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lucose by normoxic cow's
mammary gland under acute inflammation:
an example of homeostatic aerobic glycolysis

Nissim Silanikove,*a Fira Shapiro,a Uzi Merin,b Yaniv Lavon,c Shlomo E. Blumd

and Gabriel Leitnerd

The concentrations of glucose and glucose-derived carbons in milk reflect their concentrations in the

mammary epithelial cell cytosol. We hypothesized that the sharp reduction in milk secretion observed

during acute inflammation in the mammary gland is associated with conversion of the gland's

metabolism to aerobic glycolysis and reduced extraction of glucose from the blood, in support to the

innate immune system. Acute inflammation was induced by challenging one mammary gland in 5 cows

with a single dose of 10 mg bacterial lipopolysaccharide. The glandular response was followed up to 96 h

post-challenge. The challenge induced increases in polymorphonuclear leukocytes, milk

malondialdehyde concentration and casein degradation. The response peaked at 24 h post-challenge

and the inflammation began to decrease after 48 h, but at 96 h post-treatment, values had not yet

returned to pre-treatment levels. Milk secretion, and milk lactose, glucose and citrate concentrations

decreased sharply, reaching minimal levels at 24 h post-treatment. The correlations between these

parameters and inflammation parameters were negative and statistically significant. The reduction of

�50% in milk yield and lactose concentration in the treated gland indicated that extraction of glucose

from the blood was reduced from a rate of �740 g d�1 to 190 g d�1 (i.e., by 550 g d�1) at the peak of

response. The concentrations of glucose-6-phosphate, malate, oxaloacetate, lactate and pyruvate and

the activities of the enzymes glucose-6-phosphate dehydrogenase, malate dehydrogenase and lactate

dehydrogenase increased and, in general, were positively and significantly correlated to inflammation

parameters. It was concluded that inflammation shifts the passage of glucose-derived carbons to the

pentose phosphate pathway and shifts cell metabolism to glycolysis at the expense of mitochondrial

activity.
Introduction

Eukaryotic cells obtain energy through the oxygen-dependent
pathway of oxidative phosphorylation (OxPhos) and the
oxygen-independent pathway of glycolysis. Since OxPhos is far
more efficient at generating ATP than glycolysis, the presence of
oxygen results in activation of the former and inhibition of the
latter (termed Pasteur effect).1 Otto Warburg showed that tumor
cells produce large amounts of lactate (La), even in the presence
of oxygen,2 a condition that is commonly known as the Warburg
effect, or aerobic glycolysis (AG). AG is commonly regarded as
the hallmark of cancer and tumor malignancy.1
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Studies have shown that the concentration of metabolites
produced and secreted by mammary epithelial cells (MECs) in
humans,3,4 rats,5 cows6 and ruminants7,8 is closely associated
with MEC metabolic state. Those studies were then substanti-
ated by more recent ones showing that the concentration of
glucose (G) and G-derived carbons in cow's milk reects meta-
bolic function in MECs.9–11

In particular, evidence has suggested that modications in
milk concentration of La, malate (Ma) and citrate (Cit) under
acute12 and chronic immune stress,10 and under pro-involution
conditions (milk stasis),13 reect conversion of the mammary
gland metabolism to glycolysis at the expense of OxPhos. In
modern dairy cows, �80% of the G turnover is diverted to the
mammary gland,14 supporting the high metabolic demand (4- to
5-fold maintenance requirements) for milk production.15

Ongoing inammatory and immune responses are associated
with dramatic shis in tissue metabolism and G requirements.16

The increased demand for G results from intense proliferation
and recruitment of inammatory cell types, particularly myeloid
cells, such as neutrophils (polymorphonuclear leukocytes
This journal is © The Royal Society of Chemistry 2016
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[PMNs]) and monocytes.16 Cells of the myeloid lineage derive
their energy almost exclusively from glycolysis,16 which amplies
their need for G under acute inammation.17 It has been sug-
gested that the conversion of MEC metabolism to increased AG
at the expense of OxPhos is the main mechanism translating the
milk-borne negative-feedback signals arising from, for example,
acute immune stress and milk stasis into reduced MEC activity
and milk secretion. This process then enhances G availability to
support the immune system.10–13 Nevertheless, those previous
studies lack information on key metabolites shiing MEC to AG,
which is reected by changes in G, G-derived carbons and key
enzyme activities in milk.

The present study tested the outcome of bacterial lipopoly-
saccharide (LPS) challenge of the mammary gland. The
hypothesis was to test whether under the acute inammatory
stress the metabolic activities of MECs shis to predominantly
AG and are associated with reduced G extraction from the
blood, reduced lactose secretion and milk yield. Such changes
should be reected by the concentrations of G, G-6-phosphate
(G6P), pyruvate (Pyr), La, oxaloacetate (OA) and Ma and by the
activities of glucose-6-phosphate dehydrogenase (G6PD), lactate
dehydrogenase (LDH) and malate dehydrogenase (MDH) in
milk. We hypothesize that these responses are induced by the
acute inammatory reaction and therefore should be closely
related to measures of inammation (leukocyte counts) and the
oxidative stress marker malondialdehyde (MDA).
Materials and methods
Ethics

All protocols were approved by the Institutional Animal Care
Committee of the Agricultural Research Organization, The
Volcani Center, the legitimate body for such authorizations in
Israel (No. b8974_18_015).
Experimental design

Five Israeli Holstein cows in their rst to third lactation and
100–500 d in milk (days aer parturition), yielding 28.1 � 3.1 L
milk d�1 and free of bacterial infection were chosen for LPS
intramammary challenge (IMC). One week before the start of
the experiment, the 5 cows were moved to a separate yard that
provided 10 m2 of shaded slatted oor. Before and during the
experiment, the cows were fed a typical Israeli total mixed ration
(17% protein) containing 65% concentrate and 35% forage,
which were offered ad libitum in mangers. Water was available
at all times. The experiment was carried out in November under
a natural lighting regime, with typical noon temperatures of
24 �C and night temperatures of 12 �C, which are considered
favorable for cow welfare.18 Cows were milked thrice daily
(05:30, 12:30, and 21:30 h) and individual milk yield was
recorded automatically (AFarm Herd Management Soware,
Amilk, Akim, Israel). Milk gross composition: fat, protein and
lactose content were analyzed at the Israel Cattle Breeders
Association Central Laboratory (Caesarea, Israel) using the
Milkoscan FT+ and somatic cell count (SCC) by the Fossomatic
FC (Foss Electric, Hilleröd, Denmark).
This journal is © The Royal Society of Chemistry 2016
Before challenge, milk yield, composition, bacteriology, SCC
and leukocyte distribution were evaluated before treatments at
�2 d and d 0 (day of treatment), separately for each gland.
Experimental procedures were carried out during the milking
except for the rst sampling, which was performed 3 h aer
challenge. Intramammary inoculation was performed asepti-
cally aer the morning milking. Teats were thoroughly cleaned,
dried, disinfected with iodine and wiped with antiseptic cloth
(MediWipes, Al-Baad, Massuot Itzhak, Israel). One gland in
each cow was infused with 10 mg LPS (Escherichia coli O55B5;
Sigma Chemical Co., St. Louis, MO) dissolved in 10 mL sterile
non-pyrogenic saline (Teva Pharmaceutical Industries Ltd.,
Petach Tikva, Israel), whereas the other 3 glands served as
treatment controls. Development of clinical symptoms was
recorded during the rst 24 h, including rectal temperature
measurements every 4 h. At 0 h, and +3, 6, 12, 24, 48, 72 and
96 h, the challenged glands and the 3 control glands of each cow
were milked separately into individual containers and milk
samples were taken aer recording milk yield.
Analytical procedures

One subset of samples was sent to a central laboratory for the
determination of fat, protein and casein.19 Somatic cell distri-
bution was assessed by ow cytometry (FACS Calibur, Becton-
Dickinson, San Jose, CA) as described previously.20 Additional
subsets of milk samples (�50 mL) were defatted under cold
conditions21 and analyzed for lactose, La, Ma, OA, Cit, G and
G6P by enzymatic reactions coupled to formation of a chromo-
phore.10,12,22 The concentrations of these metabolites were
determined in whole milk samples by classical enzymatic
reactions that use dehydrogenases (NAD+/P+-dependent oxido-
reductases) coupled to conversion of NAD+/P+ to NADH/NADPH
+ H+. The last stage in these determinations was linked to the
formation of the uorochromophore as follows:

NADHþHþ �������������!resazurinþdiaphorase
NADþ þ resorufin: (1)

Using simple modications, applying established reaction
conditions, it is possible to determine the activity of key NAD+/
P+-dependent oxidoreductases that are associated with G6P, Ma
and Pyr reduction. We used this principle to determine the
activity of G6PD, MDH and LDH in milk samples. The nal
activity of diaphorase and the concentration of resazurin used
for these enzyme-activity determinations were the same as used
for the metabolite determinations. The reaction conditions for
G6PD activity in milk were according to the assay procedure of
Gumaa et al.23 The concentration of NADPH at the linear stages
of the reaction (2 and 7 min aer the start of the reaction in the
present case) was calculated from a standard containing vari-
able levels (between 10 and 1000 mM) of NADPH, which was
converted to NADP+ by diaphorase and coupled to the conver-
sion of resazurin to the highly uorimetric resorun (r2 ¼
0.988). The differences in NADPH concentration were divided
by time and were converted to activity, where 1 U of G6PD
activity oxidizes 1.0 mmol L�1 of D-G6P to 6-phospho-D-gluco-
nate per minute in the presence of NADP+ at pH 7.4, 25 �C. The
RSC Adv., 2016, 6, 114644–114657 | 114645
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basic reaction conditions for MDH activity in milk were as
described by Rokosh et al.24 The differences in NADH concen-
tration (between 10 and 1000 mM) at the linear stage of the
reaction were divided by time and were converted to activity
where 1 U of MDH will convert 1.0 mmol L�1 OA and NADH to L-
malate and NAD+ per minute at pH 7.5 at 25 �C. The reaction
conditions for LDH activity were as described by Larsen.25 One
international unit of LDH activity was dened as the amount of
enzyme that catalyzes the conversion of Pyr into La to generate
1.0 mmol L�1 of NAD+ per minute at 37 �C.

The concentration of MDA was determined in the milk
samples by the uorimetric thiobarbituric acid reactive
substance assay of Feldman.26
Fig. 1 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the ontogenesis of log somatic
cell count (log SCC) ( ) and the proportion of leukocytes (CD18+) ( )
for up to 96 h. * indicates significant difference at P < 0.01.
Statistical analysis

The data sets in this study were analyzed using repeated-
measures analysis (PROC MIXED) modeling which corre-
lated residuals within cow (version 9.2, SAS Institute, Cary,
NC). The analysis focused on the effects of time during the
experiment on the level of a specic variable. Five dairy cows
were tested for levels of 47 different variables during the time
course of the experiment. The model used was: specic vari-
able ¼ time, where there are 8 time points from 0 to 96 h post-
LPS infusion. Correlation models of all tested variables were
performed using SAS Proc Corr.27 Data are presented as means
and SEM.
Fig. 2 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the ontogenesis of % casein ( )
and malondialdehyde ( ) for up to 96 h. * indicates a significant
difference at P < 0.01.
Results
Effect of intramammary challenge with LPS on inammatory
indices and oxidative-stress markers

Use of the same type and dose of LPS used herein to induce
mammary gland inammation showed signicant initial
responses of elevated rectal temperature, heart rate, respiration
rate and plasma cortisol concentration within 3–4 h; these
responses peaked within 4–6 h and returned to pre-IMC levels at
about 10 h post-treatment.28 The LPS-IMC-induced an acute
inammatory response in the treated gland was reected by
elevation of SCC and activity of the lysosomal enzyme b-N-
acetyl-D-glucosaminidase in milk.12,28 LPS-IMC-induced eleva-
tion of SCC consisted mainly of leukocytes, mostly PMNs
(CD18+ marked cells; Fig. 1). However, in contrast to the brief
transient response in rectal temperature, respiration rate, heart
rate and plasma cortisol levels, SCC reached peak levels at 24 to
48 h aer treatment and started to decline thereaer, but did
not return to pre-treatment levels at 96 h post-treatment. These
results are consistent with previous reports showing that it
takes about a week for SCC to return to pre-treatment levels
aer LPS-IMC.12

LPS-IMC induced an increase in the content of MDA in milk
and a reduction in percent casein out of total proteins (Fig. 2),
indicating casein degradation.29 The kinetics of MDA and %
casein changes over time paralleled the kinetics of log SCC
changes and was reected by a signicant interrelationship
between log SCC and MDA concentration (Table 1).
114646 | RSC Adv., 2016, 6, 114644–114657
Effect of LPS-IMC on milk yield and lactose concentration

Average milk yield of all cows was 28.1 � 3.1 L d�1 before the
start of the experiment (Fig. 3). LPS-IMC induced a signicant
transient decrease in milk yield to 21.9 L � 2.5 L d�1 at 24 h
post-treatment on the whole gland level. Based on previous
studies, it is assumed that the vast majority of the reduction
occurred in the treated gland.12,28 This phenomenon is consis-
tent with previous experiments in which the same dose and type
of LPS were applied, resulting in amaximal decrease of�50% in
milk yield, which was recorded 24 h post-treatment and �20%
decrease at 48 h post-treatment.12,28 At 96 h post-treatment, the
reduction in milk yield resumed to pre-treatment levels (Fig. 3).
In previous studies12,28 and the current one, the reductions in
milk yield were closely associated with a marked reduction of
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on whole cow milk yield ( ) for up to
96 h. * indicates a significant difference at P < 0.01.
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�45% in lactose concentration in the milk: from a typical
concentration of �153 mM before treatment to as low as
�94 mM between 6 to 24 h post-treatment (Fig. 4). Lactose
concentration reached pre-treatment levels at 96 h. The kinetics
of changes in lactose level closely followed the kinetics of the
inammatory response and was reected by signicant negative
correlations with log SCC and leukocyte number (Table 1). The
kinetics of changes in lactose concentration were consistent
with previous studies.12
Effect of LPS-IMC on concentration of G and G-derived
carbons in milk

The pre-treatment G concentration of �170 mM was typical for
cow's milk.9–11 The concentration of G in milk at 3 h post-
Fig. 4 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the ontogenesis of lactose ( ) and
glucose ( ) concentration for up to 96 h. * indicates a significant
difference at P < 0.01.

114648 | RSC Adv., 2016, 6, 114644–114657
treatment increased briey to �480 mM (Fig. 4). However, this
increase most likely reected a brief opening of the tight junc-
tions between MECs, which allowed penetration of G from the
systemic uid into the milk.29 Apart from these changes, milk G
concentration exhibited kinetics that closely followed that of
lactose: it reached its lowest level at�21 mM24 h post-treatment
and returned to pre-treatment levels at 72 h (Fig. 4), which was
reected by a positive correlation between milk lactose and G
concentrations (Table 1). To the best of our knowledge, this is
the rst demonstration of the response of milk G concentration
to LPS-IMC.

The pre-treatment G6P concentration of �47 mM and G6P/G
ratio of �0.06 (Fig. 5) were consistent with previous ndings in
cows.9–11 Unlike the pattern of G changes, G6P concentration
increased to �70 mM at 6 h post-treatment under LPS-IMC, and
then uctuated around its pre-treatment concentration until
the end of the experiment (Fig. 5). Consequently, the G6P/G
ratio was 4.3 at 24 h post-treatment, 0.8 at 48 h post-
treatment, and only returned to its pre-treatment level at 96 h
post-treatment (Fig. 5). A similar increase in G6P/G ratio to >1
has been recorded in early lactating cows, a period character-
ized by negative energy balance associated with massive lipol-
ysis and increased oxidative stress.11

Pyruvate concentration in the pre-treated cows (�13 mM) was
somewhat lower than that found in beef breeds at various stages
of lactation (20–40 mM).30 This is probably related to the much
higher milk yield. Hence, metabolic rate in the lactating cows
was used here. This is the rst study (to the best of our
knowledge) in which the concentration of Pyr was reported and
methodologically followed in response to LPS-IMC (Fig. 6).
Challenge induced a sharp increase in Pyr concentration to
�439 mM at 12 h post-treatment, which most likely reects an
abrupt arrest of Pyr supply to the mitochondria. Pyr concen-
tration did not return to its pre-treatment levels and between
24 h and 96 h post-treatment it uctuated around 400 mM.
Fig. 5 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the ontogenesis of glucose-6-
phosphate concentration ( ) and the ratio between glucose-6-phos-
phate and glucose ( ) for up to 96 h. * indicates a significant difference
at P < 0.01.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the ontogenesis of pyruvate
concentration ( ) and pyruvate/glucose ratio ( ) for up to 96 h. *
indicates a significant difference at P < 0.01.
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Consequently, the ratio between Pyr and G increased substan-
tially aer LPS-IMC (Fig. 6).

In cow's milk, La concentration increases when the
mammary gland is inamed.10 Following LPS-IMC, a sharp
transient increase in milk La concentration was found.12

Consistent with those reports, La concentration increased from
�64 mM in pre-treated cows to �1100 mM at 12 and 24 h post-
treatment, and then dropped to �611 mM at 96 h post-
treatment (Fig. 7).

Highly signicant correlations between La concentration
and log SCC, leukocyte number and MDA concentration were
found (Table 1). A La/G ratio of�0.5 before LPS-IMC most likely
reected the small proportion of La formation from the G that
enters the MEC (Fig. 7). The sharp increase in La/G ratio to 30–
56 between 6 and 24 h post-treatment most likely reects the
Fig. 7 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the ontogenesis of lactate ( ) and
lactate/glucose ratio ( ) for up to 96 h. * indicates a significant
difference at P < 0.01.

This journal is © The Royal Society of Chemistry 2016
abrupt conversion of MEC to AG and the reduction of the La/G
ratio to 3.1 at 96 h, suggesting that the treated mammary gland
metabolism sustains a higher proportion of AG than before the
treatment (Fig. 7). The La/Pyr ratio approximately reects the
redox state in the MEC cytosol (see Discussion). LPS-IMC
induced a reduction in the La/Pyr ratio and despite two peaks
at 6 & 24 h; this ratio remained low until the end of the study
(Fig. 8).

Previous reports from our laboratory have shown that Ma
concentration in cow's milk responds acutely to LPS-IMC,12

bacterial infection10 and induction of involution.13 Consistent
with these previous studies, LPS-IMC induced a sharp increase
in Ma concentration,12 which paralleled the changes in La
concentration, although the concentration of Ma at peak levels
(�2000 mM at 6 h and 48 h post-treatment) exceeded that of La
(Fig. 9). In contrast to the behavior of La, the concentration of
Ma returned to its pre-treatment level within 96 h. The rather
similar behavior of Ma and La concentrations in response to
LPS-IMC was reected by highly signicant correlations
between Ma and La concentrations and between Ma concen-
tration and log SCC, leukocyte number andMDA concentration,
and by signicant inverse correlations with lactose and G
(Table 1). The Ma/OA ratio was >3 until 72 h post-treatment and
dropped to <2 thereaer (Fig. 8).

The present study is the rst to monitor changes in OA
concentration in milk following LPS-IMC. The pre-treatment
level of OA was relatively low (�132 mM). At 3 h aer LPS-IMC,
OA concentration rose to �660 mM and between 6 and 96 h
post-treatment, OA concentrations ranged between 800 to 1000
mM (Fig. 9).

Pre-treatment Cit concentration was �10 mM. LPS-IMC
induced a rapid decrease in Cit concentration, reaching
a nadir of �3.8 mM at 6 h post-treatment and returning to the
pre-treatment level at 48 h post-treatment (Fig. 10). The kinetics
of Cit changes were inversely related to changes in La and Ma
Fig. 8 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the ratio between lactate/pyru-
vate ( ) and betweenmalate/oxaloacetate ( ) for up to 96 h. * indicates
a significant difference at P < 0.01.

RSC Adv., 2016, 6, 114644–114657 | 114649
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Fig. 9 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the concentration of malate ( )
and oxaloacetate ( ) for up to 96 h. * indicates a significant difference
at P < 0.01.

Fig. 10 Effect of challenging a singlemammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the concentration of citrate ( ) for
up to 96 h. * indicates a significant difference at P < 0.01.

Fig. 11 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the activity of glucose-6-phos-
phate dehydrogenase ( ) for up to 96 h. * indicates a significant
difference at P < 0.01.
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concentrations. Consequently, Cit concentration was negatively
correlated with La and Ma concentrations, log SCC, leukocyte
number and MDA concentration, whereas it was positively
correlated with lactose and Pyr concentrations (Table 1).
Fig. 12 Effect of challenging a single mammary gland of a cow's udder
(5 cows) with lipopolysaccharide on the activities of malate dehydro-
genase ( ) and lactate dehydrogenase ( ) for up to 96 h. * indicates
a significant difference at P < 0.01.
Effect of LPS-IMC on key NAD+/P+-dependent enzymes

G6PD activity pre-treatment was �9 mU mL�1. Aer LPS-IMC,
its activity increased rapidly with kinetics resembling those of
other inammatory responses (e.g., log SCC and La concentra-
tion), reaching a peak of �82 mU mL�1 at 24 h post-treatment.
Then, G6PD activity declined and at 96 h post-treatment, its
activity fell to the pre-treatment level (�12 mU mL�1; Fig. 11).
Consequently, G6PD activity was signicantly and positively
correlated with SCC, leukocyte number (PMN), LDH activity,
114650 | RSC Adv., 2016, 6, 114644–114657
MDH activity and the concentrations of G6P, La, Ma and OA in
milk. G6PD activity was signicantly and negatively correlated
with the concentrations of lactose, G and Cit (Table 1).

MDH activity in milk closely reects MDH activity in the
cytosol of MECs,31 as recently veried.11 MDH activity pre-
treatment was �70 mU mL�1. Aer LPS-IMC, its activity
increased rapidly with kinetics resembling those of other
inammatory responses (e.g., log SCC and La concentration),
reaching a peak of �3700 mU mL�1 at 24 h post-treatment.
Then, MDH activity declined and at 96 h post-treatment, its
activity fell to �250 mU mL�1 (Fig. 12). MDH activity was
signicantly and positively correlated with log SCC, leukocyte
number, the activities of G6PD and LDH and the concentrations
of MDA, La, Ma and Pyr in milk. MDH activity was signicantly
This journal is © The Royal Society of Chemistry 2016
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and negatively correlated with the concentrations of lactose and
G (Table 1).

Pre-treatment LDH activity was �107 U L�1. Aer LPS-IMC,
its activity increased rapidly with kinetics resembling those of
other inammatory responses (e.g., log SCC and La concentra-
tion), reaching a peak of�3300 U L�1 at 12 h post-treatment and
then declining. However, as with La concentration, LDH activity
at 96 h post-treatment remained higher than its pre-treatment
level (440 U L�1) (Fig. 12). LDH activity was signicantly and
positively correlated with SCC, leukocyte number, the activities
of MDH and G6PD and the concentrations of MDA, La andMa in
milk. LDH activity was signicantly and negatively correlated
with the concentrations of lactose, G and Cit (Table 1).
Discussion
Pros and cons in our experimental approach

The close correlations between relevant metabolites and their
patterns rmly support the concept that the concentration of G
and G-derived carbons in milk mirror the major activities of those
metabolites in the PPP and glycolytic pathway in the MEC cytosol.
Equivalent information can only be obtained by working in vitro
or in situ on MEC lines and explants.32 These latter techniques are
advantageous over the methodology used in this report in
providing relevant information on signal transduction, and
molecular and genomic events in MECs. However, to study some
cellular functions, primary cultures of freshly isolated cells are
oen preferred, since established cell lines do not always express
specialized properties in culture.33 The metabolic activity of MECs
under such conditions merely reects the in vivometabolic rate in
milk-producing animals; for instance, casein synthesis in the
picogram per gram range per 4 h in explants obtained from
mammary gland biopsies33 is 4 logarithmic scales lower than the
in vivo synthesis/secretion rate of casein at 0.8 g g�1 per 4 h (as
calculated from the in vivo pre-treatment values and assuming
that secretion is about equal to synthesis). As elaborated below,
the effect of LPS on whole-body metabolism is critical for under-
standing why the shi of MECs to AG is a basic homeostatic
response. Some of the above-noted drawback is compensated for
by the fact that LPS has beenused extensively as amodel to induce
inammation in mammary glands in mice34,35 and dairy cows.35,36

Consequently, there is a relative wealth of information from this
technique, which can be used to support concepts derived from
the results of this study. It is well known that G easily passes
throughmembrane channels intomilk, and that its concentration
in milk reects the G concentration in the MEC cytosol. It is also
well established that many cellular metabolites, such as La12 and
b-hydroxybutyrate,37 easily pass through channels in the plasma
membrane of MECs. The present results strongly suggest that the
concentrations of G6P, La, Ma, OA and Pyr in milk also directly
reect their concentrations in the MEC cytosol.
LPS-IMC induces a tradeoff between the use of G by MECs and
the immune system

Inammation of mammary glands due to bacterial infection
with pathogens such as Staphylococcus aureus, coagulase-
This journal is © The Royal Society of Chemistry 2016
negative staphylococci and E. coli induces a decrease in milk
yield and compositional changes in the milk, particularly with
respect to lactose concentration. In ruminants (goat, sheep and
cows), mammary inammation causes a decrease in the
concentration and total yield of lactose in milk, and conse-
quently there is an increase in milk's fat and protein
levels.19,38–40 Milk volume is dictated by lactose secretion
because lactose is its main osmotic component.41 Thus,
understanding the importance of the sharp reduction in lactose
secretion during inammation is a key to understanding the
physiological basis of this response. The reduction in lactose
concentration is specic to the affected gland, whereas the
percentages of fat and protein in milk do not differ between
infected and uninfected glands.10,16,38,39

Milk secretion is controlled by negative-feedback signals that
are induced by milk stasis.38,39,42 Since the cows were continually
milked during the experiment, the reduction in milk yield is not
trivial and has to be accounted for by a specic response. As
discussed herein, this response is the conversion of MEC
metabolism to predominantly AG.

The acute inammatory response in this study was consis-
tent with many other descriptions12,28,34,36 and was associated
with an acute increase (within 6 h) in the number of leukocytes
in milk, from hundreds of thousands per mL to tens of millions
or more per mL. Such an acute immune response requires
a considerable proportion of whole-body G resources.16 Cells
that rely primarily on G for energy are members of the central
nervous system, red blood cells and cells composing the innate
immune system.43 In severely septic human patients, energy
expenditure increases by �50%.44 This acute demand for G is
made shortly aer the LPS challenge and therefore relies on
existing body resources. In the present experiment, and
consistent with previous results,12 at peak of the response (milk
production of �28 L day�1 24 and 48 h post-treatment) there
was a reduction of �250 g lactose per day secreted from the
treated gland. As G is the only source for lactose (either directly
or through conversion of G to UDP-galactose synthesis in the
mammary gland),14 and as each molecule of lactose is built of 2
molecules of G, the acute reduction in lactose synthesis pre-
vented the extraction of �500 g G from the blood in the treated
gland (Fig. 13). Thus, our results suggest that LPS-IMC induces
amassive decrease in the demand for G in the challenged gland.
The shi of MECs to predominantly AG enables a drastic
reduction in the treated mammary glands use of G, which is
liberated to support the massive ow of leukocytes to that
gland. The reduction in food intake under LPS challenge is
much smaller than the reduction in milk yield, as clearly
demonstrated by Waldron et al.45 LPS-induced experimental
mastitis in dairy cows provokes an increase in G production and
plasma G concentration.45 The maintenance of high G produc-
tion despite the dramatic decrease in G usage by the mammary
gland suggests that the LPS-induced conservation of G is
a protective mechanism, which allows for an effective immune
response early in E. coli invasion of the mammary gland.12

Additional advantages are derived from the fact that reduced
lactose concentration and increased La and Ma concentration
impair the growth of E. coli in milk.12
RSC Adv., 2016, 6, 114644–114657 | 114651
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Fig. 13 Schematic illustration of metabolic pathways associated with homeostatic aerobic glycolysis. Glycolysis axis is marked in grey. Pentose
phosphate pathway is marked in blue. Metabolic pathways of lactose synthesis are marked in brown. Transhydrogenation pathways between the
mitochondria and the cytosol are marked in red (see text for further explanations). Abbreviations: G – glucose; G6-P – glucose-6-phosphate;
G1-P – glucose-1-phosphate; UDP-Gal – uridine diphosphate galactose; F6P – fructose-6-phosphate; GA3-P – glyceraldehyde triphosphate;
TCA – tricarboxylic acid; Cit – citrate; La – lactate; Ma – malate; Pyr – pyruvate; Asp – aspartate; Ac CoA – acetyl coenzyme A.
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LPS-IMC induces the ow of G6P through the PPP

In most cells, the entering G is rapidly phosphorylated by
hexokinase because most uses of G for cellular biochemical
tasks require its phosphorylation. Hence, in cow's milk and
MECs, the typical G6P/G ratio is 0.3–0.5 9,11,14 (Fig. 5: pre-
treatment values), which likely reects the need for free G for
lactose synthesis. Thus, we assume that this ratio will vary
among mammalian MECs according to the lactose level in their
milk.

As G6P is derived from G, the only possible explanation for
a G6P/G ratio >1, as found here at the peak of the inammatory
response following LPS-IMC, is blockage of G ow downstream
along the glycolysis pathway or its recycling from cytosolic G-
derived carbons, such as fructose-6-phosphate.46 The increase
in G6P concentration likely brings it closer to the optimal Km of
G6PD and together with the increase in G6PD activity, shunts
G6P through the PPP.11 This shi to the PPP results in the
production of 2 molecules of NADP per molecule of G6P.
Conversion of oxidized glutathione to reduced glutathione by
glutathione reductase is a central reaction in the degradation of
H2O2. This reaction requires NADP as a cofactor, thereby
increasing the cell's requirement for NADP during oxidative
stress.46

Early lactation in dairy cows is associated with oxidative
stress resulting from extensive lipolysis as a result of negative
energy balance.11 The signicant correlations between milk
G6PD activity and the G6P/G ratio, and G6PD activity and MDA
concentration in early lactation and following LPS challenge,
suggest that G6P is shunted to the PPP in the mammary gland
114652 | RSC Adv., 2016, 6, 114644–114657
as part of homeostatic adaptations to oxidative stress. Thus,
Zachut et al.11 and our data highlight the potential of using
measurements of milk G6P/G ratio as an objective, accurate and
noninvasive technique to evaluate exposure to oxidative stress
in lactating cows and potentially other mammals.

Consistent with our hypothesis, it is known that PPP regu-
lation during the oxidative-stress response is a conserved
paradigm from yeast to mammals of the cellular antioxidant
defense mechanism via reduction of NADP+ to NADPH.46

Interestingly, it becomes clearer that the PPP plays a critical role
in regulating cancer cell growth by supplying cells with not only
ribose-5-phosphate (for reductive biosynthesis and ribose
biogenesis) but also NADP for detoxication of intracellular
reactive oxygen species.47 Thus, increased ow of G-derived
carbons through the PPP and the conversion to AG are
common features of the regulatory response to oxidative stress
and the Warburg effect in cancer cells. However, as discussed
below, there is a difference between the two.

LPS-IMC induces MEC shi to AG

LPS-IMC rapidly induced a shi in MEC metabolism to AG, as
reected by the sharp increase in La concentration, La/Pyr ratio
and La/G ratio. However, the physiological features of AG
induced by LPS challenge were fundamentally different from
the Warburg effect in cancer cells: cancer cells produce energy
predominantly via a high rate of glycolysis in conjunction with
a high rate of La production, rather than by a comparatively low
rate of glycolysis followed by oxidation of Pyr in the mitochon-
dria and formation of most of the cell energy by OxPhos
This journal is © The Royal Society of Chemistry 2016
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Fig. 14 Schematic illustration of glucose balance in the mammary
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reactions, as in most normal cells. Metabolic conversion to AG
in cancer cells is a result of reduced mitochondrial activity.1

In our study, the immediate sharp increase in Pyr concen-
tration following LPS-IMC suggested that the shi to AG is
a consequence of blocked entrance of Pyr into the mitochon-
dria. Our methodology could not reveal the mechanism
underlying that response; however, there is a wealth of infor-
mation supporting this assumption. HIF-1 is a heterodimeric
transcription factor that functions as a master regulator of
oxygen homeostasis in all metazoan species.48 The acute
inammatory response induced by LPS-IMC induces activation
of the NF-kB pathway in exposed cells, including MECs.49 TNF-
a, a cytokine induced by LPS challenge,35 and NF-kB transcrip-
tionally upregulate HIF-1 formation and upregulating LDH
activity. HIF-1 actively suppresses metabolism through the
tricarboxylic acid (TCA) cycle by directly transactivating the gene
encoding pyruvate dehydrogenase kinase 1 (PDK1).48 PDK1
inactivates the TCA cycle enzyme pyruvate dehydrogenase,
which converts pyruvate to acetyl-CoA and thus, under LPS
challenge, prevents the formation of Cit which initiates the TCA
cycle.

In contrast to increased extraction of G by cancer cells, LPS-
IMC induced a sharp decrease in G extraction from the blood, as
reected by the sharp reduction in lactose synthesis and
secretion and the sharp reduction in G concentration at the
peak of the response. Blood ow to organs, including the
mammary glands, is autoregulated by metabolic rate of cells in
that organ.50,51 The �40% reduction in the concentration of Cit,
which directly reects the concentration of metabolites in the
TCA cycle (Fig. 14a and b) suggested a similar drop in ATP
production by OxPhos. Thus, the sharp reduction in ATP
production and consequently in oxygen consumption by MECs
in response to the shi to AG explains the sharp reduction in G
extraction from the blood. As discussed above and presented
schematically in Fig. 14a and b, the shi to AG allows diverting
G to support the innate immune system. Thus, the shi of
MECs to AG as part of the acute immune response may be
dened as homeostatic AG (HAG).
gland upon activation of homeostatic aerobic glycolysis. Panel a: Non-
stresses schematic presentation of the whole body glucose metabo-
lism is presented. In ruminants, most glucose is derived from gluco-
neogenesis in the liver. Extraction of glucose by the mammary glands
was calculated based on lactose output in milk (a product of milk yield
andmilk lactose concentration) and that twomolecules of glucose are
required to synthesize one molecule of lactose. Whole body glucose
entry rate was calculated based on the assumption that the mammary
glands extract 0.8 of the glucose released from the liver and the use of
glucose by non-mammary tissues was calculated as the difference
between whole body glucose entry rate and extraction of glucose by
the mammary glands. PMN – polymorphonuclear, TCA – tricarboxylic
acid. Panel b: The effect of lipopolysaccharide (LPS) challenging of
a single mammary gland on glucose utilization is schematically illus-
trated. It is assumed that the whole body glucose entry rate remained
similar. Reduction of glucose extraction by the treated gland was
calculated based on the reduction of lactose output in the treated
gland, as explained above. It is assumed that the saved glucose is used
to support the massive flow of PMN's to the treated gland (see text for
further explanations). PMN – polymorphonuclear, TCA – tricarboxylic
acid.
LPS-IMC induces homeostatic responses to maintain the
redox balance in the cytosol

The coenzyme NAD is a key electron carrier that mediates
hundreds of enzymatic reactions. The redox state of NAD+/
NADH-coupled reactions plays a central role in energy metab-
olism.52 The NAD+/NADH ratio has also been shown to be
involved in metabolic disorders, oxidative stress, cell ageing,
signal transduction and transcriptional regulation. NAD+ and
NADH are present in the different cell compartments and their
distribution is uneven. In addition to the free species, NAD+ and
especially NADH are partly present in protein-bound forms.53,54

Thus, measurements of whole-cell total concentrations of NAD+

and NADH do not distinguish between different compartments'
pools or between free and protein-bound forms, so they provide
no information on the in vivo redox state of the NAD+/NADH
couple inside the cell compartments.55,56 These limitations can
be overcome by calculating the NAD+/NADH ratio from the
This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 114644–114657 | 114653
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concentrations of oxidized and reduced reactants of suitable
near-equilibrium reactions:55

NADþ

NADH
þ Hþ ¼ ð � Þ½oxidized product�

��
reduced substrate

�
K 0 eq (2)

where K0 eq is the reaction constant at near-equilibrium.
In mammalian cells, the NAD+/NADH ratio in the cytosol can

be determined from the La/Pyr ratio in the cytosol.55,56 Here, we
used milk's particular attribute of directly reecting the level of
G-derived carbons in the MEC cytosol to evaluate how the shi
to AG is reected in the evolution of the NAD+/NADH ratio in the
affected MECs. The initial La/Pyr ratio of �5.4 (Fig. 8) found
here was lower than the ratio of �12 found in the cytosol of rat
liver cells and thus NAD+/NADH was likely much lower than the
ratio of �700 found in rat liver.55 To the best of our knowledge,
there are no data in the literature supporting or negating this
conclusion. Induction of inammatory stress with LPS induced
a sharp reduction in La/Pyr–NAD+/NADH ratio, despite the
transient restoration of the NAD+/NADH ratio at 6 and 12 h post-
treatment (Fig. 8). The NAD+/NADH ratio remained 2.8- to 3.8-
fold lower than the initial level at the end of the study, sug-
gesting that full recovery of the La/Pyr redox state of MECs
occurs at later stages. Unlike in cancer cells experiencing the
Warburg effect,1 the conversion of La into Pyr with simulta-
neous conversion of NADH to NAD+ is not sufficient to maintain
a high NAD/NADH ratio.

Our results suggest that the Ma–Asp shuttle is also activated
as a mechanism to restore the NAD+/NADH ratio in the cytosol.
At any given time point, mitochondria contain high concen-
trations of TCA components. In addition, Cit cycling in the TCA
cycle was not completely blocked following LPS-IMC, as judged
by the fact that Cit concentration was only reduced by 40%.
Thus, the mitochondria could still serve as a source of hydrogen
for the oxidation of NADH to NAD+:

NADH + H+ 0 NAD+ + 2H+ + 2e� (3)

(NADH loses e�, the oxidation half of the reaction).
Transhydrogenation by the Ma–Asp shuttle is carried out by

exporting Asp from the mitochondria to the cytosol where it is
converted by aspartate transaminase in the presence of a-keto-
glutarate to OA + glutamate. OA is converted by MDH-subtype 1
to Ma with simultaneous conversion of NADH to NAD+:

OA + 2H+ + 2e� 0

Ma (Ma gains e�, the reductive half of the reaction) (4)

The positive Ma/OA ratio that prevailed throughout most of
the experiment (from pre-treatment to 48 h post-treatment) is
consistent, according to eqn (2), with a reduction of OA to Ma
(Fig. 13) and simultaneous oxidation of NADH to NAD+. From
72–96 h post-treatment, this ratio, unlike that of La/Pyr, drop-
ped to below 1, which is consistent with the reduction of Ma
concentration to pre-treatment levels; it suggests other uses of
cytosolic OA, such as conversion into Asp for anabolic amino
acid synthesis.
114654 | RSC Adv., 2016, 6, 114644–114657
The sharp increase in Ma concentration at 3–48 h post-
treatment strongly suggests that its passage into the mito-
chondria is blocked under inammatory stress. Thus, for
transhydrogenation, instead of recycling Ma into the mito-
chondria where it is incorporated into the TCA cycle for
production of NADH, it is released into the milk. The release of
Ma into milk likely occurs through the same channels used for
La release.

The simultaneous oxidation–reduction reactions in con-
verting Pyr to La and OA to Ma (i.e., eqn (3) and (4)) are typical to
redox reactions, and they neutralize the H+ formed during those
reactions. The secretion of Ma and La into milk in their
protonated forms prevents the reduction of cell pH due to
accumulation of those weak acids in the cytosol. In turn,
accumulation of protonated La and Ma in the millimolar range
in milk has been shown to contribute to the development of
a bacteriostatic response to pathogenic E. coli. The decrease of
lactose concentration in milk delays the growth of pathogenic E.
coli, which must use lactose anaerobically to grow in milk.12

Thus, in addition to liberation of G to support the immune
system, HAG in MECs under inammation contributes to the
innate defense mechanisms against bacterial invasion.

In most of our studies carried out under acute inammation,
acute involution or chronic inammation,10,13 (Fig. 9), the
increase in Ma due to the MEC shi to AG was greater than that
of La, suggesting that formation of Ma is even more important
than formation of La in restoring the redox state in the cytosol
of affected cells. No equivalent information is available and the
potential importance of our nding is discussed below.
On the common features of responses to hypoxia (Pasteur
effect), inammation and HAG

The response to hypoxic environment, classically induced by
low ambient oxygen, and the innate system that is forcefully
activated by substances such as LPS, are ancient stress
responses that share common features, such activation of
common signal-transduction pathways and similar effectors,
such as the release of similar cytokines. Specically, these two
systems are interrelated through their induced transcription
factors.57 NF-kB and activation of the HIF-1 signal-transduction
pathway are central responses to hypoxia. However, LPS chal-
lenge induces the NF-kB signal pathway and in particular, an
increase in the activity of the kinase IKK-b, which raises the
level of the transcriptional regulator of HIF-1 in macrophages
and decreases prolyl hydroxylase mRNA production in a toll-like
receptor 4 (TLR4)-dependent fashion.57 For instance, deletion of
HIF-1 in macrophages was found to be protective against LPS-
induced mortality (sepsis) and to block the development of
clinical markers, including hypotension and hypothermia.58

However, one might also assume that the relationship
between the common activation of these two systems has
evolutionary advantages, related to improved resistance to
infection and stressful conditions. Adaptation to hypoxia was
important in early stages of evolution when life developed
under the relatively hypoxic conditions of the ancient sea. Aer
adaptation to terrestrial life, hypoxia became much less
This journal is © The Royal Society of Chemistry 2016
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signicant for most organisms. It is possible that HAG is an
energy-saving mechanism that was adapted for use in multi-
cellular organisms under stressful conditions for more efficient
allocation of G in situations where G is critically required by
certain types of cells (innate immune system) or organs (central
nervous system) for the organism's survival.

Hypoxia is generally considered a side effect of inamma-
tion,57 and inammation can cause localized hypoxia (e.g.,
following vaso-occlusion under stroke and heart failure or in
diabetic wounds). However, as inammation is typically asso-
ciated with increased blood ow to the infected site, hypoxia as
a side effect of inammation can hardly be considered a general
phenomenon. In the present study we showed that LPS-IMC
induces a shi toward AG at the expense of mitochondrial
metabolism under in vivo conditions without restricting oxygen
supply to the glands. Moreover, release of a large quantity of La
from sites of sepsis and inammation in animal models and
from human blood have been related to La's release as
a product of glycolysis that was induced by inammation rather
than as a marker of tissue hypoxia.59,60

Whereas La is widely considered in diagnosis and treatment
in situations such as hypoxia (e.g., ischemia of the heart and
brain), metabolic acidosis, acute inammation and sepsis,59,60

scarce information is available on the potential benets of
measuring Ma levels in systemic uids for diagnostic purposes.
Nevertheless, some reports were found to be in line with the
concept of HAG being a general homeostatic response and of
Ma being of diagnostic value in relevant situations. For
instance, increased plasma Ma concentration was even more
predictive than increased La in serial metabolite analysis
following induction of hypoxic-ischemic encephalopathy in
a newborn nonhuman primate model61 and in patients with
metabolic acidosis.62 An increase in Ma levels in patients with
metabolic acidosis is particularly interesting as it is obviously
not associated with lack of oxygen supply to the tissues.
On the potential relationship between HAG and the reverse
Warburg effect in tumors

As already noted, HAG differs from the Warburg effect in cancer
cells primarily because the conversion to AG in HAG is associ-
ated with reduced utilization of G and OxPhos activity in the
mitochondria, whereas the Warburg effect is characterized by
increased utilization of G by cells. We cannot speculate at this
stage on any cause-and-effect relationship between HAG and
the Warburg effect.

However, AG may also occur in the stromal compartment
surrounding cancer cells in tumors, a phenomenon that has
been termed ‘reverse Warburg effect’.63 Recent studies on
human tumors, including breast, prostate and head and neck
cancers and lymphomas, have revealed metabolic coupling
between catabolic broblasts and anabolic cancer cells.63–65 The
shi of cancer-associated broblasts to AG was found to be
secondary to stress arising from reactive oxygen species via
HIF1-a and NF-kB signaling.63–65 La and other glycolytic
metabolites that are released from the cancer-associated bro-
blasts are used as energy sources by the cancerous cells.
This journal is © The Royal Society of Chemistry 2016
According to the reverse Warburg effect concept: “cancer should
be viewed more as a systemic disease, that engages the host-
organism in various forms of energy-transfer and metabolic
co-operation across a whole-body ‘ecosystem’”.65 This view
shares common features with the HAG concept presented here.
It is possible that cancer cells make use of a basic homeostatic
response of many types of somatic cells in order to enslave
them, thereby nourishing themselves with nutrients while they
are protected deep in the tumor, far from the blood supply and
contact with the immune system. Currently, demonstration of
the shi of tumor somatic cells to AG is based on complicated
measures of specic signal transduction and regulatory mole-
cules from tumors biopsies, which are too complicated for
practical medical diagnose.63–65 If the shi of tumor somatic
cells to AG is part of a basic homeostatic response to inam-
matory oxidative stress, then the ndings from the present
study may lead to a breakthrough in dening the reverse War-
burg effect in tumors by simple measures, such as Ma level in
tumor tissue and perhaps also in relevant systemic uids.
Conclusions

The main concepts that can be derived from the present results
are: (i) LPS shis MECs to AG as a tradeoff between use of G to
support lactose synthesis and liberation of G to support the
immune system. (ii) Induction of AG in MECs allows conser-
vation of G, which is associated with an acute reduction of G
drainage from the blood. (iii) Induction of AG in MECs is
associated with increased ow of G6P through the PPP to
support the cells' antioxidative capacity. (iv) Strong induction of
AG is likely in response to acute reduction of Pyr movement
from the cytosol to the mitochondria and parallel acute
conversion of Pyr to La. (v) The sharp reduction in La/Pyr ratio
reects the conversion of a relatively high NAD+/NADH ratio to
a much lower one, and this response induces metabolic
responses that will shi AG back to the predominant OxPhos
state. (vi) The transhydrogenation loop (Fig. 13), which is based
on the Ma–Asp shuttle components, but with a shunt for recy-
cling Ma into the mitochondria, plays an important role in
restoring the redox state (NAD+/NADH ratio) of MECs. This
response explains why the increase in Ma concentration in milk
in response to LPS-IMC challenge is higher than the increase in
La concentration.
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