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Abstract: Heat stress is a global barrier for meat animal production. Sustained exposure of livestock to hot environmen-
tal conditions makes optimal welfare difficult to achieve and produces considerable deficits in growth and efficiency. In
this review, we discuss how livestock are particularly susceptible to heat stress during the period preceding harvest (i.e.,
finishing), when body weights and adiposity are at their greatest. Prenatal heat stress during critical windows for fetal
development also limits postnatal growth and efficiency by inducing adaptive programming in muscle and other tissues.
Skeletal muscle is the epicenter of the physiological changes that occur in response to heat stress due to its substantial
nutrient consumption and metabolic heat production. The high metabolic plasticity and less essential role in acute sur-
vival make muscle an effective target for nutrient reappropriation to support vital neural, cardiac, and endocrine tissues
during stress. Sustained heat stress induces myoblast stem cell dysfunction, which limits the capacity for protein syn-
thesis and, in turn, hypertrophic muscle growth. In addition, heat stress markedly reduces muscle glucose oxidation and
increases lipid oxidation, glycogen deposition, and glycolytic lactate production, all of which are associated with meta-
bolic inefficiency. Recent studies show that the effects of heat stress on muscle are facilitated in part by the induction
of systemic inflammation. Cytokines like TNFa and IL-6 induce dysregulation of cellular processes for myoblast-
facilitated muscle growth and intramuscular fat deposition, which is consistent with reduced carcass quality and yield
observed in heat-stressed animals. Climate predictions include more frequent and extreme heat events, making practical
options to manage the impact of heat stress a necessity for sustainable meat production. This review describes the asso-
ciations between heat stress, systemic inflammation, and the impact on muscle growth, composition, and metabolism. It
also presents recent evidence for the potential benefit of nutraceutical moderators of inflammation on heat stress
outcomes.
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Introduction 2023). Additionally, more than 80% of all goats

and almost 60% of all sheep are raised in hot, arid

Heat stress is the greatest and longest-standing climates (Marino et al., 2016; Joy et al., 2020). A
natural barrier to meat animal production. A  SUrvey of contemporary US cattle producers found
recent study found that about 80% of cattle raised  that 75% had lost animals to heat events, yet only
worldwide experience at least 30 days of environ-  about 22% had developed explicit plans for heat
mental heat stress conditions per year (North et al.,  stress mitigation (Dean et al., 2023). The jarring
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death loss associated with extreme heat conditions
captures public attention, but moderate heat stress
persisting for long durations is far more common,
making it a more consistent threat to industry sus-
tainability (Hahn, 1999; St-Pierre et al., 2003).
Such chronic heat stress is less likely to be fatal,
but it diminishes growth efficiency and carcass
merit (Most and Yates, 2021). In pregnant animals,
chronic heat stress induces adaptive fetal program-
ming that manifests in intrauterine growth restric-
tion (IUGR) and low birthweight (Yates et al.,
2018). Offspring born with moderate IUGR (i.e.,
20-35% lighter than conspecifics) typically survive
but exhibit lifelong deficits in growth efficiency
and body composition, regardless of postnatal envi-
ronment (Greenwood and Bell, 2019; Gibbs et al.,
2020; Gibbs et al., 2023). Poor growth and carcass
metrics following heat stress cost the livestock
industry billions of dollars in lost revenue annually
(Kreikemeier et al., 1998; St-Pierre et al., 2003),
which is a 10-fold greater financial impact than
death losses from acute heat events (Sullivan and
Mader, 2018).

Forecasted changes in global climate threaten
to escalate the impact of heat stress. Experts pre-
dict that heat events will become more frequent,
more severe, and less predictable over the next
century (IPCC, 2022; Vargas Zeppetello et al.,
2022). Adverse environmental conditions are diffi-
cult to overcome through existing management and
abatement practices. Infrastructural components
like water misters and shade can reduce the impact
of heat in some cases (Sullivan and Mader, 2018),
but they are costly and can be inconsistent (Boyd
et al., 2015; Hagenmaier et al., 2016). Long-term
sustainability of the livestock industry will require
nutritional/pharmaceutical strategies that comple-
ment or replace infrastructural heat abatement by
modifying the biological impact of heat stress on
animals. Little progress has been made toward
identifying biological targets for heat-stress pathol-
ogies, but recent findings in sheep and cattle indi-
cate that systemic inflammation is one promising
candidate (Barnes et al.,, 2019; Reith et al.,
2020; Swanson et al., 2020). This review outlines
the evidence that implicates heightened inflamma-
tory tone in poor muscle growth and metabolic
inefficiency of heat-stressed livestock and dis-
cusses the benefits of mitigation with anti-
inflammatory dietary supplements.
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The Impact of Heat Stress in The
Feedlot

Hot ‘n heavy: Size and adiposity increase the
susceptibility of finishing livestock to heat
stress

To help feed a rapidly growing world population,
beef cattle are being finished at heavier weights than
ever before. Feedlot steers arriving for harvest in
January 2025 averaged ~24 kg heavier than in 2024
(USDA-NASS, 2025), ~114 kg heavier than in 2005
(Anderson et al., 2005), and ~240 kg heavier than in
1981 (Barber et al., 1981). At a static frame size,
heavier livestock are more susceptible to heat stress
due to greater metabolic heat production, less efficient
heat dissipation, and a more substantive impact of
reduced dietary intake (Sullivan and Mader, 2018;
Shephard and Maloney, 2023). This makes heat stress
particularly dangerous for feedlot livestock (Hahn,
1999; Hagenmaier et al., 2016), where confinement
limits the ability to seek shade, cool water, or areas
of greater air movement (Mader, 2014; Grandin,
2016). Even modestly high temperature-humidity
indexes can result in negative health and productivity
outcomes for fed livestock (Brown-Brandl et al.,
2003; Brown-Brandl et al., 2017), leading to heat stress
being recognized as a top issue for feedlot producers
(Mader, 2014; Grandin, 2016).

Farewell to welfare: Heat stress devastates
health and well-being in the feedlot

Heat events that are particularly intense or abrupt in
nature can kill large numbers of animals in feedlots. In
the last 2 decades, heat events have cost Midwestern
US feedlots 5,000 or more head of cattle on at least
8 different occasions (Mader, 2014; Myers, 2022;
Hammel, 2023). A single event in 2011 killed
15,000 head of cattle throughout the Midwest, and
another lasting less than 48 h in 2022 cost Kansas feed-
ers 2,300 head of cattle (Myers, 2022; Hammel, 2023).
Each of these animals carried a value of more than
$2,000 and represented about 365 kg of meat. In
Texas, Kansas, and Nebraska, which account for 2/
3 of all US beef feedyards, heat events increase yearly
death loss by an average of 51 animals per 10,000 head
(Mader et al., 2002; St-Pierre et al., 2003). These deaths
of confined livestock do not reflect humane production
standards and are a high-visibility stigma for a closely
scrutinized industry. Common factors that compound
the impact of heat stress in feedlots include the dark
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coats of popular meat breeds, lack of acclimation
opportunities, facility designs that lack shade or wind
circulation, and bunching or huddling of animals
together, which can occur for myriad reasons.

Even moderate heat stress increases core body tem-
perature, triggers hyperventilation, and drives animals
off feed (Mitlohner et al., 2002; Brown-Brandl et al.,
2003; Brown-Brandl et al., 2017). When sustained
for more than about 3 d, these conditions disrupt meta-
bolic function, alter blood pH and electrolyte balance,
and diminish rumen health (Barnes et al., 2019; Barnes
et al., 2021). Heat-stressed animals exhibit aberrant
responses to pathogenic toxins (Carroll et al., 2012)
and frequently develop secondary pathologies such
as hyperlipidemia and alkalosis (Most and Yates,
2021). Although anorexia is a hallmark response to
heat stress (Brown-Brandl et al., 2003; Barnes et al.,
2019), studies utilizing pair-feeding show that much
of the physiological response is independent of dietary
intake (Swanson et al., 2020; Grijalva et al., 2021;
Reith et al., 2022). In pair-fed finishing lambs, heat
stress was associated with insulin resistance, hyperten-
sion, high protein catabolism, and damage to pancre-
atic, liver, and muscle tissues (Swanson et al., 2020;
Grijalva et al., 2021; Grijalva et al., 2023). Heat-
stressed lambs also exhibited markedly increased hoof
overgrowth, which is a predisposition to lameness
(Barnes et al., 2019; Swanson et al., 2020).

Where’s the beef? Heat stress slows muscle
growth and diminishes carcass outcomes

Heat-stressed animals grow poorly, resulting in
lower-yielding carcasses. A 2003 study of trends in
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US feedlots estimated that annual heat stress conditions
reduce gain by as much as 17 kg/head in states with his-
torically hot climates like Texas and Oklahoma, which
house almost one-quarter of all cattle on feed in the US
(St-Pierre et al., 2003). In Midwestern states where
more than half of US beef cattle are fed, heat stress still
reduces weight gain by 5 to 7 kg/head despite typically
milder climates (St-Pierre et al., 2003). Recent studies
using climate-controlled environmental chambers
found that 4 wks of moderate heat stress (85-87
THI) reduced average daily gain by about 30% in fin-
ishing lambs compared to pair-fed thermoneutral coun-
terparts (Swanson et al., 2020; Most et al., 2021;
Grijalva, 2023). By comparison, the average daily gain
of heat-stressed lambs was about 40% less when ther-
moneutral counterparts were not pair-fed and thus
exhibited a 21% reduction in dietary intake (Barnes
et al., 2019; Barnes et al., 2021). Muscle growth is dis-
proportionately diminished compared to other tissues,
which results in about 10% less meat being produced
from each US beef animal (Mitlohner et al., 2002;
Blaine and Nsahlai, 2011; Sullivan and Mader,
2018). Ultrasonic and bioelectrical impedance esti-
mates indicated that 30 d of heat stress in finishing
lambs reduced ribeye area by about 7% and total fat-
free mass by about 5% (Gibbs et al., 2019; Most et al.,
2021; Most, 2022). Necropsies performed at the con-
clusion of the heat-stress period showed that four-rib
cutout sections contained 10-13% less muscle and
up to 10% more fat (Most et al., 2021; Most, 2022).
As summarized in Figure 1, heat stress consistently
reduces individual muscle weights, although the mag-
nitude of the reduction is not necessarily uniform
across the various muscles (Barnes et al., 2019; Most
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Figure 1. Heat stress reduces skeletal muscle growth whether it occurs during gestation or the finishing period. Data compiled from studies using sheep
as a proxy model for beef cattle (Soto et al., 2017; Barnes et al., 2019; Chang et al., 2019; Swanson et al., 2020; Most, 2022; Gibbs et al., 2023; White et al.,

2023b; Beer et al., 2024; White et al., 2025b).
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et al.,, 2021; Most, 2022). Comparable results have
been observed in commercial feedlot cattle, where heat
stress caused livestock to produce smaller carcasses
with diminished marbling and tenderness (Kreikemeier
etal., 1998; St-Pierre et al., 2003). In feedlot heifers, for
example, heat stress reduced hot carcass weight by
7 kg, lowered yield grade by 0.2, and doubled the num-
ber of dark cutters despite a modest 3% reduction in
daily dry matter intake (Mitlohner et al., 2002). Heat
stress also caused almost twice as many carcasses to
grade USDA Select rather than USDA Choice
(Mitlohner et al., 2002). In finishing steers, heat stress
yielded only a 2% reduction in dry matter intake but a
4% reduction in ribeye area (Winders et al., 2023). In a
recent controlled-climate study, Red Angus steers pro-
duced 5% lighter hot carcass weights and 4.5% lighter
cold carcass weights following 21 d of heat stress com-
pared to thermoneutral controls (Grijalva et al., 2022).
In Brahman steers, 21-d heat stress increased carcass a *
from 26.9 t0 28.4 and b* from 12.6 to 13.5 following 7-
d chilling, indicating the meat was deeper red in color
but with a more yellowish tint (Rios et al., 2022).
Comparable color changes occurred after 5, 7.5, and
10 d of chilling in carcasses of Dorper sheep following
2 wks of experimental heat stress (Zhang et al., 2021).

Poor cell service: Heat stress induces muscle
stem cell dysfunction

Poor muscle growth during heat stress is, in large
part, a product of myoblast dysfunction. Myoblasts are
the skeletal muscle stem cells that facilitate postnatal
muscle growth (Allen et al., 1979). In ruminants and
other mammals, muscle fiber number is static after
birth and thus muscle grows by incorporating addi-
tional myonuclei from myoblasts (Maier et al., 1992;
Wilson et al., 1992). When activated from quiescent
satellite cells, these progenitors proliferate, differenti-
ate, and fuse with fibers, effectively donating their
nuclei to expand protein synthesis capacity (Davis
and Fiorotto, 2009; Ten Broek et al., 2010). Muscle
growth capacity is proportional to these rate-limiting
functions (Pavlath et al., 1989; Allen et al., 1999).
Exposure to high temperatures in culture reduced pro-
liferation, migration, differentiation, and fusion rates in
primary sheep and pig myoblasts (Kamanga-Sollo
et al.,, 2011; Lu et al, 2023; Lu et al., 2025).
Myoblast profiles in semitendinosus muscle of heat-
stressed lambs were likewise consistent with impaired
function: at the conclusion of 30 d of heat stress, total
myoblast populations (i.e., pax7* nuclei) were reduced
by 21%, differentiated myoblasts (i.e., myogenin®)
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were reduced by 20%, and average muscle fiber
cross-sectional area was reduced by 9% (Most et al.,
2021; Most, 2022). In addition to its function, heat
stress may also reduce the survival of myoblast popu-
lations. In culture, heat stress for as little as 2 h
increased mitochondrial fragmentation and reduced
cellular viability in C2C12 mouse myoblasts (Yu et al.,
2019). The impact of myoblast dysfunction is reflected
in protein synthesis, as muscle protein content was
reduced 3—5% following chronic heat stress (Zuo et al.,
2015; White et al., 2025b).

Turning to alternative fuels: Heat stress
disrupts glucose metabolic efficiency in
muscle

Poor growth efficiency during and after heat stress
is the product of metabolic changes to reduce internal
heat production (Scott, 2005). A primary component of
this change is skeletal muscle glucose oxidation, which
ex vivo experiments show is reduced 18-40% in
chronically heat-stressed finishing lambs (Barnes et al.,
2019; Swanson et al., 2020; Grijalva et al., 2023).
Reduced glucose oxidation occurs despite normal glu-
cose uptake by heat-stressed muscle (Swanson et al.,
2020; Grijalva et al., 2021; Grijalva et al., 2023), which
is consistent with a greater reliance on anaerobic gly-
colysis that produces 91% less metabolic heat than glu-
cose oxidation (Scott, 2012). Transcriptomic analyses
of longissimus dorsi muscle from Red Angus steers fol-
lowing 21 d of heat stress showed gene expression pat-
terns that were consistent with diminished oxidative
metabolism (Reith et al., 2020; Reith et al., 2022).
Inefficient glucose metabolism by muscle during heat
stress helps to explain the 34% reduction in gain-to-
feed ratios in heat-stressed lambs (Grijalva et al.,
2021; Grijalva, 2023; Grijalva et al., 2023). Heat stress
also modifies lipid metabolism. Ex vivo assessments
showed that epinephrine-stimulated fatty acid mobili-
zation from subcutaneous fat in steers and abdominal
fat in wethers was reduced by up to 37% and coincided
with reduced circulating triglycerides and high density
lipoprotein (HDL)-bound cholesterol (Reith et al.,
2020; Grijalva, 2023; Curry et al., 2025; White et al.,
2025b). Skeletal muscle from heat-stressed lambs
exhibited a 34% reduction in lipid droplet density
and a 21% reduction in total lipid area (Grijalva,
2023; Curry et al., 2025). Not surprisingly, the meta-
bolic changes coincided with greater circulating insulin
and reduced glucose-to-insulin ratios (Barnes et al.,
2019; Swanson et al., 2020; Grijalva et al., 2021),
which are indicative of reduced insulin sensitivity.
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Table 1. Heat stress during finishing alters metabolic
enzymes in skeletal muscle

Effect of
Enzyme Heat Stress Implication
Citrate synthase No effect No boost in glucose
oxidative metabolism
Lactate dehydrogenase 131% tPotential for glycolytic
lactate production
Myophosphorylase 117% 1Utilization of stored
(PYGM) glycogen
Fatty acid translocase 153% |Fatty acid uptake
(CD36)
Long-chain fatty acid CoA No effect Stable fatty acid activation
ligase 1 (ACSL1) capacity
PPARy 133% |Fatty acid uptake and
deposition
PPAR«x 1386% 1Fatty acid utilization for

oxidative metabolism

Data compiled from studies using sheep as a proxy model for beef cattle
(Curry et al., 2025; Hahn et al., 2025).

Enzyme content in the semitendinosus muscle of heat-
stressed finishing lambs was consistent with propor-
tionally greater utilization of glycogen for anaerobic
glycolysis and with greater fatty acid utilization but less
uptake (Curry et al., 2025; Hahn et al., 2025) (Table 1).

The Impact of Prenatal Heat Stress

One hot mama: Maternal heat stress impairs
health and well-being of offspring

Heat stress during gestation stunts placental func-
tion, thus diminishing nutrient transfer to the growing
fetus and eliciting nutrient-sparing fetal adaptations
(Limesand et al., 2007; Beer et al., 2024). One such
adaptation is a reduction in the formation of fat depos-
its and other energy reserves late in gestation, which
increases neonatal morbidity and mortality (Reynolds
and Caton, 2012; Dwyer et al., 2016). Statistics asso-
ciated with perinatal outcomes underscore the threat
of prenatal heat stress and the lack of prevention
and treatment options for it. Each year, US producers
lose around 4 million calves and 600,000 lambs to
heat stress—induced IUGR and low birthweight
(Mellor, 1983; Azzam et al.,, 1993; Wu et al,
20006). High early death rates are a major animal wel-
fare issue, and the approximately $3 billion in annual
losses for the beef industry alone illustrate the eco-
nomic barrier of heat stress during pregnancy to sus-
tainable animal agriculture (Wu et al., 2006; Yates
et al., 2018).

American Meat Science Association.

Yates et al.

Heat stress—induced inflammation in livestock

Preheating the steaks: Prenatal heat stress
limits postnatal muscle growth and carcass
merit

Heat stress occurring during critical windows for
fetal development diminishes lifelong growth capacity
and metabolic efficiency (Greenwood and Cafe, 2007;
White and Yates, 2023), even when IUGR and low
birthweight are subtle (Wells, 2011). Poor postnatal
muscle growth is a product of heat stress—induced fetal
programming that slows key cellular processes for tis-
sue hypertrophy (Yates et al., 2016; Soto et al., 2017;
Posont et al., 2022) and protein synthesis (Brown et al.,
2015; Rozance et al., 2018). Less muscle mass in the
heat-stressed fetus produces the hallmark [UGR pheno-
type as a mechanism for sparing O, and glucose for
other tissues. Muscle-centric adaptations are essential
for intrauterine survival but become production liabil-
ities after birth, as animals exposed to prenatal heat
stress are devalued by poor growth efficiency and body
composition (Gondret et al., 2005; De Blasio et al.,
2007). Muscle mass and protein accretion deficits per-
sist even when these animals exhibit rapid postnatal
catch-up growth (Greenwood et al., 2000), which is
driven by fat deposition (Madsen and Bee, 2015).
The propensity for animals exposed to prenatal heat
stress to produce less muscle and more fat is reflected
in the carcass: meta analyses in beef cattle show that
each 1.0-kg reduction in birthweight corresponds to
reductions of 2.7 kg in hot carcass weight, 0.5 cm?
in ribeye area, and 2.0 kg in total retail yield
(Robinson et al., 2013). In fact, birthweight explained
37% of the variation in carcass weight and yield in
these cattle (Robinson et al., 2013), and it correlated
strongly with carcass yield in meat lambs (De Blasio
et al., 2007). In IUGR-born heifers, loins were 8%
lighter and 7% smaller in area when harvested at 30
months of age (Greenwood and Cafe, 2007).
Furthermore, visceral and subcutaneous fat deposition
was greater in [IUGR-born cattle, but marbling was not
(Robinson et al., 2013). The associated financial losses
are not trivial. Based on current market prices, a reduc-
tion in beef carcass weight from 275 to below 250 kg
would result in a $127 discount. An increase in fat
thickness from <0.8 (Yield Grade 3) to >1.2” (Yield
Grade 5) would discount the carcass by $108, and a
drop from USDA Choice to USDA Select or USDA
Standard would lower value by $90 and $210,
respectively.

Poor muscle growth following prenatal heat stress
is associated with permanent intrinsic impairment of
myoblasts. Primary myoblasts from heat-stressed fetal
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Figure 2. Heat stress during gestation or finishing impairs myoblast (muscle stem cell) function, which is rate-limiting for hypertrophic muscle growth.
Data compiled from studies using a sheep model for beef cattle (Yates et al., 2014; Chang et al., 2019; Most et al., 2021; Posont et al., 2022; Gibbs et al., 2023;

White et al., 2023b; Beer et al., 2024; White et al., 2025b).

sheep exhibited a poor ability to proliferate and differ-
entiate under myriad culture conditions (Yates et al.,
2014; Soto et al., 2017; Posont et al., 2022; Beer et al.,
2024). This coincided with fewer total and differenti-
ated myonuclei in the semitendinosus muscle near term
(Beer et al., 2024). In offspring, myoblasts arise from
satellite cell populations established in utero from fetal
myoblasts and therefore are subjected to intrauterine
conditions (Allen et al., 1979). Consequently, myoblast
differentiation rates remained as much as 29% lower in
muscles from weaning-aged lambs that had been
exposed to prenatal heat stress (Gibbs et al., 2023).
Myoblast dysfunction resulted in smaller muscle fibers
and lighter muscles near term and after birth (Gibbs
et al., 2023; White et al., 2023b; Beer et al., 2024),
as illustrated in Figure 2.

A breakdown in nutrient breakdown:
Prenatal heat stress permanently disrupts
metabolism

Prenatal heat stress induces adaptive fetal program-
ming that impairs the normal metabolic function of
muscle, making carcasses from these animals less
cost-effective to produce. Hyperinsulinemic-euglyce-
mic clamp studies showed that the hindlimb muscle
of heat-stressed fetal lambs took up glucose normally
but oxidized a substantially smaller fraction
(Limesand et al., 2007; Brown et al., 2015; Beer et al.,
2024), as summarized in Table 2. Instead, these animals
deposited more intramuscular glycogen and produced
more lactate (Limesand et al., 2007; Beer et al.,
2024). Diminished skeletal muscle glucose oxidation,
increased glycogen content, and greater lactate

American Meat Science Association.

production following prenatal heat stress persisted in
neonates and weanlings, as did disruptions in fatty acid
flux (Gibbs et al., 2024; White et al., 2025c). Although
circulating lipids were slightly reduced in heat-stressed
fetuses, systemic lipid dysregulation manifested in
greater circulating non-esterified free fatty acids, high-
density lipoprotein-bound cholesterol, and triglycerides
but impaired fatty acid mobilization from abdominal fat
in offspring (White, 2023; Gibbs et al., 2024; White
et al., 2025c¢). The changes in systemic lipid flux man-
ifested in intramuscular fat as well. Proximate analyses
of semitendinosus muscles from neonates and juveniles
exposed to prenatal heat stress revealed 20—-30% more
total fat than normal (White, 2023; Gibbs et al.,
2024). Muscle from the juvenile lambs also had more
small lipid droplets (<160 pm?) but fewer large droplets
(>240 pm?) (Gibbs et al., 2024).

Programmed changes in several regulatory systems
facilitate the shifts in glucose and lipid metabolism
exhibited by fetuses and offspring following prenatal
heat stress. Insulin and IGF-1 are primary drivers of glu-
cose utilization by skeletal muscle and of lipid synthesis
in fat cells. However, square-wave hyperglycemic
clamps found that glucose-stimulated insulin secretion
is reduced in heat-stressed sheep fetuses by up to 72%
(Macko et al., 2013; Macko et al., 2016; Beer et al.,
2024) and remains deficient after birth (Cadaret et al.,
2022; White et al, 2023a; Gibbs et al., 2024).
Circulating IGF-1 concentrations were also diminished
in sheep fetuses and offspring following prenatal heat
stress (Chang et al., 2019; Gibbs et al., 2023). Greater
circulating glucose-to-insulin ratios, along with poor
glucose oxidation and fat deposition, are consistent with
peripheral insulin resistance (Beer et al., 2024; Gibbs
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Table 2. Heat stress during gestation or finishing impairs muscle-centric metabolism due in part to greater

inflammatory tone

Metabolic A

Inflammatory A

Prenatal Heat Stress Prenatal Heat Stress
Heat Stress During Finishing Heat Stress During Finishing
Blood Blood
Basal insulin No effect 10-45% Total WBC 10-44% 10-19%
Glc.-stim. insulin 119-44% n.a. Monocytes 10-19% 110-32%
Glc.-to-insulin 140-100% 10-43% Granulocytes 10-87% 119-40%
TNFa 1130-170% 1170-270%
Hindlimb (in vivo) IL-6 1330% 1260%
Glc. uptake No effect n.a. EPA 123-42% 115-17%
Glc. oxidation 145-66%' n.a.
Lact. production 114-101% n.a. Skeletal muscle
TNFR1 10-170% n.a.
Skeletal muscle (ex vivo)’ IL6R 145-50% n.a.
Glc. uptake No effect No effect
Glc. oxidation 124-46% 118-32% Myoblasts
TNFRI? 130% n.a.
IL6R? 126% n.a.
p-NFxB* 1120% n.a.
IxBa 146% n.a.

Insulin-stimulated glucose oxidation.
2Flexor digitorum superficialis.
3Gene expression.

4TNFa-stimulated phosphorylation of NFxB.

Data compiled from studies using sheep as a proxy model for beef cattle (Barnes et al., 2019; Swanson et al., 2020; Posont et al., 2022; Gibbs et al., 2023;
Grijalva, 2023; Beer et al., 2024; Gibbs et al., 2024; White et al., 2025a; White et al., 2025¢).

n.a.=not available.

et al., 2024). However, normal whole-body insulin-
stimulated glucose clearance, normal glucose clear-
ance/pg of circulating insulin, and increased muscle gly-
cogen content indicate that insulin regulation of muscle
is only selectively impaired (Cadaret et al., 2022).
Selective insulin resistance could be explained by differ-
ential impacts of prenatal heat stress on the expression
and activity of the insulin receptor and its downstream
signaling components among muscle types, as has been
observed with diabetes and other metabolic disorders
(Pataky et al., 2017). Aberrant adrenergic signaling con-
tributes to these long-term consequences, as detailed by
Gibbs and Yates (2021).

The Role of Inflammation in Heat
Stress Pathologies

Up in flames: Chronic heat stress induces
systemic inflammation

Heat stress—induced systemic inflammation is a
key component of poor muscle growth and
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metabolism, as both functions are highly responsive
to inflammatory regulation (Liu et al., 2012; Remels
et al., 2015). Finishing lambs heat-stressed for 30 d
exhibited greater circulating white blood cells that
coincided with elevated inflammatory cytokines
(Swanson et al., 2020; Grijalva et al., 2021; Grijalva,
2023; White et al., 2025a) (Table 2). These controlled
studies utilized uniform initial body weights and pair-
feeding. In practice, however, feedlot animals have
much greater fat mass than at other production stages,
which is a compounding source of inflammation (van
der Heijdenetal.,2015; Krafsuretal.,2019; Reith etal.,
2022). Fetuses and offspring likewise exhibit height-
ened inflammatory tone following prenatal heat stress,
characterized by systemic inflammation as well as
greater sensitivity of muscle to inflammatory mediators
(Hicks and Yates, 2021; Beer et al., 2024; Gibbs et al.,
2024; White et al., 2025c). Transcriptomic analysis of
semitendinosus muscle from neonatal lambs following
prenatal heat stress demonstrates the robust enhance-
ment of canonical cytokine signaling pathways, par-
ticularly for TNFa and IL-6 (Hicks and Yates,
2021). Protein content for the respective receptors of
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these cytokines, TNFR1 and IL6R, was also elevated
by prenatal heat stress in muscle from fetuses and off-
spring (Beeretal., 2024; Gibbs etal., 2024; White et al.,
2025c). Importantly, experimental induction of sus-
tained maternofetal inflammation during the same criti-
cal windows for development produces most of the
hallmark characteristics of prenatal heat stress
(Cadaret et al., 2019; Posont et al., 2021; Posont et al.,
2022), indicating that inflammatory mechanisms are
key components to lifelong pathologies associated with
prenatal heat stress. Likewise, experimental induction
of systemic inflammation in finishing wethers resulted
in similar indicators of poor health and welfare
observed during heat stress, including blood alkalosis,
increased body temperatures, and hyperlactatemia
(Cadaret et al., 2021).

Stifling regulatory oversight: Inflammatory
cytokines dysregulate normal muscle
processes

Molecular processes for muscle growth and
metabolism are particularly responsive to inflamma-
tory cytokines (Pillon et al., 2013). Although their
effects are complex, sustained exposure to elevated
cytokine concentrations inhibits muscle growth
(Kumar et al., 2012; Pillon et al., 2013). Muscle
responses to circulating cytokines are an integral com-
ponent of muscle and myoblast regulation under nor-
mal conditions, but sustained overexposure to
cytokines becomes problematic. In seminal rodent
studies, daily TNFa, IL-la, or lipopolysaccharide
endotoxin injections in rats reduced gastrocnemius
muscle weight and carcass protein content but
increased body fat (Tracey et al., 1988; Fong et al.,
1989). Similarly, weekly injections of the inflamma-
tory cytokine TNFSF12, a member of the TNF ligand
superfamily, into mice reduced soleus and tibial ante-
rior muscle weights and fiber sizes after 4 wks by
diminishing protein synthesis and increasing protein
degradation (Dogra et al., 2007; Bhatnagar et al.,
2012). In feedlot cattle, persistent systemic inflamma-
tion for any reason was associated with a decrease in
average daily gain, hot carcass weight, and marbling
(Schneider et al., 2009; Gifford et al., 2012). Poor
muscle growth is partially a result of cytokine influence
on myoblasts. In studies utilizing immortalized myo-
blast cell lines, stimulation by inflammatory cytokines
impaired differentiation and fusion capacities by pre-
venting myoblasts from exiting the cell cycle (Ji et al.,
1998; Trendelenburg et al., 2012; Shirakawa et al.,
2021). This was associated with reduced expression
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of the transcription factor myoD, which transitions
myoblasts from replication to differentiation (Alvarez
et al., 2020). Incubation with TNFa also suppressed
protein synthesis in primary myoblasts, indicating
that anabolic processes are diminished by inflamma-
tion in addition to greater protein breakdown (Frost
et al., 1997; Grzelkowska-Kowalczyk and Wieteska-
Skrzeczynska, 2006). Impaired differentiation capacity
of fetal myoblasts and the subsequent reduction in
myofiber size observed following prenatal heat stress
was also observed following sustained maternofetal
inflammation (Posont et al., 2022). Rapidly increased
expression of the inflammatory mediator, c-Fos, is
an activation step for myoblast proliferation (Almada
et al., 2021). However, c-Fos also suppresses differen-
tiation by inhibiting myoD and myogenin, and thus c-
Fos concentrations within the cell must wane before
myoblasts can proceed to the differentiation step
(Barutcu et al., 2022). This necessary reduction in c-
Fos did not occur in fetal muscle following heat stress,
as concentrations remained almost 50% greater than
normal (Posont et al., 2022). Myoblasts from heat-
stressed fetuses were also more responsive to inhibition
by cytokines than myoblasts from uncompromized
fetuses (Posont et al., 2022).

Muscle-centric metabolic dysfunction is also con-
sistent with the greater inflammatory tone associated
with heat stress. Brief stimulation of muscle by cyto-
kines can actually increase basal glucose oxidation
(Cadaret et al., 2017). However, insulin signaling
and insulin-stimulated glucose oxidation are substan-
tially reduced, particularly when exposure to cytokines
is chronic (Cadaret et al., 2017; Cadaret et al., 2019).
Inflammatory cytokines disrupt insulin signaling by
blocking its phosphorylation of Akt, which is the acti-
vation step that facilitates most downstream effects of
the insulin pathway (Ji et al., 2022). Culture studies of
primary muscle found that exposure to physiological
concentrations of TNFa or IL-6 reduced insulin-stimu-
lated Akt phosphorylation by over 50% in as little as
2 h and that the effect had not waned after 6 d of
exposure (Grzelkowska-Kowalczyk and Wieteska-
Skrzeczynska, 2006; Cadaret et al., 2017). Acute and
chronic cytokine stimulation increases skeletal muscle
glycogen synthesis, lactate production, and lipid oxida-
tive metabolism by as much as 2-fold each (Al-Khalili
et al., 2006). Short incubations of muscle cells with
TNFa or IL-6 increased palmitate oxidation through
AMPK-mediated pathways (Bruce and Dyck, 2004;
Al-Khalili et al., 2006), as did brief IL-6 infusions into
healthy human volunteers (van Hall et al., 2003). These
IL-6 infusions also increased circulating NEFA and
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triglyceride concentrations (van Hall et al., 2003),
which would be consistent with the phenotype of
heat-stressed animals.

Fish oil ain’t snake oil: Targeting heat stress—
induced inflammation with »-3
polyunsaturated fatty acids

The ®-3 polyunsaturated fatty acids (PUFA) eico-
sapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) are naturally occurring dietary molecules with
substantial anti-inflammatory properties (Caughey
et al., 1996; White and Yates, 2023). These nutrients,
which are plentiful in ocean fish and plant oils, mitigate
inflammation by reducing cytokine synthesis and
secretion as well as the expression and activity of
key pathway components (e.g., TRAF6, MyDS88,
NF«xB, IkB, JNK) (Caughey et al., 1996; Zhu et al.,
2018). Moreover, bioactive metabolites of ®-3 PUFA
called pro-resolving mediators increase the synthesis
and secretion of anti-inflammatory cytokines like IL-
10 (Gu et al., 2016; Soto et al., 2020). In the absence
of inflammation-inducing stress, supplementing -3
PUFA to sheep during pregnancy or finishing had little
effect on growth performance, metabolic efficiency, or
carcass quality (Rosa-Velazquez et al.,, 2021).
However, prenatal and postnatal heat stress not only
heightened inflammation but also reduced circulating
EPA concentrations (White et al., 2025a; White et al.,
2025c). Despite high rates of lipid biohydrogenation in
the rumen, daily supplementation of ®-3 PUFA to fin-
ishing wethers during chronic heat stress restored nor-
mal circulating EPA and resolved increases in
circulating TNFa and IL-6 (Grijalva et al., 2021;
Grijalva, 2023; Grijalva et al., 2023; White et al.,
2025a). In turn, these supplemented wethers exhibited
improved average daily gain, feed efficiency, and
muscle growth. Better muscle growth was associated
with recovery of heat stress—impaired myoblast differ-
entiation, although myoblast proliferation and total
myoblast numbers were not affected by w-3 PUFA sup-
plementation (Most, 2022). In addition to growth, heat
stress—induced deficits in skeletal muscle glucose oxi-
dation, circulating insulin, and glucose-to-insulin ratios
were also improved by -3 PUFA supplementation
(Grijalva et al., 2021; Grijalva, 2023; Grijalva et al.,
2023; Curry et al., 2025). Deficits in fatty acid
mobilization and circulating lipids were also recovered,
but the large reductions in lipid droplet density and
average size remained in supplemented wethers, indi-
cating that ®-3 PUFA supplementation did not neces-
sarily restore intramuscular lipid deposition. Reduced
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semitendinosus CD36 and PPARy content and
increased PPARa were recovered as well, indicating
a resolution of the metabolic shift toward greater fatty
acid oxidation (Curry et al., 2025; Hahn et al., 2025).
Supplementing ®-3 PUFA was also effective in
mitigating the inflammation associated with prenatal
heat stress. Five-day infusions of EPA into fetal sheep
following chronic heat stress recovered low circulating
EPA and resolved heightened TNFa, although the 50%
increase in skeletal muscle IL6R remained at the end of
the infusion period (Beer et al., 2024). Reduction of
inflammatory tone in these fetuses improved myoblast
differentiation and muscle growth. Daily supplementa-
tion of ®-3 PUFA to neonatal lambs from birth to 30 d
of age following prenatal heat stress mitigated greater
circulating TNFa concentrations and muscle IL6R con-
tent but did not improve heightened muscle TNFR1
content (White et al., 2025¢). Although myoblast func-
tion was not assessed by the study, ®w-3 PUFA-supple-
mented lambs exhibited improved postnatal muscle
growth comparable to that observed in supplemented
fetuses (White, 2023). Indicators of muscle-centric
metabolic changes were likewise corrected by supple-
mentation in fetuses and offspring, including glucose
oxidation, anaerobic lactate production, and glycogen
deposition (Beer et al., 2024; White et al., 2025c¢).

Conclusions

Systemic inflammation is a key facilitator of
reduced growth efficiency, carcass quality, and welfare
in chronically heat-stressed livestock. Heightened
secretion of inflammatory cytokines is a transient
response to postnatal heat stress, whereas greater secre-
tion and tissue sensitivity to cytokines are permanently
programmed by prenatal heat stress. In both cases, the
effects of greater inflammatory tone on muscle growth
are associated with myoblast dysfunction, which limits
the rise in protein synthesis capacity needed for hyper-
trophic muscle growth. Inflammation resulting from
prenatal or postnatal heat stress also partially mediates
muscle-centric metabolic dysfunction, including
reduced glucose oxidation coincident with greater gly-
cogen deposits, anaerobic lactate production, and fatty
acid oxidation. These changes, along with insulin resis-
tance and aberrant lipid homeostasis, cause inefficient
growth in animals facing heat stress. Recent studies
implicate systemic inflammation as an effective bio-
logical target for nutrient-based therapeutic treatments
to improve heat stress outcomes in livestock. Anti-
inflammatory nutraceuticals improved deficits in
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muscle growth, metabolic efficiency, and welfare
indicators when delivered in the diet of heat-stressed
finishing lambs. Similar improvements were achieved
in fetuses and neonates exposed to prenatal heat stress.
This approach provides the opportunity to mitigate heat
stress impact without manipulating dietary intake or
relying on extensive infrastructural or management
changes. Livestock in feedlots will particularly benefit
from nutrient-driven strategies, as they are at inherently
greater risk from heat stress due to their larger relative
size and adiposity. Heat stress is a long-standing barrier
to livestock production that will worsen with climate
change. As such, targeting heat stress—induced inflam-
mation is a promising target for mitigating the well-
established outcomes of heat stress.

Conflict of Interest

The authors have no conflicts of interest to declare.

Acknowledgments

This manuscript describes research that was
funded in part by the USDA National Institute of
Food and Agriculture Foundational Grants 2019-
67015-29448 and 2020-67015-30825, the National
Institute of General Medical Sciences Grant
1P20GM104320 (J. Zempleni, Director), the
Nebraska Agricultural Experiment Station with fund-
ing from the Hatch Act (accession number 1009410),
and the Hatch Multistate Research capacity funding
program (accession numbers 1011055 and 1009410)
through the USDA National Institute of Food and
Agriculture.

Author Contribution

Conceptualization, D.T.Y.; methodology, M.R.W.,
S.A.C.,A.AH.,and D.T.Y; curation, M.R.W., S.A.C,,
A.AH., and D.T.Y.; writing—original draft prepara-
tion, M.R.W., S.A.C., AL AH,, and D.T.Y.; writing—
review and editing, M.R.W., S.A.C., A A.H., and
D.T.Y.; funding acquisition, D.T.Y. All authors have
read and agreed to the published version of the
manuscript.

Literature Cited

Al-Khalili, L., K. Bouzakri, S. Glund, F. Lonnqvist, H. A.
Koistinen, and A. Krook. 2006. Signaling specificity of inter-
leukin-6 action on glucose and lipid metabolism in skeletal
muscle. Mol. Endocrinol 20:3364-3375. https://doi.org/10.
1210/me.2005-0490

American Meat Science Association.

Yates et al.

Heat stress—induced inflammation in livestock

Allen, D. L., R. R. Roy, and V. R. Edgerton. 1999. Myonuclear
domains in muscle adaptation and disease. Muscle Nerve
22:1350-1360.

Allen, R. E., R. A. Merkel, and R. B. Young. 1979. Cellular aspects
of muscle growth: Myogenic cell proliferation. J. Anim. Sci.
49:115-127. https://doi.org/10.2527/jas1979.491115x

Almada, A. E.,N. Horwitz, F. D. Price, A. E. Gonzalez, M. Ko, O. V.
Bolukbasi, K. A. Messemer, S. Chen, M. Sinha, L. L. Rubin,
and A. J. Wagers. 2021. FOS licenses early events in stem cell
activation driving skeletal muscle regeneration. Cell Rep
34:108656. https://doi.org/10.1016/j.celrep.2020.108656

Alvarez, A. M., C. DeOcesano-Pereira, C. Teixeira, and V.
Moreira. 2020. IL-1p and TNF-o modulation of proliferated
and committed myoblasts: IL-6 and COX-2-derived prosta-
glandins as key actors in the mechanisms involved. Cells 9.
https://doi.org/10.3390/cells9092005

Anderson, R. V., R. J. Rasby, T. J. Klopfenstein, and R. T. Clark.
2005. An evaluation of production and economic efficiency of
two beef systems from calving to slaughterl. J. Anim. Sci.
83:694-704. https://doi.org/10.2527/2005.833694x

Azzam, S. M., J. E. Kinder, M. K. Nielsen, L. A. Werth, K. E.
Gregory, L. V. Cundiff, and R. M. Koch. 1993.
Environmental effects on neonatal mortality of beef calves.
J. Anim Sci. 71:282-290. https://doi.org/10.2527/1993.
712282x

Barber, K. A., L. L. Wilson, J. H. Ziegler, P. J. Levan, and J. L.
Watkins. 1981. Charolais and angus steers slaughtered at
equal percentages of mature cow weight. I. Effects of slaugh-
ter weight and diet energy density on carcass traits. J. Anim.
Sci. 52:218-231. https://doi.org/10.2527/jas1981.522218x

Barnes, T. L., R. M. Burrack, T. B. Schmidt, J. L. Petersen, and D.
T. Yates. 2021. Sustained heat stress elevated corneal and
body surface temperatures and altered circulating leukocytes
and metabolic indicators in wether lambs supplemented with
ractopamine or zilpaterol. J. Anim. Sci. 99. https://doi.org/10.
1093/jas/skab236

Barnes, T. L., C. N. Cadaret, K. A. Beede, T. B. Schmidt, J. L.
Petersen, and D. T. Yates. 2019. Hypertrophic muscle growth
and metabolic efficiency were impaired by chronic heat stress,
improved by zilpaterol supplementation, and not affected by
ractopamine supplementation in feedlot lambs. J. Anim. Sci.
97:4101-4113. https://doi.org/10.1093/jas/skz271

Barutcu, A. R., G. Elizalde, A. E. Gonzalez, K. Soni, J. L. Rinn, A.
J. Wagers, and A. E. Almada. 2022. Prolonged FOS activity
disrupts a global myogenic transcriptional program by altering
3D chromatin architecture in primary muscle progenitor cells.
Skelet. Muscle 12:20. https://doi.org/10.1186/s13395-022-
00303-x

Beer, H. N., T. A. Lacey, R. L. Gibbs, M. S. Most, Z. M. Hicks, P.
C. Grijalva, E. S. Marks-Nelson, T. B. Schmidt, J. L. Petersen,
and D. T. Yates. 2024. Daily eicosapentaenoic acid infusion in
IUGR fetal lambs reduced systemic inflammation, increased
muscle adrf2 content, and improved myoblast function and
muscle growth. Metabolites 14. https://doi.org/10.3390/
metabo 14060340

Bhatnagar, S., A. Mittal, S. K. Gupta, and A. Kumar. 2012.
TWEAK causes myotube atrophy through coordinated activa-
tion of the ubiquitin-proteasome system, autophagy, and

www.meatandmusclebiology.com


https://doi.org/10.1210/me.2005-0490
https://doi.org/10.1210/me.2005-0490
https://doi.org/10.2527/jas1979.491115x
https://doi.org/10.1016/j.celrep.2020.108656
https://doi.org/10.3390/cells9092005
https://doi.org/10.2527/2005.833694x
https://doi.org/10.2527/1993.712282x
https://doi.org/10.2527/1993.712282x
https://doi.org/10.2527/jas1981.522218x
https://doi.org/10.1093/jas/skab236
https://doi.org/10.1093/jas/skab236
https://doi.org/10.1093/jas/skz271
https://doi.org/10.1186/s13395-022-00303-x
https://doi.org/10.1186/s13395-022-00303-x
https://doi.org/10.3390/metabo14060340
https://doi.org/10.3390/metabo14060340
www.meatandmusclebiology.com

Meat and Muscle Biology 2025, 9(1): 20179, 1-16

caspases. J. Cell. Physiol. 227:1042—1051. https://doi.org/10.
1002/jcp.22821

Blaine, K. L., and I. V. Nsahlai. 2011. The effects of shade on per-
formance, carcass classes and behaviour of heat-stressed feed-
lot cattle at the finisher phase. Trop. Anim. Health. Pro.
43:609-615. https://doi.org/10.1007/s11250-010-9740-x

Boyd, B. M, S. D. Shackelford, K. E. Hales, T. M. Brown-Brandl,
M. L. Bremer, M. L. Spangler, T. L. Wheeler, D. A. King, and
G. E. Erickson. 2015. Effects of shade and feeding zilpaterol
hydrochloride to finishing steers on performance, carcass
quality, heat stress, mobility, and body temperature. J.
Anim. Sci. 93:5801-5811. https://doi.org/10.2527/jas.2015-
9613

Brown-Brandl, T. M., C. G. Chitko-McKown, R. A. Eigenberg, J. J.
Mayer, T. H. Welsh, J. D. Davis, and J. L. Purswell. 2017.
Physiological responses of feedlot heifers provided access
to different levels of shade. Animal 11:1344—1353. https://
doi.org/10.1017/S1751731116002664

Brown-Brandl, T. M., J. A. Nienaber, R. A. Eigenberg, G. L. Hahn,
and H. Freetly. 2003. Thermoregulatory responses of feeder
cattle. J. Therm. Biol. 28:149-157. https://doi.org/10.1016/
$0306-4565(02)00052-9

Brown, L. D., P. J. Rozance, J. L. Bruce, J. E. Friedman, W. W.
Hay, Jr., and S. R. Wesolowski. 2015. Limited capacity for
glucose oxidation in fetal sheep with intrauterine growth
restriction. Am. J. Physiol.-Reg. I. Physiol. 309:R920-928.
https://doi.org/10.1152/ajpregu.00197.2015

Bruce, C. R., and D. J. Dyck. 2004. Cytokine regulation of skeletal
muscle fatty acid metabolism: effect of interleukin-6 and
tumor necrosis factor-alpha. Am. J. Physiol.-Endoc. M.
287:E616-621. https://doi.org/10.1152/ajpendo.00150.2004

Cadaret, C. N.,, M. D. Abebe, T. L. Barnes, R. J. Posont, and
D. T.Yates. 2021. Lipopolysaccharide endotoxin injections
elevated salivary TNFalpha and corneal temperatures and
induced dynamic changes in circulating leukocytes, inflam-
matory cytokines, and metabolic indicators in wether lambs.
J. Anim. Sci. 99. https://doi.org/10.1093/jas/skab120

Cadaret, C. N., K. A. Beede, H. E. Riley, and D. T. Yates. 2017.
Acute exposure of primary rat soleus muscle to zilpaterol
HCl (B2 adrenergic agonist), TNFa, or IL-6 in culture
increases glucose oxidation rates independent of the impact
on insulin signaling or glucose uptake. Cytokine 96:107—
113. https://doi.org/10.1016/j.cyt0.2017.03.014

Cadaret, C. N., E. M. Merrick, T. L. Barnes, K. A. Beede, R. J.
Posont, J. L. Petersen, and D. T. Yates. 2019. Sustained mater-
nal inflammation during the early third-trimester yields intra-
uterine growth restriction, impaired skeletal muscle glucose
metabolism, and diminished beta-cell function in fetal sheep.
J. Anim. Sci. 97:4822-4833. https://doi.org/10.1093/jas/
skz321

Cadaret, C. N., R. J. Posont, R. M. Swanson, J. K. Beard, R. L.
Gibbs, T. L. Barnes, E. S. Marks-Nelson, J. L. Petersen,
and D. T. Yates. 2022. Intermittent maternofetal oxygenation
during late gestation improved birthweight, neonatal growth,
body symmetry, and muscle metabolism in intrauterine
growth-restricted lambs. J. Anim. Sci. 100. https://doi.org/
10.1093/jas/skab358

Carroll, J., N. Burdick, C. Chase Jr., S. Coleman, and D. Spiers.
2012. Influence of environmental temperature on the

American Meat Science Association.

Yates et al.

11

Heat stress—induced inflammation in livestock

physiological, endocrine, and immune responses in livestock
exposed to a provocative immune challenge. Domest. Anim.
Endocrin. 43:146—153. https://doi.org/10.1016/j.domaniend.
2011.12.008

Caughey, G. E., E. Mantzioris, R. A. Gibson, L. G. Cleland, and M.
J. James. 1996. The effect on human tumor necrosis factor
alpha and interleukin 1 beta production of diets enriched in
n-3 fatty acids from vegetable oil or fish oil. Am. J. Clin.
Nutr. 63:116-122. https://doi.org/10.1093/ajen/63.1.116

Chang, E. L., P. J. Rozance, S. R. Wesolowski, L. M. Nguyen, S. C.
Shaw, R. A. Sclafani, K. K. Bjorkman, A. K. Peter, W. Hay,
Jr.,and L. D. Brown. 2019. Rates of myogenesis and myofiber
numbers are reduced in late gestation IUGR fetal sheep. J.
Endocrinol. 244:339-352. https://doi.org/10.1530/joe-19-
0273

Curry, S. A., M. S. Most, P. C. Grijalva, R. L. Gibbs, M. R. White,
E. S. Marks-Nelson, T. B. Schmidt, J. L. Petersen, and D. T.
Yates. 2025. Targeting inflammation with -3 polyunsatu-
rated fatty acid nutraceutical interventions improved lipid flux
and partially restored lipid metabolic indicators in heat-
stressed finishing wethers. J. Anim. Sci. 103:GDI-66.

Davis, T. A., and M. L. Fiorotto. 2009. Regulation of muscle
growth in neonates. Curr. Opin. Clin. Nutr. Metab. Care.
12:78-85. https://doi.org/10.1097/MCO.0b013e3283 1 cefOf

De Blasio, M. J., K. L. Gatford, J. S. Robinson, and J. A. Owens.
2007. Placental restriction of fetal growth reduces size at birth
and alters postnatal growth, feeding activity, and adiposity in
the young lamb. Am. J. Physiol.-Reg. I. 292:R875-886.
https://doi.org/10.1152/ajpregu.00430.2006

Dean, L., A. J. Tarpoff, K. Nickles, S. Place, and L. Edwards-
Callaway. 2023. Heat stress mitigation strategies in feedyards:
use, perceptions, and experiences of industry stakeholders.
Animals 13:3029.

Dogra, C., H. Changotra, N. Wedhas, X. Qin, J. E. Wergedal, and
A. Kumar. 2007. TNF-related weak inducer of apoptosis
(TWEAK) is a potent skeletal muscle-wasting cytokine.
FASEB J. 21:1857-1869. https://doi.org/10.1096/1j.06-
7537com

Dwyer, C. M., J. Conington, F. Corbiere, I. H. Holmoy, K. Muri, R.
Nowak, J. Rooke, J. Vipond, and J. M. Gautier. 2016. Invited
review: Improving neonatal survival in small ruminants: sci-
ence into practice. Animals 10:449—459. https://doi.org/10.
1017/s1751731115001974

Fong, Y., L. L. Moldawer, M. Marano, H. Wei, A. Barber, K.
Manogue, K. J. Tracey, G. Kuo, D. A. Fischman, and A.
Cerami. 1989. Cachectin/TNF or IL-1 alpha induces cachexia
with redistribution of body proteins. Am. J. Physiol. 256:
R659-665. https://doi.org/10.1152/ajpregu.1989.256.3.R659

Frost, R. A., C. H. Lang, and M. C. Gelato. 1997. Transient expo-
sure of human myoblasts to tumor necrosis factor-a inhibits
serum and insulin-like growth factor-i stimulated protein syn-
thesis*. Endocrinol. 138:4153-4159. https://doi.org/10.1210/
endo.138.10.5450

Gibbs, R. L., C. N. Cadaret, R. M. Swanson, K. A. Beede, R. J.
Posont, T. B. Schmidt, J. L. Petersen, and D. T. Yates.
2019. Body composition estimated by bioelectrical imped-
ance analyses is diminished by prenatal stress in neonatal
lambs and by heat stress in feedlot wethers. Translational
Animal Science 3:1691-1695. https://doi.org/10.1093/tas/

www.meatandmusclebiology.com


https://doi.org/10.1002/jcp.22821
https://doi.org/10.1002/jcp.22821
https://doi.org/10.1007/s11250-010-9740-x
https://doi.org/10.2527/jas.2015-9613
https://doi.org/10.2527/jas.2015-9613
https://doi.org/10.1017/S1751731116002664
https://doi.org/10.1017/S1751731116002664
https://doi.org/10.1016/s0306-4565(02)00052-9
https://doi.org/10.1016/s0306-4565(02)00052-9
https://doi.org/10.1152/ajpregu.00197.2015
https://doi.org/10.1152/ajpendo.00150.2004
https://doi.org/10.1093/jas/skab120
https://doi.org/10.1016/j.cyto.2017.03.014
https://doi.org/10.1093/jas/skz321
https://doi.org/10.1093/jas/skz321
https://doi.org/10.1093/jas/skab358
https://doi.org/10.1093/jas/skab358
https://doi.org/10.1016/j.domaniend.2011.12.008
https://doi.org/10.1016/j.domaniend.2011.12.008
https://doi.org/10.1093/ajcn/63.1.116
https://doi.org/10.1530/joe-19-0273
https://doi.org/10.1530/joe-19-0273
https://doi.org/10.1097/MCO.0b013e32831cef9f
https://doi.org/10.1152/ajpregu.00430.2006
https://doi.org/10.1096/fj.06-7537com
https://doi.org/10.1096/fj.06-7537com
https://doi.org/10.1017/s1751731115001974
https://doi.org/10.1017/s1751731115001974
https://doi.org/10.1152/ajpregu.1989.256.3.R659
https://doi.org/10.1210/endo.138.10.5450
https://doi.org/10.1210/endo.138.10.5450
https://doi.org/10.1093/tas/txz059
www.meatandmusclebiology.com

Meat and Muscle Biology 2025, 9(1): 20179, 1-16

txz059

Gibbs, R. L., R. M. Swanson, J. K. Beard, Z. M. Hicks, M. S. Most,
H. N. Beer, P. C. Grijalva, S. M. Clement, E. S. Marks-Nelson,
T. B. Schmidt, J. L. Petersen, and D. T. Yates. 2023. Daily
injection of the P2 adrenergic agonist clenbuterol improved
poor muscle growth and body composition in lambs following
heat stress-induced intrauterine growth restriction. Front.
Physiol. 14:1252508. https://doi.org/10.3389/fphys.2023.
1252508

Gibbs, R. L., R. M. Swanson, J. K. Beard, T. B. Schmidt, J. L.
Petersen, and D. T. Yates. 2020. Deficits in growth, muscle
mass, and body composition following placental insuffi-
ciency-induced intrauterine growth restriction persisted in
lambs at 60 d of age but were improved by daily clenbuterol
supplementation. Translational Animal Science 4:S53-S57.
https://doi.org/10.1093/tas/txaa097

Gibbs, R. L., J. A. Wilson, R. M. Swanson, J. K. Beard, Z. M.
Hicks, H. N. Beer, E. S. Marks-Nelson, T. B. Schmidt, J.
L. Petersen, and D. T. Yates. 2024. Daily injection of the
B2 adrenergic agonist clenbuterol improved muscle glucose
metabolism, glucose-stimulated insulin secretion, and hyper-
lipidemia in juvenile lambs following heat-stress-induced
intrauterine growth restriction. Metabolites 14:156. https:/
doi.org/10.3390/metabo 14030156

Gibbs, R. L., and D. T. Yates. 2021. The price of surviving on
adrenaline: Developmental programming responses to
chronic fetal hypercatecholaminemia contribute to poor
muscle growth capacity and metabolic dysfunction in
IUGR-born offspring. Frontiers in Animal Science 2.
https://doi.org/10.3389/fanim.2021.769334

Gifford, C. A., B. P. Holland, R. L. Mills, C. L. Maxwell, J. K.
Farney, S. J. Terrill, D. L. Step, C. J. Richards, L. O.
Burciaga Robles, and C. R. Krehbiel. 2012. Growth and
Development Symposium: Impacts of inflammation on cattle
growth and carcass merit. J. Anim. Sci. 90:1438-1451. https://
doi.org/10.2527/jas.2011-4846

Gondret, F., C. Larzul, S. Combes, and H. de Rochambeau. 2005.
Carcass composition, bone mechanical properties, and meat
quality traits in relation to growth rate in rabbits. J. Anim.
Sci. 83:1526—-1535. https://doi.org/10.2527/2005.8371526x

Grandin, T. 2016. Evaluation of the welfare of cattle housed in out-
door feedlot pens. Veterinary and Animal Science 1-2:23-28.
https://doi.org/10.1016/j.vas.2016.11.001

Greenwood, P. L., and A. W. Bell. 2019. Developmental program-
ming and growth of livestock tissues for meat production. Vet.
Clin. N. Am.-Food A. 35:303-319. https://doi.org/10.1016/].
cvfa.2019.02.008

Greenwood, P. L., and L. M. Cafe. 2007. Prenatal and pre-weaning
growth and nutrition of cattle: long-term consequences for
beef production. Animals 1:1283-1296. https://doi.org/10.
1017/S175173110700050X

Greenwood, P. L., A. S. Hunt, J. W. Hermanson, and A. W. Bell.
2000. Effects of birth weight and postnatal nutrition on neo-
natal sheep: II. Skeletal muscle growth and development. J.
Anim. Sci. 78:50-61.

Grijalva, P. C. 2023. Tame the flame: Inflammation is a targetable
physiological mechanism underlying poor outcomes of heat
stress in finishing sheep. Ph.D. diss., University of
Nebraska-Lincoln, Lincoln, NE.

American Meat Science Association.

Yates et al.

Heat stress—induced inflammation in livestock

Grijalva, P. C., D. E. Diaz, S. R. Garcia, T. B. Schmidt, J. L.
Petersen, and D. T. Yates. 2022. Zipaterol supplementation
improved indicators of well-being, but not growth in
heat-stressed red angus steers. Digital Commons
@University of Nebraska-Lincoln. https://digitalcommons.
unl.edu/animalscinber/1231/

Grijalva, P. C., M. S. Most, R. L. Gibbs, Z. H. Hicks, T. A. Lacey,
H. N. Beer, T. B. Schmidt, J. L. Petersen, and D. T. Yates.
2021. Fish oil and dexamethasone administration partially
mitigate heat stress-induced changes in circulating leukocytes
and metabolic indicators in feedlot wethers. Translational
Animal Science 5. https://doi.org/10.1093/tas/txab167

Grijalva, P. C. C., M. S. Most, H. N. Beer, R. L. Gibbs, Z. M. Hicks,
T. A. Lacey, M. R. White, T. B. B. Schmidt, J. L. L. Peterson,
and D. T. Yates. 2023. 245 Fish oil and dexamethasone ad-
ministration each partially improve indicators of glucose
metabolism and fat homeostasis by reducing systemic inflam-
mation in heat-stressed feedlot wethers. J. Anim. Sci.
101:165-166. https://doi.org/10.1093/jas/skad281.201

Grzelkowska-Kowalczyk, K., and W. Wieteska-Skrzeczynska. 2006.
Exposure to TNF-alpha but not IL-1beta impairs insulin-depen-
dent phosphorylation of protein kinase B and p70S6k in mouse
C2C12 myogenic cells. Pol. J. Vet. Sci. 9:1-10.

Gu, Z., G.J. Lamont, R. J. Lamont, S. M. Uriarte, H. Wang, and D.
A. Scott. 2016. Resolvin D1, resolvin D2 and maresin 1 acti-
vate the GSK3f anti-inflammatory axis in TLR4-engaged
human monocytes. Innate Immun. 22:186-195. https://doi.
org/10.1177/1753425916628618

Hagenmaier, J. A., C. D. Reinhardt, S. J. Bartle, and D. U.
Thomson. 2016. Effect of shade on animal welfare, growth
performance, and carcass characteristics in large pens of beef
cattle fed a beta agonist in a commercial feedlot. J. Anim. Sci.
94:5064-5076. https://doi.org/10.2527/jas.2016-0935

Hahn, A. A., M. S. Most, P. C. Grijalva, R. L. Gibbs, M. R. White,
E. S. Marks-Nelson, T. B. Schmidt, J. L. Petersen, and D. T.
Yates. 2025. Chronic heat stress in finishing lambs induced
metabolic changes in muscle that indicated greater glycogen
utilization and lactate production, which may explain greater
prevalence of dark cutters. J. Anim. Sci. 103:GDII-140.

Hahn, G. L. 1999. Dynamic responses of cattle to thermal heat
loads. J. Anim. Sci. 77 Suppl 2:10-20. https://doi.org/10.
2527/1997.77suppl_210x

Hammel, P. 2023. Torrid temperatures led to cattle losses in
Nebraska and calls by Gov. Pillen and Rep. Flood for federal
help. Nebraska Examiner. States Newsroom, Washington DC.

Hicks, Z. M., and D. T. Yates. 2021. Going up inflame: Reviewing
the underexplored role of inflammatory programming in stress-
induced intrauterine growth restricted livestock. Frontiers in
Animal Science 2. https://doi.org/10.3389/fanim.2021.761421

IPCC, L. P. 0. C. C. 2022. Summary for policymakers. In: Global
warming of 1.5°C. An IPCC Special Report on the impacts
of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the con-
text of strengthening the global response to the threat of
climate change, sustainable development, and efforts to eradi-
cate poverty. Cambridge University Press, Cambridge, MA.
p. 1-24. https://doi.org/10.1017/9781009157940.001

Ji, S. Q., S. Neustrom, G. M. Willis, and M. E. Spurlock. 1998.
Proinflammatory  cytokines regulate myogenic cell

www.meatandmusclebiology.com


https://doi.org/10.1093/tas/txz059
https://doi.org/10.3389/fphys.2023.1252508
https://doi.org/10.3389/fphys.2023.1252508
https://doi.org/10.1093/tas/txaa097
https://doi.org/10.3390/metabo14030156
https://doi.org/10.3390/metabo14030156
https://doi.org/10.3389/fanim.2021.769334
https://doi.org/10.2527/jas.2011-4846
https://doi.org/10.2527/jas.2011-4846
https://doi.org/10.2527/2005.8371526x
https://doi.org/10.1016/j.vas.2016.11.001
https://doi.org/10.1016/j.cvfa.2019.02.008
https://doi.org/10.1016/j.cvfa.2019.02.008
https://doi.org/10.1017/S175173110700050X
https://doi.org/10.1017/S175173110700050X
https://digitalcommons.unl.edu/animalscinbcr/1231/
https://digitalcommons.unl.edu/animalscinbcr/1231/
https://doi.org/10.1093/tas/txab167
https://doi.org/10.1093/jas/skad281.201
https://doi.org/10.1177/1753425916628618
https://doi.org/10.1177/1753425916628618
https://doi.org/10.2527/jas.2016-0935
https://doi.org/10.2527/1997.77suppl_210x
https://doi.org/10.2527/1997.77suppl_210x
https://doi.org/10.3389/fanim.2021.761421
https://doi.org/10.1017/9781009157940.001
www.meatandmusclebiology.com

Meat and Muscle Biology 2025, 9(1): 20179, 1-16

proliferation and fusion but have no impact on myotube pro-
tein metabolism or stress protein expression. J. Interf. Cytok.
Res. 18:879-888. https://doi.org/10.1089/jir.1998.18.879

Ji, Y., M. Li, M. Chang, R. Liu, J. Qiu, K. Wang, C. Deng, Y. Shen,
J. Zhu, W. Wang, L. Xu, and H. Sun. 2022. Inflammation:
Roles in skeletal muscle atrophy. Antioxidants (Basel) 11.
https://doi.org/10.3390/antiox 11091686

Joy, A., F.R. Dunshea, B. J. Leury, I. J. Clarke, K. DiGiacomo, and
S. S. Chauhan. 2020. Resilience of small ruminants to climate
change and increased environmental temperature: A review.
Animals (Basel) 10. https://doi.org/10.3390/ani10050867

Kamanga-Sollo, E., M. S. Pampusch, M. E. White, M. R.
Hathaway, and W. R. Dayton. 2011. Effects of heat stress
on proliferation, protein turnover, and abundance of heat
shock protein messenger ribonucleic acid in cultured porcine
muscle satellite cellsl. J. Anim. Sci. 89:3473-3480. https://
doi.org/10.2527/jas.2011-4123

Krafsur, G. M., J. M. Neary, F. Garry, T. Holt, D. H. Gould, G. L.
Mason, M. G. Thomas, R. M. Enns, R. M. Tuder, M. P. Heaton,
R. D. Brown, and K. R. Stenmark. 2019. Cardiopulmonary
remodeling in fattened beef cattle: a naturally occurring large
animal model of obesity-associated pulmonary hypertension
with left heart disease. Pulm. Circ. 9:2045894018796804.
https://doi.org/10.1177/2045894018796804

Kreikemeier, K. K., J. A. Unruh, and T. P. Eck. 1998. Factors
affecting the occurrence of dark-cutting beef and selected car-
cass traits in finished beef cattle. J. Anim. Sci. 76:388-395.
https://doi.org/10.2527/1998.762388x

Kumar, A., S. Bhatnagar, and P. K. Paul. 2012. TWEAK and TRAF6
regulate skeletal muscle atrophy. Curr. Opin. Clin. Nutr.
15:233-239. https://doi.org/10.1097/MCO.0b013e328351c3fc

Limesand, S. W., P. J. Rozance, D. Smith, and W. W. Hay, Jr.2007.
Increased insulin sensitivity and maintenance of glucose utiliza-
tion rates in fetal sheep with placental insufficiency and intra-
uterine growth restriction. Am. J. Physiol. Endoc. M. 293:
E1716-1725. https://doi.org/10.1152/ajpendo0.00459.2007

Liu, T. F., V. T. Vachharajani, B. K. Yoza, and C. E. McCall. 2012.
NAD-+-dependent sirtuin 1 and 6 proteins coordinate a switch
from glucose to fatty acid oxidation during the acute inflam-
matory response. J. Biol. Chem. 287:25758-25769. https://
doi.org/10.1074/jbc.M112.362343

Lu,J., H. Li, D. Yu, P. Zhao, and Y. Liu. 2023. Heat stress inhibits
the proliferation and differentiation of myoblasts and is asso-
ciated with damage to mitochondria. Frontiers in Cell and
Developmental Biology 11:1171506. https://doi.org/10.
3389/fcell.2023.1171506

Lu, J., Y. Liu, and H. Li. 2025. oar-miR-411a-5p Promotes prolif-
eration and differentiation in Hu sheep myoblasts under heat
stress by targeting SMAD?2. J. Cell. Physiol. 240:e31515.
https://doi.org/10.1002/jcp.31515

Macko, A. R., D. T. Yates, X. Chen, A. S. Green, A. C. Kelly, L.
D. Brown, and S. W. Limesand. 2013. Elevated plasma nor-
epinephrine inhibits insulin secretion, but adrenergic block-
ade reveals enhanced beta-cell responsiveness in an ovine
model of placental insufficiency at 0.7 of gestation. J.
Dev. Orig. Hlth. Dis. 4:402-410. https://doi.org/10.1017/
S2040174413000093

Macko, A. R., D. T. Yates, X. Chen, L. A. Shelton, A. C. Kelly, M.
A. Davis, L. E. Camacho, M. J. Anderson, and S. W.

American Meat Science Association.

Yates et al.

Heat stress—induced inflammation in livestock

Limesand. 2016. Adrenal demedullation and oxygen supple-
mentation independently increase glucose-stimulated insulin
concentrations in fetal sheep with intrauterine growth restric-
tion. Endocrinol. 157:2104-2115. https://doi.org/10.1210/en.
2015-1850

Mader, T. L. 2014. BILL E. KUNKLE INTERDISCIPLINARY
BEEF SYMPOSIUM: Animal welfare concerns for cattle
exposed to adverse environmental conditionsl. J. Anim.
Sci. 92:5319-5324. https://doi.org10.2527/jas.2014-7950

Mader, T. L., S. M. Holt, G. L. Hahn, M. S. Davis, and D. E. Spiers.
2002. Feeding strategies for managing heat load in feedlot cat-
tle. J Anim. Sci. 80:2373-2382. https://doi.org/10.2527/2002.
8092373x

Madsen, J. G., and G. Bee. 2015. Compensatory growth feeding
strategy does not overcome negative effects on growth and
carcass composition of low birth weight pigs. Animals
9:427-436. https://doi.org/10.1017/s1751731114002663

Maier, A., J. C. McEwan, K. G. Dodds, D. A. Fischman, R. B.
Fitzsimons, and A. J. Harris. 1992. Myosin heavy chain com-
position of single fibres and their origins and distribution in
developing fascicles of sheep tibialis cranialis muscles. J.
Muscle Res. Cell M. 13:551-572. https://doi.org/10.1007/
bf01737997

Marino, R., A. S. Atzori, M. D’Andrea, G. lovane, M. Trabalza-
Marinucci, and L. Rinaldi. 2016. Climate change:
Production performance, health issues, greenhouse gas emis-
sions and mitigation strategies in sheep and goat farming.
Small Ruminant Res. 135:50-59. https://doi.org/10.1016/j.
smallrumres.2015.12.012

Mellor, D. J. 1983. Nutritional and placental determinants of foetal
growth rate in sheep and consequences for the newborn lamb.
Brit. Vet. J. 139:307-324. https://doi.org/10.1016/S0007-
1935(17)30436-0

Mitlohner, F. M., M. L. Galyean, and J. J. McGlone. 2002. Shade
effects on performance, carcass traits, physiology, and behav-
ior of heat-stressed feedlot heifers. J. Anim. Sci. 80:2043—
2050. https://doi.org/10.2527/2002.8082043x

Most, M. 2022. Targeting inflammation in heat-stressed wethers
improves growth and efficiency and alters body composition;
A brief exploration and application of extension principles.
M.S. thesis, University of Nebraska-Lincoln, Lincoln, NE.
(https://digitalcommons.unl.edu/animalscidiss/234/)

Most, M. S., P. C. Grijalva, H. N. Beer, R. L. Gibbs, Z. H. Hicks, T.
A. Lacey, T. B. Schmidt, J. L. Petersen, and D. T. Yates. 2021.
Dexamethasone and fish oil improve average daily gain but
not muscle mass or protein content in feedlot wethers after
chronic heat stress. Translational Animal Science 5. https://
doi.org/10.1093/tas/txab163

Most, M. S., and D. T. Yates. 2021. Inflammatory mediation of heat
stress-induced growth deficits in livestock and its potential
role as a target for nutritional interventions: a review.
Animals (Basel) 11. https://doi.org/10.3390/ani11123539

Myers, V. 2022. Thousands of Cattle Reported Dead: Heat Stress
Kills Estimated 10,000 Head of Kansas Feedlot Cattle.
Progressive Farmer. DTN, LLC, Minneapolis, MN.

North, M. A., J. A. Franke, B. Ouweneel, and C. H. Trisos. 2023.
Global risk of heat stress to cattle from climate change.
Environ. Res. Lett. 18:094027. https://doi.org/10.1088/
1748-9326/aceb79

www.meatandmusclebiology.com


https://doi.org/10.1089/jir.1998.18.879
https://doi.org/10.3390/antiox11091686
https://doi.org/10.3390/ani10050867
https://doi.org/10.2527/jas.2011-4123
https://doi.org/10.2527/jas.2011-4123
https://doi.org/10.1177/2045894018796804
https://doi.org/10.2527/1998.762388x
https://doi.org/10.1097/MCO.0b013e328351c3fc
https://doi.org/10.1152/ajpendo.00459.2007
https://doi.org/10.1074/jbc.M112.362343
https://doi.org/10.1074/jbc.M112.362343
https://doi.org/10.3389/fcell.2023.1171506
https://doi.org/10.3389/fcell.2023.1171506
https://doi.org/10.1002/jcp.31515
https://doi.org/10.1017/S2040174413000093
https://doi.org/10.1017/S2040174413000093
https://doi.org/10.1210/en.2015-1850
https://doi.org/10.1210/en.2015-1850
https://doi.org10.2527/jas.2014-7950
https://doi.org/10.2527/2002.8092373x
https://doi.org/10.2527/2002.8092373x
https://doi.org/10.1017/s1751731114002663
https://doi.org/10.1007/bf01737997
https://doi.org/10.1007/bf01737997
https://doi.org/10.1016/j.smallrumres.2015.12.012
https://doi.org/10.1016/j.smallrumres.2015.12.012
https://doi.org/10.1016/S0007-1935(17)30436-0
https://doi.org/10.1016/S0007-1935(17)30436-0
https://doi.org/10.2527/2002.8082043x
https://digitalcommons.unl.edu/animalscidiss/234/
https://doi.org/10.1093/tas/txab163
https://doi.org/10.1093/tas/txab163
https://doi.org/10.3390/ani11123539
https://doi.org/10.1088/1748-9326/aceb79
https://doi.org/10.1088/1748-9326/aceb79
www.meatandmusclebiology.com

Meat and Muscle Biology 2025, 9(1): 20179, 1-16

Pataky, M. W., H. Wang, C. S. Yu, E. B. Arias, R. J. Ploutz-Snyder,
X. Zheng, and G. D. Cartee. 2017. High-fat diet-induced insu-
lin resistance in single skeletal muscle fibers is fiber type
selective. Sci. Rep. 7:13642. https://doi.org/10.1038/
s41598-017-12682-z

Pavlath, G. K., K. Rich, S. G. Webster, and H. M. Blau. 1989.
Localization of muscle gene products in nuclear domains.
Nature 337:570-573. https://doi.org/10.1038/337570a0

Pillon, N. J,, P. J. Bilan, L. N. Fink, and A. Klip. 2013. Cross-talk
between skeletal muscle and immune cells: muscle-derived
mediators and metabolic implications. Am. J. Physiol.
Endoc. M. 304(5):E453-465. https://doi.org/10.1152/
ajpendo.00553.2012

Posont, R. J., C. N. Cadaret, J. K. Beard, R. M. Swanson, R. L.
Gibbs, E. S. Marks-Nelson, J. L. Petersen, and D. T. Yates.
2021. Maternofetal inflammation induced for two weeks in
late gestation reduced birthweight and impaired neonatal
growth and skeletal muscle glucose metabolism in lambs. J.
Anim. Sci. https://doi.org/10.1093/jas/skab102

Posont, R. J., M. S. Most, C. N. Cadaret, E. S. Marks-Nelson, K. A.
Beede, S. W. Limesand, T. B. Schmidt, J. L. Petersen, and D.
T. Yates. 2022. Primary myoblasts from intrauterine growth-
restricted fetal sheep exhibit intrinsic dysfunction of prolifer-
ation and differentiation that coincides with enrichment of
inflammatory cytokine signaling pathways. J. Anim. Sci.
100:1-15. https://doi.org/10.1093/jas/skac145

Reith, R. R., R. L. Sieck, P. C. Grijalva, E. M. Duffy, R. M.
Swanson, A. M. Fuller, K. A. Beede, J. K. Beard, D. E.
Diaz, T. B. Schmidt, D. T. Yates, and J. L. Petersen. 2020.
Heat stress and B-adrenergic agonists alter the adipose tran-
scriptome and fatty acid mobilization in ruminant livestock.
Translational Animal Science 4:S141-S144. https://doi.org/
10.1093/tas/txaal22

Reith, R. R., R. L. Sieck, P. C. Grijalva, R. M. Swanson, A. M.
Fuller, D. E. Diaz, T. B. Schmidt, D. T. Yates, and J. L.
Petersen. 2022. Transcriptome analyses indicate that heat
stress-induced inflammation in white adipose tissue and oxi-
dative stress in skeletal muscle is partially moderated by zil-
paterol supplementation in beef cattle. J. Anim. Sci. 100.
https://doi.org/10.1093/jas/skac019

Remels, A. H., H. R. Gosker, K. J. Verhees, R. C. Langen, and A.
M. Schols. 2015. TNF-alpha-induced NF-kappaB activation
stimulates skeletal muscle glycolytic metabolism through acti-
vation of HIF-lalpha. Endocrinol. 156:1770-1781. https://
doi.org/10.1210/en.2014-1591

Reynolds, L. P., and J. S. Caton. 2012. Role of the pre- and post-
natal environment in developmental programming of health
and productivity. Mol. Cell. Endocrinol. 354:54-59. https://
doi.org/10.1016/j.mce.2011.11.013

Rios, A., P. Grijalva, S. Garcia, C. Webster, J. Beard, J. L. Petersen,
D. T. Yates, T. B. Schmidt, and D. E. Diaz. 2022. 12 growth
performance, physiology, and carcass merit of supplementing
Brahman steers with zilpaterol hydrochloride under heat stress
conditions. J. Anim. Sci. 100:6-7. https://doi.org/10.1093/jas/
skac313.008

Robinson, D. L., L. M. Cafe, and P. L. Greenwood. 2013. Meat
Science and Muscle Biology Symposium: developmental
programming in cattle: Consequences for growth, efficiency,

American Meat Science Association.

Yates et al.

14

Heat stress—induced inflammation in livestock

carcass, muscle, and beef quality characteristics. J. Anim. Sci.
91:1428-1442. https://doi.org/10.2527/jas.2012-5799

Rosa-Velazquez, M., J. R. Jaborek, J. M. Pinos-Rodriguez, and A.
E. Relling. 2021. Maternal supply of fatty acids during late
gestation on offspring’s growth, metabolism, and carcass
characteristics in sheep. Animals (Basel) 11. https://doi.org/
10.3390/ani11030719

Rozance, P. J., L. Zastoupil, S. R. Wesolowski, D. A. Goldstrohm,
B. Strahan, M. Cree-Green, M. Sheffield-Moore, G. Meschia,
W. W. Hay, Jr., R. B. Wilkening, and L. D. Brown. 2018.
Skeletal muscle protein accretion rates and hindlimb growth
are reduced in late gestation intrauterine growth-restricted
fetal sheep. J. Physiol. 596:67-82. https://doi.org/10.1113/
JP275230

Schneider, M. J., R. G. Tait, Jr., W. D. Busby, and J. M. Reecy.
2009. An evaluation of bovine respiratory disease complex
in feedlot cattle: Impact on performance and carcass traits
using treatment records and lung lesion scores. J. Anim.
Sci. 87:1821-1827. https://doi.org/10.2527/jas.2008-1283

Scott, C. B. 2005. Contribution of anaerobic energy expenditure to
whole body thermogenesis. Nutr. Metab. (Lond.) 2:14. https://
doi.org/10.1186/1743-7075-2-14

Scott, C. B. 2012. Glucose and fat oxidation: bomb calorimeter be
damned. Sci. World J. 2012:375041. https://doi.org/10.1100/
2012/375041

Shephard, R., and S. Maloney. 2023. A review of thermal stress in
cattle. Aust. Vet. J. 101:417-429. https://doi.org/10.1111/avj.
13275

Shirakawa, T., T. Rojasawasthien, A. Inoue, T. Matsubara, T.
Kawamoto, and S. Kokabu. 2021. Tumor necrosis factor alpha
regulates myogenesis to inhibit differentiation and promote
proliferation in satellite cells. Biochem. Biophys. Res.
Commun. 580:35-40. https://doi.org/10.1016/j.bbrc.2021.
09.067

Soto, G., M. J. Rodriguez, R. Fuentealba, A. V. Treuer, 1. Castillo,
D. R. Gonzalez, and J. Zuniga-Hernandez. 2020. Maresin 1, a
proresolving lipid mediator, ameliorates liver ischemia-reper-
fusion injury and stimulates hepatocyte proliferation in
Sprague-Dawley rats. Int. J. Mol. Sci. 21. https://doi.org/10.
3390/ijms21020540

Soto, S. M., A. C. Blake, S. R. Wesolowski, P. J. Rozance, K. B.
Barthel, B. Gao, B. Hetrick, C. E. McCurdy, N. G. Garza,
W. W. Hay, Jr., L. A. Leinwand, J. E. Friedman, and L. D.
Brown. 2017. Myoblast replication is reduced in the TUGR fetus
despite maintained proliferative capacity in vitro. J. Endocrinol.
232:475-491. https://doi.org/10.1530/JOE-16-0123

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

Sullivan, K. F., and T. L. Mader. 2018. Managing heat stress epi-
sodes in confined cattle. Vet. Clin. N. Am.-Food. Am.
34:325-339. https://doi.org/10.1016/j.cvfa.2018.05.001

Swanson, R. M., R. G. Tait, B. M. Galles, E. M. Duffy, T. B.
Schmidt, J. L. Petersen, and D. T. Yates. 2020. Heat stress-
induced deficits in growth, metabolic efficiency, and cardio-
vascular function coincided with chronic systemic inflammation
and hypercatecholaminemia in ractopamine-supplemented

www.meatandmusclebiology.com


https://doi.org/10.1038/s41598-017-12682-z
https://doi.org/10.1038/s41598-017-12682-z
https://doi.org/10.1038/337570a0
https://doi.org/10.1152/ajpendo.00553.2012
https://doi.org/10.1152/ajpendo.00553.2012
https://doi.org/10.1093/jas/skab102
https://doi.org/10.1093/jas/skac145
https://doi.org/10.1093/tas/txaa122
https://doi.org/10.1093/tas/txaa122
https://doi.org/10.1093/jas/skac019
https://doi.org/10.1210/en.2014-1591
https://doi.org/10.1210/en.2014-1591
https://doi.org/10.1016/j.mce.2011.11.013
https://doi.org/10.1016/j.mce.2011.11.013
https://doi.org/10.1093/jas/skac313.008
https://doi.org/10.1093/jas/skac313.008
https://doi.org/10.2527/jas.2012-5799
https://doi.org/10.3390/ani11030719
https://doi.org/10.3390/ani11030719
https://doi.org/10.1113/JP275230
https://doi.org/10.1113/JP275230
https://doi.org/10.2527/jas.2008-1283
https://doi.org/10.1186/1743-7075-2-14
https://doi.org/10.1186/1743-7075-2-14
https://doi.org/10.1100/2012/375041
https://doi.org/10.1100/2012/375041
https://doi.org/10.1111/avj.13275
https://doi.org/10.1111/avj.13275
https://doi.org/10.1016/j.bbrc.2021.09.067
https://doi.org/10.1016/j.bbrc.2021.09.067
https://doi.org/10.3390/ijms21020540
https://doi.org/10.3390/ijms21020540
https://doi.org/10.1530/JOE-16-0123
https://doi.org/10.3168/jds.S0022-0302(03)74040-5
https://doi.org/10.3168/jds.S0022-0302(03)74040-5
https://doi.org/10.1016/j.cvfa.2018.05.001
www.meatandmusclebiology.com

Meat and Muscle Biology 2025, 9(1): 20179, 1-16

feedlot lambs. J. Anim. Sci. 98. https://doi.org/10.1093/jas/
skaal68

Ten Broek, R. W., S. Grefte, and J. W. Von den Hoff. 2010.
Regulatory factors and cell populations involved in skeletal
muscle regeneration. J. Cell. Physiol. 224:7-16. https://doi.
org/10.1002/jcp.22127

Tracey, K. J., H. Wei, K. R. Manogue, Y. Fong, D. G. Hesse, H. T.
Nguyen, G. C. Kuo, B. Beutler, R. S. Cotran, and A. Cerami.
1988. Cachectin/tumor necrosis factor induces cachexia,
anemia, and inflammation. J. Exp. Med. 167:1211-1227.
https://doi.org/10.1084/jem.167.3.1211

Trendelenburg, A. U., A. Meyer, C. Jacobi, J. N. Feige, and D. J.
Glass. 2012. TAK-1/p38/nNFkappaB signaling inhibits myo-
blast differentiation by increasing levels of Activin A. Skelet.
Muscle 2:3. https://doi.org/10.1186/2044-5040-2-3

USDA National Agriculture Statistics Services (USDA-NASS).
2025. US department of agriculture livestock slaughter report.
NASS, Washington, DC. https://www.nass.usda.gov/
Publications/Todays_Reports/reports/Istk0225.pdf

van der Heijden, R. A., F. Sheedfar, M. C. Morrison, P. P.
Hommelberg, D. Kor, N. J. Kloosterhuis, N. Gruben, S. A.
Youssef, A. de Bruin, M. H. Hofker, R. Kleemann, D. P.
Koonen, and P. Heeringa. 2015. High-fat diet induced obesity
primes inflammation in adipose tissue prior to liver in C57BL/
6j mice. Aging (Albany NY) 7:256-268. https://doi.org/10.
18632/aging.100738

van Hall, G., A. Steensberg, M. Sacchetti, C. Fischer, C. Keller, P.
Schjerling, N. Hiscock, K. Moller, B. Saltin, M. A. Febbraio,
and B. K. Pedersen. 2003. Interleukin-6 stimulates lipolysis
and fat oxidation in humans. J. Clin. Endocr. Metab.
88:3005-3010. https://doi.org/10.1210/jc.2002-021687

Vargas Zeppetello, L. R., A. E. Raftery, and D. S. Battisti. 2022.
Probabilistic projections of increased heat stress driven by cli-
mate change. Communications Earth & Environment 3:183.
https://doi.org/10.1038/s43247-022-00524-4

Wells, J. C. K. 2011. The thrifty phenotype: An adaptation in
growth or metabolism? Am. J. Hum. Biol. 23:65-75.
https://doi.org/10.1002/ajhb.21100

White, M. R. 2023. Early-life supplementation of omega-3 polyun-
saturated fatty acids improved growth and skeletal muscle glu-
cose metabolism in the heat stress-induced IUGR neonatal
lamb. M.S. thesis, University of Nebraska, Lincoln, NE.
(https://digitalcommons.unl.edu/animalscidiss/269/)

White, M. R., R. L. Gibbs, S. A. Curry, P. C. Grijalva, J. L.
Petersen, T. B. Schmidt, and D. T. Yates. 2025a. Heat
stress-induced inflammation was mitigated by daily oral sup-
plementation of ®-3 polyunsaturated fatty acids in finishing
lambs, which in turn improved circulating adiponectin but
not IGF-1. J. Anim. Sci. 103:PSVI-20.

White, M. R., R. L. Gibbs, S. A. Curry, P. C. Grijalva, J. L.
Petersen, T. B. Schmidt, and D. T. Yates. 2025b. Targeting
inflammatory tone with daily oral -3 polyunsaturated fatty
acids improved growth and body composition in heat-stressed
finishing lambs. J. Anim. Sci. 103:GDI-67.

White, M. R., R. L. Gibbs, P. C. Grijalva, Z. M. Hicks, H. N. Beer,
E. S. Marks-Nelson, and D. T. Yates. 2025c. Reducing sys-
temic inflammation in IUGR-born neonatal lambs via daily
oral ®-3 PUFA supplement improved skeletal muscle glucose

American Meat Science Association.

Yates et al.

15

Heat stress—induced inflammation in livestock

metabolism, glucose-stimulated insulin secretion, and blood
pressure. Metabolites 15:346.  https://doi.org/10.3390/
metabo15060346

White, M. R., R. L. Gibbs, P. C. C. Grijalva, Z. M. Hicks, H. N.
Beer, M. S. Most, T. B. B. Schmidt, J. L. L. Peterson, and
D. T. Yates. 2023a. Impaired glucose-stimulated insulin
secretion in intrauterine growth-restricted neonatal lambs is
improved by daily supplementation of ®-3 polyunsaturated
fatty acid Ca2+ salts. J. Anim. Sci. 101:488-489. https://
doi.org/10.1093/jas/skad281.579

White, M. R., R. L. Gibbs, P. C. C. Grijalva, Z. M. Hicks, H. N.
Beer, M. S. Most, T. B. B. Schmidt, J. L. L. Peterson, and
D. T. Yates. 2023b. Increased inflammatory tone and
impaired skeletal muscle growth in intrauterine growth-
restricted neonatal lambs is improved by daily supplementa-
tion of ®-3 polyunsaturated fatty acid Ca2+ salts. J. Anim. Sci.
101:164-165. https://doi.org/10.1093/jas/skad281.200

White, M. R., and D. T. Yates. 2023. Dousing the flame: reviewing
the mechanisms of inflammatory programming during stress-
induced intrauterine growth restriction and the potential for -
3 polyunsaturated fatty acid intervention. Front. Physiol.
14:1250134. https://doi.org/10.3389/fphys.2023.1250134

Wilson, S. J., J. C. McEwan, P. W. Sheard, and A. J. Harris. 1992.
Early stages of myogenesis in a large mammal: Formation of
successive generations of myotubes in sheep tibialis cranialis
muscle. J. Muscle Res. Cell M. 13:534-550. https://doi.org/
10.1007/6f01737996

Winders, T. M., B. A. Melton, B. M. Boyd, C. N. Macken, A. K.
Watson, J. C. MacDonald, and G. E. Erickson. 2023. Impact
of shade in beef feedyards on performance, ear temperature,
and heat stress measures. J. Anim. Sci. 101. https://doi.org/
10.1093/jas/skad004

Wu, G., F. W. Bazer, J. M. Wallace, and T. E. Spencer. 2006.
Board-invited review: intrauterine growth retardation: impli-
cations for the animal sciences. J. Anim. Sci. 84:2316-2337.
https://doi.org/10.2527/jas.2006-156

Yates, D. T., C. N. Cadaret, K. A. Beede, H. E. Riley, A. R. Macko,
M. J. Anderson, L. E. Camacho, and S. W. Limesand. 2016.
Intrauterine growth-restricted sheep fetuses exhibit smaller
hindlimb muscle fibers and lower proportions of insulin-sen-
sitive Type 1 fibers near term. Am. J. Physiol.-Reg. 1. 310:
R1020-R1029. https://doi.org/10.1152/ajpregu.00528.2015

Yates, D. T., D. S. Clarke, A. R. Macko, M. J. Anderson, L. A.
Shelton, M. Nearing, R. E. Allen, R. P. Rhoads, and S. W.
Limesand. 2014. Myoblasts from intrauterine growth-
restricted sheep fetuses exhibit intrinsic deficiencies in prolif-
eration that contribute to smaller semitendinosus myofibres. J.
Physiol. 592:3113-3125. https://doi.org/10.1113/jphysiol.
2014.272591

Yates, D. T., J. L. Petersen, T. B. Schmidt, C. N. Cadaret, T. L.
Barnes, R. J. Posont, and K. A. Beede. 2018. ASAS-SSR
Triennnial Reproduction Symposium: Looking Back and
Moving Forward-How Reproductive Physiology has
Evolved: Fetal origins of impaired muscle growth and metabolic
dysfunction: Lessons from the heat-stressed pregnant ewe. J.
Anim. Sci. 96:2987-3002. https://doi.org/10.1093/jas/sky164

Yu, T., J. Dohl, Y. Chen, H. G. Gasier, and P. A. Deuster. 2019.
Astaxanthin but not quercetin preserves mitochondrial integ-
rity and function, ameliorates oxidative stress, and reduces

www.meatandmusclebiology.com


https://doi.org/10.1093/jas/skaa168
https://doi.org/10.1093/jas/skaa168
https://doi.org/10.1002/jcp.22127
https://doi.org/10.1002/jcp.22127
https://doi.org/10.1084/jem.167.3.1211
https://doi.org/10.1186/2044-5040-2-3
https://www.nass.usda.gov/Publications/Todays_Reports/reports/lstk0225.pdf
https://www.nass.usda.gov/Publications/Todays_Reports/reports/lstk0225.pdf
https://doi.org/10.18632/aging.100738
https://doi.org/10.18632/aging.100738
https://doi.org/10.1210/jc.2002-021687
https://doi.org/10.1038/s43247-022-00524-4
https://doi.org/10.1002/ajhb.21100
https://digitalcommons.unl.edu/animalscidiss/269/
https://doi.org/10.3390/metabo15060346
https://doi.org/10.3390/metabo15060346
https://doi.org/10.1093/jas/skad281.579
https://doi.org/10.1093/jas/skad281.579
https://doi.org/10.1093/jas/skad281.200
https://doi.org/10.3389/fphys.2023.1250134
https://doi.org/10.1007/bf01737996
https://doi.org/10.1007/bf01737996
https://doi.org/10.1093/jas/skad004
https://doi.org/10.1093/jas/skad004
https://doi.org/10.2527/jas.2006-156
https://doi.org/10.1152/ajpregu.00528.2015
https://doi.org/10.1113/jphysiol.2014.272591
https://doi.org/10.1113/jphysiol.2014.272591
https://doi.org/10.1093/jas/sky164
www.meatandmusclebiology.com

Meat and Muscle Biology 2025, 9(1): 20179, 1-16

heat-induced skeletal muscle injury. J. Cell Physiol.
234:13292-13302. https://doi.org/10.1002/jcp.28006
Zhang, M., R. D. Warner, F. R. Dunshea, K. DiGiacomo, A. Joy, A.
Abhijith, R. Osei-Amponsah, D. L. Hopkins, M. Ha, and S. S.
Chauhan. 2021. Impact of heat stress on the growth perfor-
mance and retail meat quality of 2nd cross (Poll Dorset X
(Border Leicester X Merino)) and Dorper lambs. Meat Sci.
181:108581. https://doi.org/10.1016/j.meatsci.2021.108581

Zhu, H., H. Wang, S. Wang, Z. Tu, L. Zhang, X. Wang, Y. Hou, C.
Wang, J. Chen, and Y. Liu. 2018. Flaxseed oil attenuates

American Meat Science Association.

Yates et al.

16

Heat stress—induced inflammation in livestock

intestinal damage and inflammation by regulating necroptosis
and TLR4/NOD signaling pathways following lipopolysac-
charide challenge in a piglet model. Mol. Nutr. Food. Res.
62:¢1700814. https://doi.org/10.1002/mnfr.201700814

Zuo, J., M. Xu, Y. A. Abdullahi, L. Ma, Z. Zhang, and D. Feng.
2015. Constant heat stress reduces skeletal muscle protein
deposition in broilers. J. Sci. Food Agr. 95:429-436.
https://doi.org/10.1002/jsfa.6749

www.meatandmusclebiology.com


https://doi.org/10.1002/jcp.28006
https://doi.org/10.1016/j.meatsci.2021.108581
https://doi.org/10.1002/mnfr.201700814
https://doi.org/10.1002/jsfa.6749
www.meatandmusclebiology.com

	The Essential (and Targetable) Role of Inflammation in the Poor Muscle Growth and Metabolism of Heat-Stressed Livestock1
	Introduction
	The Impact of Heat Stress in The Feedlot
	Hot `n heavy: Size and adiposity increase the susceptibility of finishing livestock to heat stress
	Farewell to welfare: Heat stress devastates health and well-being in the feedlot
	Where's the beef? Heat stress slows muscle growth and diminishes carcass outcomes
	Poor cell service: Heat stress induces muscle stem cell dysfunction
	Turning to alternative fuels: Heat stress disrupts glucose metabolic efficiency in muscle

	The Impact of Prenatal Heat Stress
	One hot mama: Maternal heat stress impairs health and well-being of offspring
	Preheating the steaks: Prenatal heat stress limits postnatal muscle growth and carcass merit
	A breakdown in nutrient breakdown: Prenatal heat stress permanently disrupts metabolism

	The Role of Inflammation in Heat Stress Pathologies
	Up in flames: Chronic heat stress induces systemic inflammation
	Stifling regulatory oversight: Inflammatory cytokines dysregulate normal muscle processes
	Fish oil ain't snake oil: Targeting heat stress-induced inflammation with &omega;-3 polyunsaturated fatty acids

	Conclusions
	Conflict of Interest
	Acknowledgments
	Author Contribution

	Literature Cited


