in a rapidly changing world. Animal
15:100292. https://doi.org/10.1016/j.animal.2021.100292.

Britt, J. S., R. C. Thomas, N. C. Speer, and M. B. Hall. 2003. Effi-
ciency of converting nutrient dry matter to milk in Holstein herds.
J. Dairy Sci. 86:3796-3801. https://doi.org/10.3168/jds.S0022
-0302(03)73987-3.

Calsamiglia, S., A. Ferret, C. K. Reynolds, N. B. Kristensen, and
A. M. van Vuuren. 2010. Strategies for optimizing nitrogen use
by ruminants. Animal 4:1184-1196. https://doi.org/10.1017/
S1751731110000911.

Chaney, A. L., and E. P. Marbach. 1962. Modified reagents for deter-
mination of urea and ammonia. Clin. Chem. 8:130-132. https://
doi.org/10.1093/clinchem/8.2.130.

Collier, R. J., D. K. Beede, W. W. Thatcher, L. A. Israel, and C. J.
Wilcox. 1982. Influences of environment and its modification on
dairy animal health and production. J. Dairy Sci. 65:2213-2227.
https://doi.org/10.3168/jds.S0022-0302(82)82484-3.

Collier, R. J., L. H. Hall, L. H. Baumbard, R. B. Zimbelman, and
Y. Xiao. 2019. Feed and water intake of heat stressed cattle. Ac-
cessed Dec. 19, 2021. http://wdmc.org/wp-content /uploads/2019/
05/Collier-Robert.pdf.

Collier, R. J., B. J. Renquist, and Y. Xiao. 2017. A 100-Year Review:
Stress physiology including heat stress. J. Dairy Sci. 100:10367
10380. https://doi.org/10.3168 /jds.2017-13676.

Corton, J. M., J. G. Gillespie, and D. G. Hardie. 1994. Role of the
AMP-activated protein kinase in the cellular stress response. Curr.
Biol. 4:315-324. https://doi.org/10.1016,/S0960-9822(00)00070-1.

Cowley, F. C., D. G. Barber, A. V. Houlihan, and D. P. Poppi. 2015.
Immediate and residual effects of heat stress and restricted intake
on milk protein and casein composition and energy metabolism. J.
Dairy Sci. 98:2356-2368. https://doi.org/10.3168/jds.2014-8442.

Dado, R. G., and M. S. Allen. 1994. Variation in and relationships
among feeding, chewing, and drinking variables for lactating dairy
cows. J. Dairy Sci. 77:132-144. https://doi.org/10.3168/jds.S0022
-0302(94)76936-8.

Emami, N. K., U. Jung, B. Voy, and S. Dridi. 2020. Radical response:
Effects of heat stress-induced oxidative stress on lipid metabolism
in the avian liver. Antioxidants 10:35. https://doi.org/10.3390/
antiox10010035.

Ferreira, F. C., R. S. Gennari, G. E. Dahl, and A. De Vries. 2016. Eco-
nomic feasibility of cooling dry cows across the United States. J.
Dairy Sci. 99:9931-9941. https://doi.org/10.3168/jds.2016-11566.

Fontoura, A. B. P. 2022. The effects of heat stress and organic acid
and pure botanical supplementation on growth and lactation in
dairy cattle. PhD Diss. Department of Animal Science, Cornell
University, Ithaca, NY.

Fontoura, A., A. Javaid, V. Sainz De La Maza Escola, N. Salandy, S.
Fubini, E. Grilli, and J. McFadden. 2022a. Supplemental Figure 1.
Mendeley Data, V1. https://doi.org/10.17632/j3stwjhzxn.1.

Fontoura, A., A. Javaid, V. Sdinz De La Maza Escola, N. Salandy, S.
Fubini, E. Grilli, and J. McFadden. 2022b. Supplemental Figure 2.
Mendeley Data, V1. https://doi.org/10.17632/xkr93dz6vr.1.

Fontoura, A., A. Javaid, V. Sainz De La Maza Escola, N. Salandy, S.
Fubini, E. Grilli, and J. McFadden. 2022c. Supplemental Table 1.
Effects of heat stress and dietary organic acid and plant botani-
cal supplementation on clinical assessments of lactating multipa-
rous Holstein cows. Mendeley Data, V1. https://doi.org/10.17632/
6px2ns6spe.1.

Gao, S. T., J. Guo, S. Y. Quan, X. M. Nan, M. V. S. Fernandez,
L. H. Baumgard, and D. P. Bu. 2017. The effects of heat stress
on protein metabolism in lactating Holstein cows. J. Dairy Sci.
100:5040-5049. https://doi.org/10.3168/jds.2016-11913.

Gao, S. T., L. Ma, Z. Zhou, Z. K. Zhou, L. H. Baumgard, D. Jiang, M.
Bionaz, and D. P. Bu. 2019. Heat stress negatively affects the tran-
scriptome related to overall metabolism and milk protein synthesis

Journal of Dairy Science Vol. 105 No. 9, 2022

7858

in mammary tissue of midlactating dairy cows. Physiol. Genomics
51:400-409. https://doi.org/10.1152/physiolgenomics.00039.2019.

Garcia, A. B., N. Angeli, L. Machado, F. C. de Cardoso, and F. Gon-
zalez. 2015. Relationships between heat stress and metabolic and
milk parameters in dairy cows in southern Brazil. Trop. Anim.
Health Prod. 47:889-894. https://doi.org/10.1007/s11250-015
-0804-9.

Grilli, E., R. Bari, A. Piva, T. S. Edrington, D. W. Pitta, W. E.
Pinchak, D. J. Nisbet, and T. R. Callaway. 2015a. Organic acid
blend with pure botanical product treatment reduces Escherichia
coli and Salmonella populations in pure culture and in in vitro
mixed ruminal microorganism fermentations. Foodborne Pathog.
Dis. 12:56-61. https://doi.org/10.1089/fpd.2014.1826.

Grilli, E., B. Tugnoli, J. L. Passey, C. H. Stahl, A. Piva, and A. J.
Moeser. 2015b. Impact of dietary organic acids and botanicals on
intestinal integrity and inflammation in weaned pigs. BMC Vet.
Res. 11:96. https://doi.org/10.1186/s12917-015-0410-0.

Guo, Z., S. Gao, J. Ouyang, L. Ma, and D. Bu. 2021. Impacts of heat
stress-induced oxidative stress on the milk protein biosynthesis
of dairy cows. Animals (Basel) 11:726. https://doi.org/10.3390/
anil1030726.

Hall, D. M., G. R. Buettner, L. W. Oberley, L. Xu, R. D. Matthes,
and C. V. Gisolfi. 2001. Mechanisms of circulatory and intesti-
nal barrier dysfunction during whole body hyperthermia. Am. J.
Physiol. Heart Circ. Physiol. 280:H509-H521. https://doi.org/10
.1152/ajpheart.2001.280.2.H509.

Hall, L. W., F. Villar, J. D. Chapman, D. J. McLean, N. M. Long,
Y. Xiao, J. L. Collier, and R. J. Collier. 2018. An evaluation of
an immunomodulatory feed ingredient in heat-stressed lactating
Holstein cows: Effects on hormonal, physiological, and production
responses. J. Dairy Sci. 101:7095-7105. https://doi.org/10.3168/
jds.2017-14210.

Hammami, H., J. Bormann, N. M’hamdi, H. H. Montaldo, and N. Gen-
gler. 2013. Evaluation of heat stress effects on production traits
and somatic cell score of Holsteins in a temperate environment. J.
Dairy Sci. 96:1844-1855. https://doi.org/10.3168/jds.2012-5947.

Hammami, H., J. Vandenplas, M.-L. Vanrobays, B. Rekik, C. Bas-
tin, and N. Gengler. 2015. Genetic analysis of heat stress effects
on yield traits, udder health, and fatty acids of Walloon Holstein
cows. J. Dairy Sci. 98:4956-4968. https://doi.org/10.3168/jds.2014
-9148.

Hassan, H. M. A., M. A. Mohamed, A. W. Youssef, and E. R. Hassan.
2010. Effect of using organic acids to substitute antibiotic growth
promoters on performance and intestinal microflora of broilers.
Asian-Australas. J. Anim. Sci. 23:1348-1353. https://doi.org/10
.5713/ajas.2010.10085.

Holter, J. B., and W. E. Urban Jr.. 1992. Water partitioning and
intake prediction in dry and lactating Holstein cows. J. Dairy Sci.
75:1472-1479.  https://doi.org/10.3168/jds.S0022-0302(92) 77904
-1.

Hong, H., Z.-Z. Cui, L. Zhu, S.-P. Fu, M. Rossi, Y.-H. Cui, and B.-M.
Zhu. 2017. Central IGF1 improves glucose tolerance and insulin
sensitivity in mice. Nutr. Diabetes 7:2. https://doi.org/10.1038/
$41387-017-0002-0.

Horst, E. A., E. J. Mayorga, M. Al-Qaisi, S. Rodriguez-Jimenez, B.
M. Goetz, M. A. Abeyta, P. J. Gorden, S. K. Kvidera, and L.
H. Baumgard. 2020. Evaluating effects of zinc hydroxychloride on
biomarkers of inflammation and intestinal integrity during feed re-
striction. J. Dairy Sci. 103:11911-11929. https://doi.org/10.3168/
jds.2020-18860.

Hu, H., Y. Zhang, N. Zheng, J. Cheng, and J. Wang. 2016. The effect
of heat stress on gene expression and synthesis of heat-shock and
milk proteins in bovine mammary epithelial cells. Anim. Sci. J.
87:84-91. https://doi.org/10.1111/asj.12375.

Joo, S. S.,S. J. Lee, D. S. Park, D. H. Kim, B.-H. Gu, Y. J. Park, C. Y.
Rim, M. Kim, and E. T. Kim. 2021. Changes in blood metabolites
and immune cells in Holstein and Jersey dairy cows by heat stress.
Animals (Basel) 11:974. https://doi.org/10.3390/anil1040974.

Kendall, P. E.,; C. B. Tucker, D. E. Dalley, D. A. Clark, and J. R.
Webster. 2008. Milking frequency affects the circadian body tem-


https://doi.org/10.3390/toxins12080468
https://doi.org/10.1016/j.animal.2021.100292
https://doi.org/10.3168/jds.S0022-0302(03)73987-3
https://doi.org/10.3168/jds.S0022-0302(03)73987-3
https://doi.org/10.1017/S1751731110000911
https://doi.org/10.1017/S1751731110000911
https://doi.org/10.1093/clinchem/8.2.130
https://doi.org/10.1093/clinchem/8.2.130
https://doi.org/10.3168/jds.S0022-0302(82)82484-3
http://wdmc.org/wp-content/uploads/2019/05/Collier-Robert.pdf
http://wdmc.org/wp-content/uploads/2019/05/Collier-Robert.pdf
https://doi.org/10.3168/jds.2017-13676
https://doi.org/10.1016/S0960-9822(00)00070-1
https://doi.org/10.3168/jds.2014-8442
https://doi.org/10.3168/jds.S0022-0302(94)76936-8
https://doi.org/10.3168/jds.S0022-0302(94)76936-8
https://doi.org/10.3390/antiox10010035
https://doi.org/10.3390/antiox10010035
https://doi.org/10.3168/jds.2016-11566
https://doi.org/10.17632/j3sfwjhzxn.1
https://doi.org/10.17632/xkr93dz6vr.1
https://doi.org/10.17632/6px2ns6spc.1
https://doi.org/10.17632/6px2ns6spc.1
https://doi.org/10.3168/jds.2016-11913
https://doi.org/10.1152/physiolgenomics.00039.2019
https://doi.org/10.1007/s11250-015-0804-9
https://doi.org/10.1007/s11250-015-0804-9
https://doi.org/10.1089/fpd.2014.1826
https://doi.org/10.1186/s12917-015-0410-0
https://doi.org/10.3390/ani11030726
https://doi.org/10.3390/ani11030726
https://doi.org/10.1152/ajpheart.2001.280.2.H509
https://doi.org/10.1152/ajpheart.2001.280.2.H509
https://doi.org/10.3168/jds.2017-14210
https://doi.org/10.3168/jds.2017-14210
https://doi.org/10.3168/jds.2012-5947
https://doi.org/10.3168/jds.2014-9148
https://doi.org/10.3168/jds.2014-9148
https://doi.org/10.5713/ajas.2010.10085
https://doi.org/10.5713/ajas.2010.10085
https://doi.org/10.3168/jds.S0022-0302(92)77904-1
https://doi.org/10.3168/jds.S0022-0302(92)77904-1
https://doi.org/10.1038/s41387-017-0002-0
https://doi.org/10.1038/s41387-017-0002-0
https://doi.org/10.3168/jds.2020-18860
https://doi.org/10.3168/jds.2020-18860
https://doi.org/10.1111/asj.12375
https://doi.org/10.3390/ani11040974

Fontoura et al.: HEAT STRESS AND INTESTINAL PERMEABILITY

perature rhythm in dairy cows. Livest. Sci. 117:130-138. https://
doi.org/10.1016/j.livsci.2007.12.009.

Kenney, W. L., and G. Havenith. 1993. Heat stress and age: Skin blood
flow and body temperature. J. Therm. Biol. 18:341-344. https://
doi.org/10.1016,/0306-4565(93)90056-Y.

Koch, F.; U. Thom, E. Albrecht, R. Weikard, W. Nolte, B. Kuhla,
and C. Kuehn. 2019. Heat stress directly impairs gut integrity and
recruits distinct immune cell populations into the bovine intestine.
Proc. Natl. Acad. Sci. USA 116:10333-10338. https://doi.org/10
.1073/pnas.1820130116.

Krishnamoorthy, U., T. V. Muscato, C. J. Sniffen, and P. J. Van
Soest. 1982. Nitrogen fractions in selected feedstuffs. J. Dairy Sci.
65:217-225. https://doi.org/10.3168 /jds.S0022-0302(82)82180-2.

Krumm, C. S., S. L. Giesy, L. S. Caixeta, J. W. Perfield 2nd, H. Sau-
erwein, B. L. Moore, and Y. R. Boisclair. 2019. Fibroblast growth
factor-21 (FGF21) administration to early-lactating dairy cows.
1. Effects on signaling and indices of insulin action. J. Dairy Sci.
102:11586-11596. https://doi.org/10.3168/jds.2019-16695.

Kung, L. Jr., P. Williams, R. J. Schmidt, and W. Hu. 2008. A blend of
essential plant oils used as an additive to alter silage fermentation
or used as a feed additive for lactating dairy cows. J. Dairy Sci.
91:4793-4800. https://doi.org/10.3168/jds.2008-1402.

Kvidera, S. K., E. A. Horst, M. Abuajamieh, E. J. Mayorga, M. V. S.
Fernandez, and L. H. Baumgard. 2017. Glucose requirements of an
activated immune system in lactating Holstein cows. J. Dairy Sci.
100:2360-2374. https://doi.org/10.3168/jds.2016-12001.

Lean, I. J. 2002. Ration formulation. Systems describing nutritional
requirements of dairy cows. Pages 2353-2364 in Encyclopedia of
Dairy Sciences. H. Roginski, ed. Academic Press.

Liu, Z., V. Ezernieks, J. Wang, N. W. Arachchillage, J. B. Garner, W.
J. Wales, B. G. Cocks, and S. Rochfort. 2017. Heat stress in dairy
cattle alters lipid composition of milk. Sci. Rep. 7:961. https://doi
.org/10.1038/s41598-017-01120-9.

Lobley, G. E. 2007. Protein-energy interactions: Horizontal aspects.
Pages 445-462 in Energy and Protein Metabolism and Nutrition.
I. Ortigues-Marty, N. Miraux, and W. Brand-Williams, ed. Wa-
geningen Academic Publishers.

Luo, Z. F., X. L. Fang, G. Shu, S. B. Wang, X. T. Zhu, P. Gao, L. L.
Chen, C. Y. Chen, Q. Y. Xi, Y.-L. Zhang, and Q. Y. Jiang. 2011.
Sorbic acid improves growth performance and regulates insulin-
like growth factor system gene expression in swine. J. Anim. Sci.
89:2356-2364. https://doi.org/10.2527/jas.2010-3677.

Ma, J., X. Piao, Q. Shang, S. Long, S. Liu, and S. Mahfuz. 2021.
Mixed organic acids as an alternative to antibiotics improve serum
biochemical parameters and intestinal health of weaned piglets.
Anim. Nutr. 7:737-749. https://doi.org/10.1016/j.aninu.2020.11
.018.

Mackle, T. R., D. A. Dwyer, K. L. Ingvartsen, P. Y. Chouinard, D. A.
Ross, and D. E. Bauman. 2000. Effects of insulin and postruminal
supply of protein on use of amino acids by the mammary gland for
milk protein synthesis. J. Dairy Sci. 83:93-105. https://doi.org/10
.3168/jds.S0022-0302(00)74860-0.

Maltz, E., N. Silanikova, and A. Shkolnik. 1981. Renal performance in
relation to water and nitrogen metabolism in Bedouin goats during
lactation. Comp. Biochem. Physiol. A Comp. Physiol. 70:145-147.
https://doi.org/10.1016,/0300-9629(81)90411-4.

Mani-Lépez, E., H. S. Garcia, and A. Lépez-Malo. 2012. Organic acids
as antimicrobials to control Salmonella in meat and poultry prod-
ucts. Food Res. Int. 45:713-721. https://doi.org/10.1016/j.foodres
.2011.04.043.

Menzies, K. K., C. Lefevre, K. L. Macmillan, and K. R. Nicholas. 2009.
Insulin regulates milk protein synthesis at multiple levels in the
bovine mammary gland. Funct. Integr. Genomics 9:197-217. https:
//doi.org/10.1007/s10142-008-0103-x.

Min, L., J. Cheng, S. Zhao, H. Tian, Y. Zhang, S. Li, H. Yang, N.
Zheng, and J. Wang. 2016. Plasma-based proteomics reveals im-
mune response, complement and coagulation cascades pathway
shifts in heat-stressed lactating dairy cows. J. Proteomics 146:99—
108. https://doi.org/10.1016/j.jprot.2016.06.008.

Mohammad, S., and C. Thiemermann. 2021. Role of metabolic en-
dotoxemia in systemic inflammation and potential interventions.

Journal of Dairy Science Vol. 105 No. 9, 2022

7859

Front. Immunol. 11:594150. https://doi.org/10.3389/fimmu.2020
.594150.

Mohammadi Gheisar, M., A. Hosseindoust, and I. H. Kim. 2015. Eval-
uating the effect of microencapsulated blends of organic acids and
essential oils in broiler chickens diet. J. Appl. Poult. Res. 24:511—
519. https://doi.org/10.3382/japr/ptv063.

O’Brien, M. D., R. P. Rhoads, S. R. Sanders, G. C. Duff, and L. H.
Baumgard. 2010. Metabolic adaptations to heat stress in growing
cattle. Domest. Anim. Endocrinol. 38:86-94. https://doi.org/10
.1016/j.domaniend.2009.08.005. i}

Ouellet, V., V. E. Cabrera, L. Fadul-Pacheco, and E. Charbonneau.
2019. The relationship between the number of consecutive days
with heat stress and milk production of Holstein dairy cows raised
in a humid continental climate. J. Dairy Sci. 102:8537-8545. https:
//doi.org/10.3168/jds.2018-16060.

Ouellet, V., J. Laporta, and G. E. Dahl. 2020. Late gestation heat
stress in dairy cows: Effects on dam and daughter. Theriogenol-
ogy 150:471-479. https://doi.org/10.1016/j.theriogenology.2020.03
.011.

Pearce, S. C., V. Mani, T. E. Weber, R. P. Rhoads, J. F. Patience, L.
H. Baumgard, and N. K. Gabler. 2013. Heat stress and reduced
plane of nutrition decreases intestinal integrity and function in
pigs. J. Anim. Sci. 91:5183-5193. https://doi.org/10.2527 /jas.2013
-6759.

Pearlin, B. V., S. Muthuvel, P. Govidasamy, M. Villavan, M. Alaga-
wany, M. Ragab Farag, K. Dhama, and M. Gopi. 2020. Role of
acidifiers in livestock nutrition and health: A review. J. Anim.
Physiol. Anim. Nutr. (Berl.) 104:558-569. https://doi.org/10
1111 /jpn.13282.

Pires, J. A., A. H. Souza, and R. R. Grummer. 2007. Induction of
hyperlipidemia by intravenous infusion of tallow emulsion causes
insulin resistance in Holstein cows. J. Dairy Sci. 90:2735-2744.
https://doi.org/10.3168/jds.2006-759.

Quinteiro-Filho, W. M., M. V. Rodrigues, A. Ribeiro, V. Ferraz-de-
Paula, M. L. Pinheiro, L. R. M. S4a, A. J. P. Ferreira, and J.
Palermo-Neto. 2012. Acute heat stress impairs performance pa-
rameters and induces mild intestinal enteritis in broiler chickens:
Role of acute hypothalamic-pituitary-adrenal axis activation. J.
Anim. Sci. 90:1986-1994. https://doi.org/10.2527 /jas.2011-3949.

Rhoads, M. L., R. P. Rhoads, M. J. VanBaale, R. J. Collier, S. R.
Sanders, W. J. Weber, B. A. Crooker, and L. H. Baumgard. 2009.
Effects of heat stress and plane of nutrition on lactating Holstein
cows: 1. Production, metabolism, and aspects of circulating so-
matotropin. J. Dairy Sci. 92:1986-1997. https://doi.org/10.3168/
jds.2008-1641.

Rossi, B., A. Toschi, A. Piva, and E. Grilli. 2020. Single components
of botanicals and nature-identical compounds as a non-antibiotic
strategy to ameliorate health status and improve performance in
poultry and pigs. Nutr. Res. Rev. 33:218-234. https://doi.org/10
.1017/50954422420000013.

Salfer, 1. J., C. D. Dechow, and K. J. Harvatine. 2019. Annual rhythms
of milk and milk fat and protein production in dairy cattle in the
United States. J. Dairy Sci. 102:742-753. https://doi.org/10.3168/
jds.2018-15040.

Slimen, I. B., T. Najar, A. Ghram, H. Dabbebi, M. Ben Mrad, and M.
Abdrabbah. 2014. Reactive oxygen species, heat stress and oxida-
tive-induced mitochondrial damage. A review. Int. J. Hyperther-
mia 30:513-523. https://doi.org/10.3109/02656736.2014.971446.

Song, Z., L. Liu, A. Sheikhahmadi, H. Jiao, and H. Lin. 2012. Effect
of heat exposure on gene expression of feed intake regulatory pep-
tides in laying hens. J. Biomed. Biotechnol. 2012:484869. https://
doi.org/10.1155/2012/484869.

St-Pierre, N. R., B. Cobanov, and G. Schnitkey. 2003. Economic losses
from heat stress by US livestock industries. J. Dairy Sci. 86:E52—
E77. https://doi.org/10.3168/jds.S0022-0302(03)74040-5.

Steele, M. A., G. B. Penner, F. Chaucheyras-Durand, and L. L. Guan.
2016. Development and physiology of the rumen and the lower
gut: Targets for improving gut health. J. Dairy Sci. 99:4955-4966.
https://doi.org/10.3168/jds.2015-10351.

Steiger Burgos, M. S., M. Senn, F. Sutter, M. Kreuzer, and W. Lang-
hans. 2001. Effect of water restriction on feeding and metabo-


https://doi.org/10.1016/j.livsci.2007.12.009
https://doi.org/10.1016/j.livsci.2007.12.009
https://doi.org/10.1016/0306-4565(93)90056-Y
https://doi.org/10.1016/0306-4565(93)90056-Y
https://doi.org/10.1073/pnas.1820130116
https://doi.org/10.1073/pnas.1820130116
https://doi.org/10.3168/jds.S0022-0302(82)82180-2
https://doi.org/10.3168/jds.2019-16695
https://doi.org/10.3168/jds.2008-1402
https://doi.org/10.3168/jds.2016-12001
https://doi.org/10.1038/s41598-017-01120-9
https://doi.org/10.1038/s41598-017-01120-9
https://doi.org/10.2527/jas.2010-3677
https://doi.org/10.1016/j.aninu.2020.11.018
https://doi.org/10.1016/j.aninu.2020.11.018
https://doi.org/10.3168/jds.S0022-0302(00)74860-0
https://doi.org/10.3168/jds.S0022-0302(00)74860-0
https://doi.org/10.1016/0300-9629(81)90411-4
https://doi.org/10.1016/j.foodres.2011.04.043
https://doi.org/10.1016/j.foodres.2011.04.043
https://doi.org/10.1007/s10142-008-0103-x
https://doi.org/10.1007/s10142-008-0103-x
https://doi.org/10.1016/j.jprot.2016.06.008
https://doi.org/10.3389/fimmu.2020.594150
https://doi.org/10.3389/fimmu.2020.594150
https://doi.org/10.3382/japr/pfv063
https://doi.org/10.1016/j.domaniend.2009.08.005
https://doi.org/10.1016/j.domaniend.2009.08.005
https://doi.org/10.3168/jds.2018-16060
https://doi.org/10.3168/jds.2018-16060
https://doi.org/10.1016/j.theriogenology.2020.03.011
https://doi.org/10.1016/j.theriogenology.2020.03.011
https://doi.org/10.2527/jas.2013-6759
https://doi.org/10.2527/jas.2013-6759
https://doi.org/10.1111/jpn.13282
https://doi.org/10.1111/jpn.13282
https://doi.org/10.3168/jds.2006-759
https://doi.org/10.2527/jas.2011-3949
https://doi.org/10.3168/jds.2008-1641
https://doi.org/10.3168/jds.2008-1641
https://doi.org/10.1017/S0954422420000013
https://doi.org/10.1017/S0954422420000013
https://doi.org/10.3168/jds.2018-15040
https://doi.org/10.3168/jds.2018-15040
https://doi.org/10.3109/02656736.2014.971446
https://doi.org/10.1155/2012/484869
https://doi.org/10.1155/2012/484869
https://doi.org/10.3168/jds.S0022-0302(03)74040-5
https://doi.org/10.3168/jds.2015-10351

Fontoura et al.: HEAT STRESS AND INTESTINAL PERMEABILITY

lism in dairy cows. Am. J. Physiol. Regul. Integr. Comp. Physi-
ol. 280:R418-R427. https://doi.org/10.1152/ajpregu.2001.280.2
.R418.

Tao, S., R. M. Orellana, X. Weng, T. N. Marins, G. E. Dahl, and J.
K. Bernard. 2018. Symposium review: the influences of heat stress
on bovine mammary gland functionl. J. Dairy Sci. 101:5642-5654.
https://doi.org/10.3168/jds.2017-13727.

Thiex, N. 2009. Evaluation of analytical methods for the determina-
tion of moisture, crude protein, crude fat, and crude fiber in distill-
ers dried grains with solubles. J. AOAC Int. 92:61-73. https://doi
.org/10.1093 /jaoac/92.1.61.

Thiex, N., L. Novotny, and A. Crawford. 2012. Determination of ash in
animal feed: AOAC official method 942.05 revisited. J. AOAC Int.
95:1392-1397. https://doi.org/10.5740/jaoacint.12-129.

Toschi, A., B. Rossi, B. Tugnoli, A. Piva, and E. Grilli. 2020. Na-
ture-identical compounds and organic acids ameliorate and pre-
vent the damages induced by an inflammatory challenge in
Caco-2 cell culture. Molecules 25:4296. https://doi.org/10.3390/
molecules25184296.

Tugnoli, B., G. Giovagnoni, A. Piva, and E. Grilli. 2020. From acidi-
fiers to intestinal health enhancers: How organic acids can improve
growth efficiency of pigs. Animals (Basel) 10:134. https://doi.org/
10.3390/anil0010134.

Urrutia, N., R. Bomberger, C. Matamoros, and K. J. Harvatine. 2019.
Effect of dietary supplementation of sodium acetate and calcium
butyrate on milk fat synthesis in lactating dairy cows. J. Dairy Sci.
102:5172-5181. https://doi.org/10.3168/jds.2018-16024.

Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods for
dietary fiber, neutral detergent fiber, and nonstarch polysaccha-
rides in relation to animal nutrition. J. Dairy Sci. 74:3583-3597.
https://doi.org/10.3168/jds.S0022-0302(91)78551-2.

Wang, C., Q. Liu, J. Meng, W. Z. Yang, X. M. Yang, D. C. He, K. H.
Dong, and Y. X. Huang. 2009. Effects of citric acid supplementa-

Journal of Dairy Science Vol. 105 No. 9, 2022

7860

tion on rumen fermentation, urinary excretion of purine deriva-
tives and feed digestibility in steers. J. Sci. Food Agric. 89:2302—
2307. https://doi.org/10.1002/jsfa.3724.

West, J. W. 2003. Effects of heat-stress on production in dairy cattle.
J. Dairy Sci. 86:2131-2144. https://doi.org/10.3168/jds.S0022
-0302(03)73803-X.

Wheelock, J. B.; R. P. Rhoads, M. J. Vanbaale, S. R. Sanders, and L.
H. Baumgard. 2010. Effects of heat stress on energetic metabolism
in lactating Holstein cows. J. Dairy Sci. 93:644-655. https://doi
.org/10.3168/jds.2009-2295.

Wood, K. M., S. I. Palmer, M. A. Steele, J. A. Metcalf, and G. B.
Penner. 2015. The influence of age and weaning on permeability
of the gastrointestinal tract in Holstein bull calves. J. Dairy Sci.
98:7226-7237. https://doi.org/10.3168/jds.2015-9393.

Wright, D. E. 1971. Citric acid metabolism in the bovine rumen. Appl.
Microbiol. 21:165-168. https://doi.org/10.1128/am.21.2.165-168
1971,

Yue, C., B. Ma, Y. Zhao, Q. Li, and J. Li. 2012. Lipopolysaccharide-
induced bacterial translocation is intestine site-specific and associ-
ates with intestinal mucosal inflammation. Inflammation 35:1880—
1888. https://doi.org/10.1007/s10753-012-9510-1.

Zhao, S., L. Min, N. Zheng, and J. Wang. 2019. Effect of heat stress
on bacterial composition and metabolism in the rumen of lactat-
ing dairy cows. Animals (Basel) 9:925. https://doi.org/10.3390/
ani9110925.

Zimbelman, R. B., R. P. Rhoads, M. L. Rhoads, G. C. Duff, L. H.
Baumgard, and R. J. Collier. 2009. A re-evaluation of the impact
of temperature humidity index (THI) and black globe humidity
index (BGHI) on milk production in high producing dairy cows.
Pages 158-168 in Proc. Southwest Nutrition and Management
Conference, Tempe, AZ. University of Arizona.


https://doi.org/10.1152/ajpregu.2001.280.2.R418
https://doi.org/10.1152/ajpregu.2001.280.2.R418
https://doi.org/10.3168/jds.2017-13727
https://doi.org/10.1093/jaoac/92.1.61
https://doi.org/10.1093/jaoac/92.1.61
https://doi.org/10.5740/jaoacint.12-129
https://doi.org/10.3390/molecules25184296
https://doi.org/10.3390/molecules25184296
https://doi.org/10.3390/ani10010134
https://doi.org/10.3390/ani10010134
https://doi.org/10.3168/jds.2018-16024
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1002/jsfa.3724
https://doi.org/10.3168/jds.S0022-0302(03)73803-X
https://doi.org/10.3168/jds.S0022-0302(03)73803-X
https://doi.org/10.3168/jds.2009-2295
https://doi.org/10.3168/jds.2009-2295
https://doi.org/10.3168/jds.2015-9393
https://doi.org/10.1128/am.21.2.165-168.1971
https://doi.org/10.1128/am.21.2.165-168.1971
https://doi.org/10.1007/s10753-012-9510-1
https://doi.org/10.3390/ani9110925
https://doi.org/10.3390/ani9110925

	Heat stress develops with increased total-tract gut permeability,
and dietary organic acid and pure botanical supplementation
partly restores lactation performance in Holstein dairy cows
	INTRODUCTION
	MATERIALS AND METHODS
	Experimental Design
	Data and Sample Collection
	Sample Analyses
	Calculations and Statistical Analyses

	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


