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INTRODUCTION

There are a variety of situaƟ ons in an animal’s life 
when nutrient uƟ lizaƟ on is reprioriƟ zed from produc-
Ɵ ve towards agriculturally unproducƟ ve purposes. 
Two well-known examples that markedly reduce 
producƟ on are heat stress and ketosis.  Decreased 
feed intake, experienced during both diseases, is un-
able to fully explain decreases in producƟ vity. Addi-
Ɵ onally, both diseases are characterized by negaƟ ve 
energy balance, body weight loss, infl ammaƟ on, and 
hepaƟ c steatosis. While the metabolism of ketosis 
and heat stress have been thoroughly studied for the 
last 40 years, the iniƟ al insult in the cascade of events 
ulƟ mately reducing producƟ vity in both heat-stressed 
and ketoƟ c cows has not been idenƟ fi ed. To that 
end, we have generated preliminary data strongly 
implicaƟ ng a metabolic disruptor, endotoxin, as the 
eƟ ological culprit in each case.

Heat Stress

Heat stress negaƟ vely impacts a variety of produc-
Ɵ on parameters and is a signifi cant fi nancial burden 
(~$900 million/year for dairy in the U.S. alone; St. 
Pierre et al., 2003). Heat-stress aff ects producƟ vity 
indirectly by reducing feed intake; however, direct 
mechanisms also contribute as we have shown 
reduced feed intake only explains approximately 35-
50% of the decreased milk yield during heat stress 
(Rhoads et al., 2009; Wheelock et al., 2010; Baum-
gard et al., 2011). Direct mechanisms contribuƟ ng 
to heat stress milk yield losses involve an altered 
endocrine profi le, including reciprocal changes in 
circulaƟ ng anabolic and catabolic hormones (Berna-
bucci et al., 2010; Baumgard and Rhoads, 2012). Such 
changes are characterized by increased circulaƟ ng 
insulin concentraƟ on, lack of adipose Ɵ ssue lipid mo-
bilizaƟ on, and reduced adipocyte responsiveness to 
lipolyƟ c sƟ muli. HepaƟ c and skeletal muscle cellular 
bioenergeƟ cs also exhibit clear diff erences in carbo-
hydrate producƟ on and use, respecƟ vely, due to heat 
stress. Thus, the heat stress response markedly alters 
post-absorpƟ ve carbohydrate, lipid, and protein 
metabolism through coordinated changes in fuel sup-
ply and uƟ lizaƟ on across Ɵ ssues in a manner disƟ nct 
from commonly recognizable changes that occur in 

animals on a reduced plane of nutriƟ on (Baumgard 
and Rhoads, 2013). The result of HS is underachieve-
ment of an animal’s full geneƟ c potenƟ al.
Ketosis

The periparturient period is associated with substan-
Ɵ al metabolic changes involving normal homeorheƟ c 
adaptaƟ ons to support milk producƟ on.  Unfortu-
nately, a disproporƟ onate amount of herd culling 
occurs before cows reach 60 days in milk (Godden, 
2003).  Ketosis is defi ned as an excess of circulaƟ ng 
ketone bodies and is characterized by decreases in 
feed intake, milk producƟ on, and increased risk of 
developing other transiƟ on period diseases (Chapi-
nal et al., 2012). Epidemiological data indicate about 
20% of transiƟ oning dairy cows clinically experience 
ketosis (BHBA > 3.0 mM; Gillund et al., 2001) while 
the incidence of subclinical ketosis (>1.2 mM BHBA) 
is thought to be much higher (> 40%; McArt et al., 
2012). Ketosis is a costly disorder (esƟ mated at ~$300 
per case; McArt et al., 2015) and thus it represents a 
major hurdle to farm profi tability. TradiƟ onally, keto-
sis is thought to result from excessive adipose Ɵ ssue 
mobilizaƟ on (Baird, 1982; Grummer, 1993; Drackley, 
1999) which in turn contributes to faƩ y liver (he-
paƟ c steatosis) and excessive ketone body synthesis 
(Grummer, 1993).

HEAT STRESS ETIOLOGY

Mechanisms responsible for altered nutrient parƟ -
Ɵ oning during HS are not clear; however, they might 
be mediated by HS eff ects on gastrointesƟ nal health 
and funcƟ on as we and others have demonstrated HS 
compromised intesƟ nal barrier funcƟ on (Lambert et 
al., 2002; Dokladny et al., 2006; Pearce et al., 2013; 
Sanz-Fernandez et al., 2014). During HS, blood fl ow 
is diverted from the viscera to the periphery in an at-
tempt to dissipate heat leading to intesƟ nal hypoxia 
(Hall et al., 1999). Enterocytes are parƟ cularly sensi-
Ɵ ve to hypoxia and nutrient restricƟ on (Rollwagen et 
al., 2006), resulƟ ng in ATP depleƟ on and increased 
oxidaƟ ve and nitrosaƟ ve stress (Hall et al., 2001). This 
contributes to Ɵ ght juncƟ on dysfuncƟ on and gross 
morphological changes that ulƟ mately reduce intes-
Ɵ nal barrier funcƟ on (Lambert et al., 2002; Pearce et 
al., 2013). As a result, HS increases the passage of lu-
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minal content into portal and systemic blood (Hall et 
al., 2001; Pearce et al., 2013). Endotoxin, otherwise 
referred to as lipopolysaccharide (LPS), is a glycolipid 
embedded in the outer membrane of Gram-negaƟ ve 
bacteria, which are abundant and prolifi c in luminal 
content, and is a well-characterized potent immune 
sƟ mulator in mulƟ ple species (Berczi et al., 1966; Giri 
et al., 1990; Tough et al., 1997). AcƟ vaƟ on of the im-
mune system occurs when LPS binding protein (LBP) 
iniƟ ally binds LPS and together with CD14 and TLR4 
delivers LPS for removal and detoxifi caƟ on, thus LBP 
is frequently used as a biomarker for LPS infi ltraƟ on 
(Ceciliani et al., 2012). For a detailed descripƟ on of 
how livestock and other species detoxify LPS see our 
recent review (Mani et al., 2012). Endotoxin infi ltra-
Ɵ on during HS into the bloodstream which was fi rst 
observed by Graber et al. (1971), is common among 
heat stroke paƟ ents (Leon, 2007) and is thought to 
play a central role in heat stroke pathophysiology as 
survival increases when intesƟ nal bacterial load is 
reduced or when plasma LPS is neutralized (Bynum 
et al., 1979; Gathiram et al., 1987). It is remarkable 
how animals suff ering from heat stroke or severe 
endotoxemia share many physiological and metabolic 
similariƟ es to HS, such as an increase in circulaƟ ng 
insulin (Lim et al., 2007).  Infusing LPS into the mam-
mary gland increased (~2 fold) circulaƟ ng insulin in 
lactaƟ ng cows (Waldron et al., 2006).  In addiƟ on, 
we intravenously infused LPS into growing calves 
and pigs and demonstrated >10 fold increase in 
circulaƟ ng insulin (Rhoads et al., 2009; Stoakes et al., 
2015c,d). InteresƟ ngly, increased insulin occurs prior 
to increased infl ammaƟ on and the temporal paƩ ern 
agrees with our previous in vivo data and a recent in 
vitro report (Bhat et al., 2014) suggesƟ ng LPS sƟ mu-
lates insulin secreƟ on, either directly or via GLP-1 
(Kahles et al., 2014). The possibility that LPS increases 
insulin secreƟ on likely explains the hyperinsulinemia 
we have repeatedly reported in a variety of heat-
stressed agriculture models (Baumgard and Rhoads, 
2013). Again, the increase in insulin in both models 
is energeƟ cally diffi  cult to explain as feed intake was 
severely depressed in both experiments.

TRANSITION PERIOD INFLAMMATION

Recently, the concept that LPS impacts normal 
nutrient parƟ Ɵ oning and potenƟ ally contributes to 
metabolic maladaptaƟ on to lactaƟ on has started to 
receive aƩ enƟ on. Although LPS itself has not been 
the primary causaƟ ve focus, general infl ammaƟ on 
has been the topic of invesƟ gaƟ ons. Increased in-
fl ammatory markers following parturiƟ on have been 
reported in cows (Ametaj et al., 2005; Bertoni et al., 
2008; Humblet et al., 2006; Mullins et al., 2012).  Pre-
sumably, the infl ammatory state following calving dis-
rupts normal nutrient parƟ Ɵ oning and is detrimen-
tal to producƟ vity (Loor et al., 2005; Bertoni et al., 

2008), and this assumpƟ on was recently reinforced 
when TNFα infusion decreased producƟ vity (albeit 
without overt changes in metabolism; Yuan
et al., 2013; Martel et al., 2014). AddiƟ onally, in late-
lactaƟ on cows, injecƟ ng TNFα increased (>100%) liv-
er TAG content without a change in circulaƟ ng NEFA 
(Bradford et al., 2009). Our recent data demonstrates 
increased infl ammatory markers in cows diagnosed 
with ketosis only and no other health disorders. In 
comparison with healthy controls, ketoƟ c cows had 
increased circulaƟ ng LPS prior to calving and post-
partum acute phase proteins such as LPS-binding 
protein, serum amyloid A, and haptoglobin were also 
increased (Fig. 1; Abuajamieh et al., 2015). Endotoxin 
can originate from a variety of locaƟ ons, and obvi-
ous sources in transiƟ oning dairy cows include the 
uterus (metriƟ s), mammary gland (masƟ Ɵ s) and the 
gastrointesƟ nal tract (Mani et al., 2012). However, we 
believe intesƟ nal permeability may be responsible for 
infl ammaƟ on observed in the transiƟ on dairy cow. A 
transiƟ oning dairy cow undergoes a post-calving diet 
shiŌ  from a mainly forage based to a high concen-
trate raƟ on. This has the potenƟ al to induce rumen 
acidosis which can compromise the gastrointesƟ nal 
tract barrier (Khafi pour et al., 2009). 

In order to further invesƟ gate the eff ects of intesƟ nal 
permeability on producƟ on and infl ammaƟ on, we 
intenƟ onally induced intesƟ nal permeability in mid-
lactaƟ on dairy cows using a gamma secretase inhibi-
tor (GSI), a compound that specifi cally inhibits crypt 
stem cell diff erenƟ aƟ on into enterocytes via disrupt-
ing Notch signaling (van Es et al., 2005). We anƟ ci-
pated feed intake of GSI administered cows would 
decrease, so we pair-fed controls in order to elimi-
nate the confounding eff ect of feed intake. Treatment 
with GSI decreased feed intake and altered jejunum 
morphology consistently with characterisƟ cs of leaky 
gut (shortened crypt depth, decreased villus height, 
decreased villus height to crypt depth raƟ o). Circu-
laƟ ng insulin and LBP were increased in GSI cows 
relaƟ ve to controls. InteresƟ ngly in our GSI model, 
acute phase proteins serum amyloid A and haptoglo-
bin increased for both treatments over Ɵ me, indicat-
ing infl ammaƟ on was occurring in pair-fed controls 
as well (Stoakes et al., 2014). This is not surprising, 
as pair-fed controls were receiving ~20% of their ad 
libitum intake and decreased feed intake has been 
shown to increase intesƟ nal permeability in feed 
restricted rodents and humans (Rodriguez et al., 
1996; Welsh et al., 1998) and we have also observed 
this in pigs (Pearce et al., 2013; Sanz-Fernandez et 
al., 2014). Recently, we confi rmed the detrimental 
eff ects of feed restricƟ on in mid-lactaƟ on cows by 
demonstraƟ ng a linear increase in circulaƟ ng acute 
phase proteins and endotoxin with increasing sever-
ity of feed restricƟ on. Furthermore, cows fed 40% of 
ad libitum intake had shortened ileum villous height 
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and crypt depth, indicaƟ ng reduced intesƟ nal health (Stoakes et al., 2015b). In summary, infl ammaƟ on is pres-
ent during the transiƟ on period and likely contributes to changes in whole-animal energeƟ cs.

Figure 1. Markers of infl ammaƟ on in healthy (solid line) and ketoƟ c (dashed 
line) transiƟ on cows.

METABOLISM OF INFLAMMATION

LPS-induced infl ammaƟ on has an energeƟ c cost 
which redirects nutrients away from anabolic process 
that support milk and muscle synthesis (see review 
by Johnson, 1997, 1998) and thus compromises pro-
ducƟ vity and effi  ciency. InteresƟ ngly, immune cells 
become more insulin sensiƟ ve and consume copious 
amounts of glucose upon acƟ vaƟ on in order to sup-
port rapid proliferaƟ on and biosyntheƟ c processes 
(Calder et al., 2007; Palsson-McDermoƩ  and O’Neill, 
2013). In contrast, infl ammaƟ on induces an insulin 
resistant state in skeletal muscle and adipose Ɵ ssue 
(Liang et al., 2013; Poggi et al., 2007). Recent data 
has also demonstrated a decrease in ketone oxida-
Ɵ on during LPS infi ltraƟ on (Suagee et al., 2011; Fri-
sard et al., 2015) which we believe may partly explain 
increased ketone body concentraƟ ons during the 
transiƟ on period.

Endotoxin has previously been recognized to be in-
volved with metabolic dysfuncƟ on. In humans, both 
obesity and high fat diets are linked to endotoxemia 
(Cani et al., 2007, Gregor and Hotamisligil, 2011). Fur-
thermore, LPS is involved with the development of 
faƩ y liver (Ilan, 2012), and cytokines are linked to lip-
id accumulaƟ on and cholesterol retenƟ on (Ma et al., 
2008; Clément et al., 2008). Experimentally-induced 
endotoxemia in dairy caƩ le has been linked to sev-
eral metabolic and endocrine disturbances including 
decreased circulaƟ ng glucose, terminaƟ on of preg-
nancy, leukopenia, disrupƟ on of ruminal metabolism, 
and altered calcium homeostasis (Griel et al., 1975; 
Giri et al., 1990; Waldron et al., 2003; Jing et al., 
2014). The aforemenƟ oned pathological condiƟ ons 
are likely mediated by LPS-induced infl ammaƟ on and 
the subsequent changes in nutrient parƟ Ɵ oning (Fig. 
2) caused by immune system acƟ vaƟ on. 
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Energe  c Cost of Immune Ac  va  on

An acƟ vated immune system requires a large amount 
of energy and the literature suggests that glucose 
homeostasis is markedly disrupted (Leininger et al., 
2000) during an endotoxin challenge. Upon immune 
system acƟ vaƟ on, immune cells switch their me-
tabolism from oxidaƟ ve phosphorylaƟ on to aerobic 
glycolysis, causing them to become obligate glucose 
uƟ lizers in a phenomenon known as the Warburg 
Eff ect (Vander Hiden et al., 2009). Our group recently 
employed a series of LPS-euglycemic clamps to quan-
Ɵ fy the energeƟ c cost of an acƟ vated immune sys-
tem. Using this model, we esƟ mated approximately 
1 kg of glucose is used by the immune system during 
a 12 hour period in lactaƟ ng dairy cows. Interest-
ingly, on a metabolic body weight basis the amount 
of glucose uƟ lized by LPS-acƟ vated immune system 
in lactaƟ ng cows, growing steers and growing pigs 
were 0.64, 1.0, and 1.1 g glucose/kg BW0.75/h, respec-
Ɵ vely; Stoakes et al., 2015a,c,d). Increased immune 
system glucose uƟ lizaƟ on occurs simultaneously with 
infecƟ on-induced decreased feed intake: this cou-
pling of enhanced nutrient requirements with hypo-
phagia obviously decrease the amount of nutrients 
available for the synthesis of valuable products (milk, 
meat, fetus, wool). We and others have now demon-
strated that both heat-stressed and ketoƟ c animals 
have increased circulaƟ ng markers of endotoxin and 
infl ammaƟ on. We believe that the circulaƟ ng LPS in 
both maladies originates from the intesƟ ne and thus 
both likely have an acƟ vated immune system.  This 
acƟ vated systemic immune response reprioriƟ zes the 
hierarchy of glucose uƟ lizaƟ on and milk synthesis is 
consequently deemphasized.

Figure 2. LPS induced alteraƟ ons in glucose metabolism and insulin sensiƟ vity.

CONCLUSION

Ketosis and heat stress are two of the most economi-
cally important pathologies which severely jeopar-
dize the compeƟ Ɵ veness of animal agriculture.  Heat 
stress and ketosis aff ect herds of all sizes and every 
dairy region in country.  The biology of ketosis and 
heat stress has been studied for almost a half cen-
tury, but the negaƟ ve impacts of both are as severe 
today as they were 30 years ago.  We suggest, based 
upon the literature and on our supporƟ ng evidence, 
that LPS is the common culprit eƟ ological origin of 
both metabolic disorders. Taken together, our data 
and the literature suggest that LPS markedly alters 
nutrient parƟ Ɵ oning and is a causaƟ ve agent in meta-
bolic disrupƟ on during heat stress and ketosis.

*Parts of this manuscript were fi rst published in the 
proceedings of the 2016 Southwest NutriƟ on Confer-
ence in Tempe AZ.
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