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Abstract – The objective of this study was to review the possible relationships between hyperketonemia
and the function of phagocytes with respect to the bovine udder defense mechanism. We hypothesize
that an increased incidence of clinical mastitis in high-producing cows is caused by the impairment
of the udder defense mechanism during hyperketonemia. First, we review the acute phase of udder
defense mechanisms after intramammary infection. The physiological changes of cows in negative
energy balance are subsequently discussed. Finally, possible relationships between udder defense and
physiological changes during negative energy balance, especially hyperketonemia, are reviewed.
The three stages of an acute phase of udder defense are: (1) immediately eliminating invading
pathogens by phagocytes, (2) releasing inflammatory substances, especially chemoattractants, and 
(3) migration of polymorphonuclear leukocytes into the infected udder. Leukocytes from hyperke-
tonemia subjects show a lower capacity of the phagocytic defense mechanism. In addition, the phago-
cytic and bactericidal capacities of neutrophils are reduced when these cells are acting in the presence
of high concentrations of ketone bodies. Lower amounts of cytokine production after bacterial infec-
tion are observed in ketotic subjects. The chemotactic capacity of blood leukocytes is impaired in leuko-
cytes obtained from ketotic cows. Lower numbers of blood leukocytes are observed in ketotic cows.
In conclusion, the impairment of the udder defense mechanism in negative energy balance cows
seems related to hyperketonemia.

ketosis / negative energy balance / mastitis / udder defense mechanism / cow 

Résumé – Hypercétonémie et diminution des défenses mammaires : une synthèse. L’objectif de
cette étude est de présenter des relations possibles entre l’hypercétonémie et la fonction des phago-
cytes pour ce qui est des mécanismes de défense de la mamelle. Notre hypothèse est qu’une 
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1. INTRODUCTION

As with most infectious diseases, masti-
tis incidence depends on three components:
exposure to microbes, udder defense mech-
anisms, and environmental risk factors.
Udder defense plays a role in protecting and
minimizing the expression of the clinical
symptoms in infected mammary glands [52].
Regardless of bacterial species, both quan-
tity and quality of polymorphonuclear leuko-
cytes (PMN) in the udder are important
components of udder defense in order to
protect cows from clinical mastitis [10, 11,
18, 46, 72, 97, 109]. In experimental masti-
tis challenge studies, cows with lower
chemotactic capacities of blood PMN also
had a higher severity of mastitis indicated by
bacteria counts in milk [13, 56, 57, 115]. 

Over the past 35 years, milk production
has dramatically increased in Western
Europe and North America. An increased
milk yield means an increased profitability
for farmers. However, several studies have
demonstrated that high-producing cows are
at an increased risk of infectious diseases
[21, 33, 34, 74, 75, 112]. Among these dis-
eases, clinical mastitis is the most costly
disease of the dairy industry [26] due to
decreased production, costs of treatment,
extra labor, and an increased rate of cow
replacement [5]. An antagonistic genetic
correlation between milk production and
risk of disease showed that the improve-
ment of milk production consequently
increased the incidence of clinical mastitis
[104, 110, 112].

augmentation des mammites cliniques chez des vaches laitières à haute production serait causée par
une détérioration des mécanismes de défense de la mamelle suite à une hypercétonémie. Première-
ment, le stade aigu des mécanismes de défense de la mamelle après une infection a été étudié. Ensuite,
les changements physiologiques chez les vaches ayant un bilan énergétique négatif ont été présentés.
Finalement, les relations entre les mécanismes de défense de la mamelle et les changements phy-
siologiques au cours d’un bilan énergétique négatif, notamment une hypercétonémie, ont été revus.
Les trois stades d’une phase aiguë de défense mammaire sont les suivants : (1) des organismes patho-
gènes envahisseurs sont phagocytés immédiatement, (2) des substances inflammatoires sont pro-
duites, en particulier des substances chimio-tactiques, (3) des leucocytes polynucléaires migrent
vers la mamelle infectée. La capacité phagocytaire des leucocytes ainsi que celle des neutrophiles et
la capacité bactéricide de ceux-ci sont apparemment détériorés dans les conditions d’hypercétonémie.
La quantité de cytokines produites après une infection bactérienne est diminuée chez les sujets hyper-
cétonémiques. Le chimiotactisme des leucocytes sanguins est détérioré dans les leucocytes provenant
de vaches hypercétonémiques. Des quantités plus faibles de leucocytes sanguins sont observés dans
les vaches hypercétonémiques. En conclusion, la détérioration des mécanismes de défense de la
mamelle au cours de la période du bilan énergétique négatif semble liée à l’hypercétonémie.

hypercétonémie / bilan énergétique négatif / mammite / mécanismes de défense de la mamelle /
vache
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Negative energy balance (NEB) has been
considered an important problem in
high-producing dairy cows. Several factors
including body condition score (BCS),
serum non-esterified fatty acids (NEFA),
the fat/protein ratio in milk, and ketone bod-
ies are signs of NEB [43, 59, 91]. In epi-
demiological studies, ketosis is associated
with an increased risk of clinical mastitis
[15, 24, 74]. However, it is not clear to date
by what mechanism hyperketonemia 
interferes with udder defense. Therefore, 
the aims of the present study were to review
the mechanisms that have been suggested
in the literature. Firstly, we describe the role
of PMN in the acute phase of udder defense
mechanisms after intramammary infection
(IMI). This review will not address the dif-
ferences among pathogens, even though
some immune responses are different among
pathogens, especially the capacity of
pathogen recognition by phagocytes [39,
62]. In relation to NEB, ketogenesis in early
lactation is reviewed in the second part.
Finally, based on the relevant literature, we
suggest possible mechanistic relationships
between hyperketonemia and udder defense.

2. AN ACUTE PHASE OF UDDER
DEFENSE MECHANISM AFTER
INTRAMAMMARY INFECTION

Several researchers have reviewed the
normal physiological processes of udder
defense mechanisms [10, 16, 55, 106]. After
bacterial invasion, leukocytes in milk rec-
ognize pathogens, and innate immunity
attempts to resolve this IMI immediately
(Fig. 1A). In case innate immunity cannot
resolve IMI, an early inflammatory response
by the mammary gland is induced between
4–96 h after infection (Figs. 1B and 1C).
Leukocytes and epithelial cells in the
infected quarters release products, many of
which are chemoattractants for leukocytes
(Fig. 1B). Neutrophils move rapidly from
the blood stream into the infected quarters
(Fig. 1C). If the bacteria are destroyed,
recruitment of neutrophils into the gland is
ceased, and only a mild inflammatory
episode will be required to restore health in
the gland [52]. Occasionally, the defense
mechanisms of the infected mammary gland
lose the battle with bacteria, and the bacte-
ria multiply. Various cell types in the udder
produce abundant soluble factors, such as

Figure 1.Three components of an acute phase of udder defense mechanisms after intramammary infec-
tion: (A) elimination of invading pathogens immediately by phagocytes, (B) release of inflammatory
substances, especially chemoattractants, and (C) migration of polymorphonuclear leukocytes into
infected udder.
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cytokines, that cause clinical signs of mas-
titis. 

Innate immunity in the udder is com-
posed of humoral and cellular factors.
Humoral factors include complement, lacto-
ferrin, lysozyme, and the lactoperoxidase-
thiocyanate-hydroperoxide system [55]. Cel-
lular factors usually refer to udder
phagocytes. Udder phagocytes, usually
PMN, act to remove the invading pathogen
by specific processes that include opsoniza-
tion, ingestion, and killing. Efficiency of
pathogen removal is related to either the
quantity or quality of phagocytes in the
udder [18]. Because phagocytes, which are
composed of 12–26% of PMN and 30–74%
of macrophages, are the main component
of the somatic cell count (SCC) in the unin-
fected gland, a very low SCC is related to an
increased risk of clinical mastitis [97, 109].
In experimental mastitis challenge studies,
the severity of mastitis, as indicated by bac-
terial counts, is increased in cows with low
pre-infection SCC [18, 96, 102, 114]. 

Because 90% of PMN in infected glands
are the PMN recruitment from blood ves-
sel after IMI [65], blood PMN has been used
to evaluate the role of udder immunity. The
severity of clinical mastitis after IMI is,
however, less dependent on the functional
capacity of blood phagocytes [3, 11, 115]
than on the intra-mammary functional
capacity of these cells. In the mammary
gland, a low efficiency of PMN phagocy-
tosis is caused by either ingestion of milk
constituents, such as fat globules [25, 76]
and casein micelles [92, 93], or a deficiency
of opsonins in milk [76, 83, 85]. Conse-
quently, an increase of opsonins, such as
immunoglobulins, results in a lower inci-
dence of clinical mastitis [36, 47, 50]. After
ingestion by PMN, microorganisms are sub-
ject to destructive mechanisms. Two mech-
anisms have been described: an
oxygen-dependent mechanism and an oxy-
gen-independent one. Although myeloper-
oxidase with oxidizing agents form a potent
antibacterial system against common udder
pathogens, it loses its bactericidal activity

in milk containing bacterial cultures [14].
A deficiency in the destructive mechanism
capacity, indicated by luminol-enhanced
chemiluminescence, was demonstrated in
PMN of cows developing mastitis compared
to healthy controls [14, 118]. The genera-
tion of reactive oxygen species is also related
to the severity of experimental IMI [44, 61]. 

After phagocytes are activated against
invading bacteria, bacteria and leukocytes
present in the infected quarters release or
take part in generation of products, such as
endotoxin or lipopolysaccharide (LPS) [78,
79], complement (C5a) [78, 82, 87, 103,
105], C3 [66, 84, 86], interleukin-1 (IL-1)
[79–81, 100-103], IL-6 [68, 100], IL-8 [4, 7,
80, 102, 103], and tumor necrosis factor
(TNF-α) [103]. However, milk macrophages
from healthy and mastitic quarters secrete
a small quantity of IL-1 compared to blood
monocytes [81]. These products are media-
tors of inflammation, comprising pro-inflam-
matory cytokines, such as IL-1 [17, 73] and
TNF-α [78], and chemoattractants, such as
IL-8 [4, 7, 103] and C5a [78, 103, 105].
These substances have been used for pre-
vention and treatment of chronic mastitis
[17, 19, 20, 88, 94]. Several studies have
reviewed the application of cytokines to
mastitis control [53, 71, 106].

In response to chemo-attractants, PMN
adhere to and migrate along the endothelial
cell surface towards the site of infection.
Migration of blood PMN between endothe-
lial cells into the site of infection is depen-
dent on the number of blood PMN and its
migration capacity [98, 114]. Low numbers
of blood PMN pre-challenge are also related
to increased severity of experimental
Escherichia colimastitis [57, 114, 115].

The capacity of blood leukocytes to
migrate into the infected udder is essential in
protecting the mammary gland from clinical
E. coli mastitis [11, 46, 102, 115]. This
parameter is associated with the capacity of
in vitro chemotaxis of PMN [35]. Assays
of in vitro chemotaxis of PMN have been
established as determinants of the prevention
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of clinical mastitis [11]. Also, in vitro
chemotaxis was related to the severity of
infection indicated by recurring bacterial
counts throughout the course of disease [56,
57, 115]. 

The mechanism of migration of leuko-
cytes out of blood vessels, or extravasation,
depends on adhesive interactions activated
by the chemo-attractant (Fig. 2). Without
an exposure to the chemo-attractant, the
interaction of the adhesive molecules
between leukocytes and endothelial surface
mediated by E- and P-selectin is weak, but
the strong interaction appears after expo-
sure to the chemo-attractant, as shown in
Figure 2A. Then integrins on leukocytes,
like LFA-1 (CD11a:CD18) and Mac-1
(CD11b:CD18), act on ICAM-1. In conse-
quence, the leukocyte attaches firmly to the
endothelium and the rolling is arrested 
(Fig. 2B). In the last step, leukocytes
extravasate, and then migrate through the
tissue under the influence of the chemo-
attractant (Fig. 2C). This step is related to the
expression of CD31 in leukocytes and
endothelial cells. However, preinfection
expression of CD11a and CD11b is not

related to the severity of mastitis [22, 115].
The absence of this relation may be due to
the increased expression of integrin after
infection [77, 105]. The lack of appearance
of chemotactic and CD18-upregulating
activities until 12 h after challenge indicate
that delays in neutrophil recruitment result
from an initial lack of bacterial recognition
and inflammatory mediator production
[103]. Therefore, the upregulation of integrin
expression after infection is more closely
related to the capacity of udder defense
[102]. Some substances, for example corti-
sol, induce a decrease in the expression of
CD18 receptors after experimental IMI,
probably modulating the acute inflamma-
tory response in mammary glands of lactat-
ing cows [90]. 

3. KETOGENESIS IN NEGATIVE
ENERGY BALANCE COWS 
DURING THE POSTPARTUM
PERIOD

Due to a rapid increase of milk produc-
tion immediately after calving, cows require
more energy for maintenance, milk pro-

Figure 2. Migratory mechanism of blood PMN into infected udder: (A) expression of selectin after
stimulation by chemoattractants such as cytokines, (B) rolling and adherence of blood leukocytes into
endothelial wall mediated by selectin and integrin, and (C) invading and migration into the area of infec-
tion. LFA-1 (CD11a:CD18): leukocyte integrin, ICAM-1: the immunoglobulin related adhesion
molecule on endothelium, and S-Le (the sialyl-Lewis moiety): the carbohydrate ligands on the leuko-
cytes.
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duction and growth than they are able to
obtain through feed. Cows are in NEB until
approximately 7–9 weeks of lactation
whereas the milk production peak is already
reached at 4–6 weeks (Fig. 3). Consequently,
body reserves are utilized leading to a poten-
tial increase of ketone bodies in milk. In
transition from the dry period to early lac-
tation, mostly high-yielding cows come into
a temporary state of physiological NEB. If
feed quality, feed quantity, or the manage-
ment of feed supply is suboptimal, this mild
state of NEB may lead to severe, decom-
pensated NEB, associated with acetonaemia,
and eventually to clinical ketosis. For exam-
ple, cows calving in fat conditions may have
lower feed intake [31]. An excess of rumen
degradable protein in the ration requires
extra energy for the removal of surplus
ammonia from the rumen [1], and this can
lead to a higher incidence of clinical ketosis
[45]. The most frequent reason for decom-
pensated NEB, however, is probably the
insufficient preparation of ruminal microor-
ganisms for the digestion of large amounts
of starch after calving when the roughage

based ration of the dry period is replaced
by substantial amounts of concentrate [32]. 

In response to NEB, hypoglycaemic cows
decrease insulin and increase glucagon con-
centrations in blood [2]. The metabolism
pathway of NEB cows is shown on Figure 4.
Body fat reserves are mobilized and used
as an additional source of energy for main-
tenance and milk production. Residual
glycogen generally lasts only a few hours,
hence fat reserves quickly become the sole
source of energy soon after calving. Mobi-
lization of fatty acid results in an increase of
non-esterified fatty acids (NEFA) and glyc-
erol in blood [2, 28, 89, 91, 113]. NEFA is
taken up by the liver and enters the beta-oxi-
dation pathway that results in the formation
of NADH and acetyl-CoA in mitochondria
[6, 58]. Acetyl-CoA is further oxidized by
condensation with oxaloacetate that, how-
ever, is also the main substrate for gluco-
neogenesis. In a hypoglycemic state, glu-
coneogenesis has priority over the removal
of acetyl-CoA. This results in the insuffi-
cient availability of a substrate for the 

Figure 3. Level of energy balance in postpartum cows in relation to concentrations of nonesteri-
fied-fatty acid (NEFA) and β-hydroxybutyrate (BHB) [adapted from Lean et al. [59] and Rukkwamsuk
et al. [91]. 
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synthesis of acetyl-CoA to citrate. Hence,
acetyl-CoA accumulates as long as the cows
remain energy deficient. 

Consequently, accumulated acetyl-CoA
is removed via synthesis to the ketone body
acetoacetyl-CoA which is further condensed
to acetoacetate (AcAc) [6, 63]. After trans-
port to several organs, AcAc is reduced in
the mitochondria by transformation to 
β-OH-butyrate (BHB), and some is spon-
taneously and irreversibly decarboxylated
to acetone. High concentrations of ketone
bodies reduce feed intake, decrease the
mobilization of fatty acids and consequently,
aggravate energy deficiency [9, 41, 42, 113].
As the result of decompensated NEB, the
concentrations of BHB, AcAc, and acetone
in blood and milk increase. We suggest that
these ketone bodies negatively interact with
udder defense mechanisms.

4. HYPERKETONEMIA AND
UDDER DEFENSE MECHANISM

According to our description of udder
defense, the success of the prevention of
clinical mastitis depends on (1) the phago-
cytosis by phagocytes in udder, (2) capacity
to induce cells recruitment, and (3) the
capacity of blood leukocytes to migrate into
the infected gland (Fig. 1). Therefore, we
describe the effects of NEB on these udder
defense mechanisms separately.

4.1. Capacity of the phagocytosis 
by polymorphonuclear cells 
and macrophages 

Several authors have reviewed the fac-
tors affecting the SCC in dairy cows [40,
52, 60], but they are intensively related to
SCC after IMI. van Werven [114] has shown

Figure 4.Metabolic pathways of ketogenesis in blood circulation and the udder. NEFA: Non-ester-
ified fatty acid, TCA: Kreb’s tricarboxylic cycle.
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that SCC from an uninfected udder is less
related to the number of blood leukocytes.
Suriyasathaporn et al. [109] have shown a
positive correlation between SCC in mas-
titis-free cows and body condition score.
This would indicate a somewhat low SCC in
NEB cows.

When cows have severe NEB, udder
leukocytes have to ingest and kill invading
pathogens in the presence of high ketone
bodies. Klucinski et al. [54] found that the
phagocytosis of bacteria by milk PMN and
macrophages that are incubated in acetone or
BHB are lower than in cell cultures with-
out ketone bodies. It has also been reported
in a study on patients with insulin-depen-
dent diabetes, that BHB in cultures inhibit
neutrophil phagocytosis and killing of Can-
dida albicansin vitro [117]. In heparinized
blood PMN of humans, the average num-
ber of ingested bacteria is reduced by pro-
longed exercise [30], indicating that acute
NEB reduce the PMN phagocytosis capac-
ity. However, the phagocytosis of neu-
trophils after prolonged NEB as observed
in obese patients with dietary restrictions is
unchanged, and this is even the case in neu-
trophils obtained after 3 months of feed
restriction during which symptoms of uri-
nary ketosis occur [64]. 

A study of leukocytes from obese per-
sons has shown that the killing capacity is
reduced when the leukocytes are cultured
in sera from subjects with ketonuria [64].
After prolonged exercise, the amount of
superoxide anions produced by leukocytes is
lower in NEB humans [29, 38]. Concentra-
tion of ketone bodies is negatively associated
with the generation of superoxide anions
and with respiratory burst activity [29]. Fur-
thermore, PMN from blood of type I dia-
betes mellitus patients show a reduced res-
piratory burst activity after pre-incubation
with higher amounts of BHB [99]. The
leukocytes from cows also show a suppres-
sion of respiratory burst activity when cul-
tured in the presence of BHB [48]. These
workers suggested that BHB causes this
suppression by inhibiting the generation of

superoxide anions, because respiratory burst
activity regulates the production of super-
oxide anions.

While it may be controversial whether
or not ketone bodies reduce the capacity of
leukocytes for phagocytosis in vivo, sev-
eral studies have clearly indicated that the
killing capacity of leukocytes is impaired
by ketone bodies in vitro and in vivo. 

4.2. Capacity of udder leukocytes 
to induce cell recruitment

The function of blood and milk lympho-
cytes in response to mitogens is impaired
in ketotic cows [51, 95, 111]. NEB is closely
related to hepatic lipidosis [91], and induced-
hepatic-lipidosis cows have lower IgG lev-
els two weeks after tetanus toxoid immu-
nization than control cows [116]. Hence,
NEB appears to interfere with the production
of opsonins (like IgG) which are necessary
for phagocytosis. After IMI, leukocytes and
bacteria directly or indirectly induce the
migration of blood leukocytes to the site of
infection and thus mediate the development
of inflammation. Ketotic cows have lower
amounts of cytokines produced by lym-
phocytes, such as interferons, than normal
cows [27, 51]. After stimulation with LPS,
the production of several inflammatory
mediators, such as IL-1β and TNF-α ,
decreases when cultured with whole blood
from humans in NEB [23]. Blood lympho-
cytes from NEB cows with ketonemia have
lower mitogenic responses than lympho-
cytes from non-ketonemic cows [27, 51, 95,
111]. Therefore, we may hypothesize that
the generation of chemoattractant is reduced
in hyperketonemic cows.

4.3. Capacity of blood leukocytes 
to migrate into the infected gland

Among factors related to NEB (BHB,
glucose, insulin, and NEFA), only the con-
centration of BHB shows a strong positive
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correlation to the severity of experimental
mastitis, indicated by bacteria count [114].
The authors have demonstrated that the
BHB level is related to the preinfection num-
ber of blood leukocytes and the magnitude
of leukocyte influx in the experimentally
infected mammary glands. In an in vitro
study, BHBA and AcAc added in culture
media induce inhibitory effects on the pro-
liferation of bovine bone marrow cells [49]. 

The magnitude of leukocyte influx is
dependent on the chemotactic capacity of
leukocytes. The relationship between NEB,
ketone bodies and chemotaxis of blood
PMN has been investigated [8, 37, 56, 64,
107, 108]. Sera from NEB humans with uri-
nary ketosis inhibit leukocyte chemotactic
response in vitro [64]. In vitro chemotactic
differential and chemotactic index of blood
PMN are higher in induced ketotic cows
than in non-ketotic cows, though the differ-
ence is not significant [56]. These results
are in agreement with studies of NEB in
humans in whom the chemotactic capacity
and the random migration of PMN from
short-period NEB are not different in com-
parison with non-NEB subjects [8, 38].
However, cows with spontaneous postpar-
tum NEB, in which it is assumed that the
NEB occurs over several weeks, have
impaired chemotactic functions of leuko-
cytes [107, 108]. This is in agreement with
a study on chemotaxis in NEB humans with
90 days of strenuous exercise and caloric
deficiency. Compared to controls, the neu-
trophils of NEB subjects have a lower
migration distance [8]. These studies indi-
cate that especially long-term NEB or clin-
ical ketosis is negatively associated with
neutrophil chemotaxis.

Impairment of leukocyte chemotaxis has
also been demonstrated in leukocytes act-
ing in a ketone body environment [108].
Leukocytes in cultures supplemented with
BHB, AcAc, acetone, and their mixture
show less chemotactic capacity than leuko-
cytes in the control culture. A decrease in
the chemotactic index in cultures supple-
mented with ketone bodies indicates a lower

response to chemoattractants. Independently
of chemotaxis, random migration of leuko-
cytes from non-ketotic cows in cultures con-
taining ketone bodies is significantly
decreased, and this effect is also present,
though weaker, in leukocytes from ketotic
cows [107]. 

5. MECHANISTIC RELATIONSHIPS
BETWEEN HYPERKETONEMIA
AND UDDER DEFENSE

From this review, it becomes clear that
leukocytes from NEB cows showed
impaired activity in most steps of the udder
defense mechanisms against mastitis 
(Tab. I). Consequently, NEB cows are
related to an increase of the risk of clinical
mastitis. The number of leukocytes in ketotic
cows were lower than that of healthy cows.
Leukocytes from cows with postpartum
NEB had a slower response in producing
chemoattractants, a lower migration rate,
and a lower production capacity for super-
oxide anions. When the NEB period is short,
however, the chemotaxis of the leukocytes
is not affected [8, 56]. Therefore, the func-
tional capacity of leukocytes may depend
on the duration and severity of postpartum
NEB. In a study in humans, the concentra-
tions of glucose-6-phosphate dehydroge-
nase, pyruvate kinase, and adenosine kinase
in leukocytes show minimal values during
the puerperium [12]. Because the random
movement and the production of superoxide
anions by leukocytes requires large amounts
of energy, the adverse effects of energy
metabolism may be related to the impair-
ment of leukocyte function in NEB cows.
In addition, AcAc or BHB in culture may
also interfere with the utilization of glucose
for energy. In mouse models, AcAc or
BHBA that are added in culture media are
not utilized by mouse macrophages [69, 70]. 

Concentrations of BHB, AcAc, acetone,
and free fatty acids are elevated in sera and
milk of NEB cows. Consequently, leuko-
cytes must function in high concentrations of
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these substances. Because ketone bodies are
organic molecules, they might interfere with
the attachment of inflammatory substances
at the surface of leukocytes. In our in vitro
underagarose chemotaxis study (unpublished
results), concentrations of leukocytes in
plates using either leukocytes from ketotic
cows (Fig. 5C) or leukocytes in cultures
supplemented with ketone bodies (Fig. 5B)
were less than those in plates of leukocytes
from healthy cows (Fig. 5A). The leuko-
cytes from ketotic cows (Fig. 5C) or cul-
tured in ketone bodies (Fig. 5B) were round
and less firmly attached to the plastic dish.
As capacity of in vitro chemotaxis is related
to the expression of CD18 of PMN
expressed by the firm attachment to the sur-
face of a plastic well [67], the impairment of
attachment to plastic well in our finding
may relate to the impairment of expression
of the adhesion molecules of leukocytes.

6. CONCLUSION 

Cows in the NEB period show an impair-
ment of udder defense mechanisms. Hyper-
ketonemia seems to be one of the most
important parameters related to impairment
of udder defense. However, the effects of
ketone body on some parameters of udder
defense, such as SCC and release of inflam-
matory substances during IMI, need further
investigation. In addition, mechanisms of
impairment due to hyperketonemia have not
yet been explored. In the future, it will be
necessary to clarify the important mecha-
nism relating to the impairment of the leuko-
cyte function in NEB cows. We hypothe-
size that leukocytes from NEB cows have
low amounts of enzymes for energy
metabolism, such as glucose-6-phosphatase.
In addition, the interference of the attach-
ment between leukocytes and inflammatory

Table I. Summary of ketotis affecting an acute phase of udder defense mechanism.

Functional capacity 

Udder defense Leukocytes Leukocytes cultured in the
mechanisms from ketotic subjects media supplemented with ketone

Phagocytic defense
Phagocytosis Unchanged in ketotic humans Inhibit PMN phagocytosis
Bactericidal activity Amount of superoxide anion Suppression when cultured in the

produced by leukocytes was presence of BHB
lower in NEB humans

Release of inflammatory mediator
Opsonin Lower IgG level after tetanus –

toxoid immunization
Chemoattractants Amount of cytokines produced Cytokines produced by leukocytes

by leukocytes was lower in ketotic decreased when cultured
than in normal cows in whole blood from NEB human

Leukocytes chemotaxis
Number of blood Lower in relation to BHB Ketone added in culture media
leukocytes level in ketotic cows inhibited the proliferation of bovine

bone marrow cells
Chemotaxis Lower when leukocytes obtained Lower when cultured in the 

from spontaneous ketotic cows presence of ketone bodies

BHB: β-Hydroxybutyrate.
NEB: Negative Energy Balance.
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Figure 5.Concentration of migrating leukocytes and adhering properties of leukocytes to plastic cul-
ture dishes (magnification 100 ×). A. Leukocytes from a healthy cow in the standard media, as previously
described [108], showed the highest concentration and adhered firmly to the culture dish. 
B.  Leukocytes from a healthy cow in the standard media supplemented with BHB, AcAc (Acetoac-
etate), and Acetone at 1.0, 1.0, and 1.7 mM, respectively, showed less concentrations of leukocytes and
had round, not flat, refractive features. C. Leukocytes from ketotic cows (BHB = 1.8 mM) cultured in
the standard media showed less concentration of leukocytes and had round and not flat features.
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mediators, which is necessary for chemo-
taxis process in vivo, may also be impor-
tant mechanisms of impairment of the leuko-
cyte function in the NEB cow. Subsequently,
improvement of udder defense mechanisms
in NEB cows might help reduce incidence of
clinical mastitis in high-producing cows.
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