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Implications

» Successful transition to lactation requires strong im-
mune function that is supported by adequate function
of metabolic organs.

* Immunometabolism is the connection between im-
mune function and metabolism. Transition cows with
well-regulated immunometabolic signals can better
modulate inflammatory responses.

* During un-balanced immunometabolic response, sig-
nals from metabolic tissues can affect immune cells’
function and promote inflammation.

* Lipid mediators such as endocannabinoids, fatty
acids, and oxylipids are potent modulators of
immunometabolic functions.

» Dietary supplementation of omega-3 and conju-
gated linoleic fatty acids, and inhibitors of lipolysis
(i.e., fatty acid release), such as niacin, can effectively
modulate immunometabolism in transition dairy cows
via lipid mediators.
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Introduction

Immunometabolism describes the integration of nutrient
sensing, immune signaling, and immune cell metabolism. One
of the basic concepts of immunometabolism is that fine-tuning
of nutrient supply can modulate specific metabolic pathways
in immune cells. Immune cells’ phenotypes are associated with

© Zachut, Tam, Contreras

This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any me-
dium, provided the original work is properly cited.
https://doi.org/10.1093/af/vfac062

distinct metabolic configurations: resting immune cells rely
on energetically efficient metabolic processes, such as the tri-
carboxylic acid (TCA) cycle, while activated immune cells
shift to glycolysis (Pearce and Pearce, 2013). Thus, changes
in immune cell function are characterized not only by alter-
ations in their inflammatory phenotype but also by changes in
their metabolism (Pearce and Pearce, 2013). In recent years,
immunometabolism research raised the concept that during in-
flammation or immune activation, it is possible to manipulate
metabolism using small molecules and metabolic intermedi-
ates, termed here as “immunomodulators,” that may affect im-
mune cell response (Palsson-McDermott, 2015). At the same
time, since immune cells are potent modulators of systemic
metabolism, altering immune cell function will shift metabolic
function in metabolic organs.

In dairy cows, the transition from late pregnancy to the early
postpartum (PP) period and the onset of lactation is character-
ized by vast changes in metabolism and immune function, thus
the concept of immunometabolism is particularly relevant at
this stage of the dairy cows’ life. During the first weeks PP, as
part of the physiological adaptation to parturition, cows exhibit
a variable degree of systemic subacute inflammation, which
involves a mild increase in pro-inflammatory mediators such
as cytokines and acute phase proteins (Bradford and Swartz,
2020). Inflammation is necessary for periparturient processes
such as placental expulsion and uterine involution, and it is
usually well regulated to avoid excessive damage to the host.
However, when dysregulated, inflammation can cause irrepar-
able damage to tissues, and may lead to disease. In addition,
PP cows experience dysregulation in lymphocyte and neutro-
phil function (Contreras and Sordillo, 2011). The PP period is
also characterized by increased oxidative stress that is driven
by the imbalance between the production of reactive oxygen
species (ROS), reactive nitrogen species, and the neutralizing
capacity of antioxidant mechanisms in tissues and blood.
Increased oxidative stress can affect immune function; for ex-
ample, in adipose tissue increased ROS can enhance the release
of pro-inflammatory cytokines and thus maintain the inflam-
matory processes (Lavrovsky et al., 2000). Thus, regulating
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immunometabolism in periparturient cows is important for a
successful transition period and lactation.

Periparturient drivers of changes in
immunometabolism

Inflammatory processes common to the periparturient
period, such as placental expulsion, uterine involution, lipid
mobilization, and lactogenesis are driven by tissue remodeling
(Contreras et al., 2018). For example, lipolysis is a potent pro-
motor of inflammation in adipose tissues and systemically.
Tissue remodeling and accompanied tissue damage could
have an important role in immunometabolism of transition
dairy cows, as they attract cells of the innate immune system
to tissues with active inflammatory processes, and may facili-
tate the penetration of microorganisms in these organs, which
would lead to an invasion of immune cells that produce pro-
inflammatory cytokines (Kuhla, 2020). Inflammatory medi-
ators can influence nutrient influx and partitioning in metabolic
organs; it was proposed by Bradford and Swartz (2020) that
inflammatory mediators, working in part through altered in-
sulin sensitivity, may underlie some of the variations in the rate
of tissue catabolism between cows during the early PP period
(Zachut, 2015), which is consistent with the emerging roles of
immune cells and signals in regulating adipose tissue metab-
olism. Another important aspect of immunometabolism in
transition cows is the use of glucose as a source of energy for
immune cells. After parturition, circulating glucose is priori-
tized to the non-insulin-dependent glucose transporters, which

are expressed mainly in immune cells and the mammary gland
(Lopreiato et al., 2020). The large glucose requirements of an
activated immune system during systemic inflammation could
further reduce the energy available for the mammary gland,
aggravating the negative energy balance (Kvidera et al., 2017).
Figure 1 summarizes the main tissue remodeling processes that
are involved in immunometabolism of transition dairy cows.

Lipid-derived Immunomodulators

Endocannabinoids

The endocannabinoid system (ECS) is a central regulator of
metabolism and energy homeostasis (Silvestri and Di Marzo,
2013), that is also involved in immune modulation in mam-
mals. The ECS components are the ligands, receptors, and
enzymes that synthesize and degrade the endogenous ligands
of the ECS, called endocannabinoids (eCBs). Detailed infor-
mation on the components of the ECS and their metabolic
effects and proposed role in dairy cows was recently reviewed
(Myers et al., 2021), and readers can find detailed mechanistic
details on the ECS therein. In short, eCBs are lipid intermedi-
aries that include amides, esters, and ethers of polyunsat-
urated fatty acids (FAs). They are quickly synthesized from
FAs in response to intracellular calcium influx, metabolic
stress, or cellular damage. Arachidonic acid (AA)-derived
eCBs: N-arachidonoylethanolamide (AEA or anandamide)
and 2-arachidonyglycerol (2-AG) are the most abundant
and well characterized, although there are other eCB-like
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Figure 1. Tissue remodeling drivers of immunometabolism in transition dairy cows. Following parturition, uterine tissues are remodeled and local inflammation
occurs; lactation leads to remodeling of the mammary gland for milk production, and negative energy balance promotes adipose tissue lipolysis and remodeling
that involves an inflammatory response. These remodeling processes drive immunometabolic changes in the transition dairy cow, including systemic subacute
inflammation that is characterized by elevated pro-inflammatory cytokines and acute phase proteins, increased oxidative stress, and immune cell dysregulation.
These changes can further promote tissue inflammation, leading to immunometabolic shift. Image was prepared using Biorender.com.
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molecules, such as N-palmitoylethanolamine (PEA) and
N-oleoylethanolamine (OEA), which derived from palmitic
and oleic acids, respectively. eCBs primarily bind and activate
the cannabinoid receptors type 1 (CB1) and 2 (CB2), although
they can also bind to receptors such as the vallinoid receptor
TRPVI1, G protein-coupled receptor 55 (GPRSS), and mem-
bers of the peroxisome proliferator-activated receptor (PPAR)
family. The CBI is prevalently localized in the central nervous
system and in peripheral tissues, while CB2 is mainly expressed
by immune cells (Myers et al., 2021). Within the scope of the
present review, we will focus on the possible involvement of the
ECS in inflammation and immune regulation.

In mammals, eCBs participate in the fine regulation of homeo-
stasis of the immune system, exerting mainly anti-inflammatory
and immunosuppressive effects mediated by the stimulation of
CB2. CB2 activation influences different functional aspects of im-
mune cells, such as migration, proliferation, cell death, and secre-
tion of cytokines (Basu and Dittel, 2011). Therefore, eCBs can be
considered as immunomodulators that may constitute a new class
of anti-inflammatory molecules. The eCB AEA has anti-inflam-
matory effects, such as the inhibition of chemoattractant cyto-
kines secretion; while AA and 2-AG can exert pro-inflammatory
effects; and, inhibition of ECS activity may cause inflammatory
responses (Myers et al., 2021). Therefore, more research is re-
quired to fully elucidate the effects of eCBs as immunomodulators
in different tissues and physiological conditions.

In transition dairy cows, levels of AEA and 2-AG in adipose
tissue were doubled PP relative to prepartum, and it was shown
that cows that had a higher degree of body weight loss PP had
higher levels of eCBs in their adipose relative to cows with less
body weight loss (Zachut et al., 2018). Plasma 2-AG concentrations
were found to be low during the dry period and then increased PP
(Kuhla et al., 2020). Higher gene expression of CNR2/CB2 and the
ECS enzymes N-acyl phosphatidylethanolamine phospholipase
D (NAPEPLD) and fatty acid amide hydrolase (FAAH), which
synthesize and degrade AEA, respectively, in adipose tissue was
related to increased expression of genes of pro-inflammatory cyto-
kines (TNF-a, IL-6, IL-1p3) at 21 and 42 d PP in cows with intense
lipolysis (Dirandeh et al., 2020). Thus, the ECS could be involved in
adipose tissue lipolysis and inflammation in PP cows. Activation of
the ECS may also be related to subclinical inflammatory diseases,
as periparturient cows with subclinical endometritis had decreased
expression of the eCBs hydrolyzing enzymes N-acylethanolamine
acid amidase (NAAA) and FAAH, and increased expression of
NAPEPLD and CNR2/CB2 in uterus compared to controls
(Bonsale et al., 2018). Together with the findings in adipose, this
may suggest a possible link between the ECS and inflammatory
responses in transition cows; however, more research elucidating
the connection between the two in transition dairy cows is still re-
quired. Figure 2 presents a proposed model of ECS components in
immunometabolic tissues of transition dairy cows.

Fatty acids and oxylipids

Fatty acids released from phospholipids and lipid drop-
lets (especially in adipocytes and macrophages) are potent
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modulators of immune and metabolic functions. Periparturient
lipolysis in adipose tissues increases the release of lipids into
circulation, and therefore, the abundance of specific FAs in
plasma, that can activate the PPAR a, vy, /8 in several types
of cells (Contreras et al., 2017). In macrophages, PPARY acti-
vation defines their phenotype by modulating the maturation
of monocytes and pre-macrophages in tissues (Toobian et al.,
2021). During inflammatory processes, PPARY activity inhibits
the production of pro-inflammatory cytokines and promotes
immunotolerance (Chawla, 2010). In contrast, PPARa appears
to promote early inflammatory responses in macrophages and
reduce immunotolerance (Toobian et al., 2021). FAs can also
modulate the metabolism of immune cells through their oxi-
dized products known as oxylipids (also termed oxylipins).
Upon release by lipases from phospholipid membranes or lipid
droplets, polyunsaturated FAs are rapidly metabolized and
may be oxidized to produce oxylipids by enzymatic and non-
enzymatic reactions (Sordillo, 2018). Linoleic acid is the most
abundant polyunsaturated FA in adipose tissue and is preferen-
tially mobilized during the transition period (Contreras et al.,
2017). In immune cells, phospholipases preferentially release
AA from the cellular membrane. Therefore, the most abundant
oxylipids in dairy cattle are those derived from linoleic and ara-
chidonic acids. Oxylipids are potent lipid mediators of inflam-
mation that link immune function and metabolism in several
ways including the activation of nuclear receptors, mitochon-
drial activity and biogenesis, and the modulation of lipid mo-
bilization in adipose, liver, and immune cells. Importantly,
final disposition of oxylipids occurs through mitochondrial
p-oxidation (Misheva et al., 2022), demonstrating a paramount
connection between the inflammatory process and metabolic
function within cells.

Linoleic acid is highly susceptible to oxidation by 5- and
15-lipoxygenases (LOX) and by non-enzymatic reactions
triggered by ROS to produce hydroxyoctadecadienoic acids
(HODES). These oxylipids, including 9-, 10-, 12-, and 13-HODE
trigger immunometabolic responses by binding to their cel-
lular membrane receptors GPR132 and TLR4 (Obinata et al.,
2005). As immunometabolic messengers, HODEs functions
vary by regioisomer. For example, 13-HODE, a product of
15-LOX, promotes M2 polarization during lipolysis and acts
as a PPARY ligand that promotes adipogenesis and lipogenesis
(Lee et al., 2016). In healthy transition cows, plasma 13-HODE
increases at 1 wk after calving from its levels at 1 wk before
parturition (Contreras et al., 2017). In adipose, 9-HODE tends
to increase after parturition and 13-HODE is higher than at
either 1 or 4 wk before calving. Adipose content of 13-HODE
was positively associated with plasma beta-hydroxybutyrate
concentrations.

Arachidonic acid is oxygenated by enzymes and by non-
enzymatic reactions to produce prostaglandins (PGs),
thromboxanes (TXs), and hydroxyeicosatetraenoic acids
(HETESs). PGs and TXs are modulators of different stages of
the inflammatory process (Sordillo, 2018). PGs also modu-
late metabolic pathways in immune cells and support cellular
phenotype polarization, especially in macrophages (Saha et al.,
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Figure 2. Model of ECS components in immunometabolic tissues in transition dairy cows. The brain and peripheral tissues such as the liver, adipose tissue, and
uterus express the cannabinoid receptor type 1 (CB1), while the cannabinoid receptor type 2 (CB2) is expressed in immune cells that are localized in the blood
and may also be present in peripheral tissues. The ligands of the ECS, the eCBs, such as anandamide and 2-arachidonoylglycerol, can bind to these receptors
and activate the ECS, which has immunometabolic effects. Image was prepared using Biorender.com.

2017). In healthy transition cows, plasma content of 5-HETE
and 20-HETE increases during the first week after calving com-
pared to prepartum (Contreras et al., 2017). As reviewed in de-
tail in Sordillo et al. (2008), S-HETE modulates macrophage
activity by enhancing their phagocytosis capacity, it enhances
lymphocyte proliferation and is a strong chemoattractant for
bovine neutrophils. In addition, 15-HETE and its precursor
15-hydroperoxyoctadecadienoic acid are potent inducers of
adhesion molecule expression in endothelial cells; therefore,
regulating neutrophil and mononuclear cell migration into tis-
sues (Sordillo et al., 2008). Figure 3 summarizes the general
pathways of oxylipid biosynthesis during inflammation and the
immunomodulatory lipid mediators that are characterized in
transition dairy cows. Together, FAs and oxylipids are prominent
immunomodulators in PP cows. Interestingly, there is strong evi-
dence of the combined effects of FAs, oxylipids, and eCBs in
regulation of inflammation (de Bus et al., 2019), and this inter-
action between lipid mediators should be explored in dairy cows.

Dietary Immunomodulators in Transition
Dairy Cows
Omega-3 fatty acids

Dietary supplementation of omega-3 FAs has positive effects
on the performance of dairy cows (Moallem, 2018). Across spe-
cies, omega-3 FAs are known to have anti-inflammatory effects
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that are mediated via altered cytokine secretion and/or PPARY;
as well as by eicosanoid, resolving, and protectin biology.
Long-chain omega-3 consumption promotes the incorpor-
ation of eicosapentaenoic acid (EPA) into membrane phospho-
lipids at the expense of AA (Grimm et al., 2002). Wherein,
EPA competitively inhibits the conversion of AA into potent
oxylipids, such as prostaglandin E2 and leukotriene B4. As an
alternative substrate, EPA-derived cyclooxygenase (COX) and
lipoxygenase (LOX) enzyme products, such as prostaglandin
E3 and leukotriene B5, are much less potent (Grimm et al.,
2002). Furthermore, resolvins are another group of oxylipids,
derived from docosahexaenoic acid (DHA), which promote the
resolution of inflammation. In bovine cells, omega-3 FAs were
shown to have anti-inflammatory effects in endothelial cells
(Contreras et al., 2012), and to lower the lymphocyte response
to mitogens and natural killer cell ability (Worden et al., 2018).

In transition dairy cows, there is evidence of moderate
anti-inflammatory effects of omega-3 supplementation.
Silvestre et al. (2011) showed that feeding calcium salts of fish
oil (rich in long-chain omega-3, EPA, and DHA) attenuated the
production of the pro-inflammatory cytokine TNF-a in neu-
trophils that were challenged with lipopolysaccharide (LPS).
Transition cows supplemented with omega-3 from algae (rich
in EPA and DHA) and vitamin E showed a milder inflamma-
tory response compared to controls, as demonstrated by lower
levels of bilirubin and by a higher level of liver functionality
index (Trevisi et al., 2011), however, another study reported that
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Figure 3. General pathways for oxylipid biosynthesis. During inflammatory processes, polyunsaturated fatty acids are released from lipid stores, such as

lipid droplets and phospholipid bilayers by phospholipases and lipases (e.g., hormone-sensitive lipase). Polyunsaturated fatty acids are then oxidized by
cyclooxygenases, lipooxygenases, and cytochrome P450 (CYP450) enzymes to produce oxylipids. Among these, the immunometabolic effects of prostaglandins,
thromboxanes, hydroxyeicosatetraenoic (HETE), and hydroxyoctadecadienoic (HODE) acids are characterized in transition dairy cows. Image was prepared

using Biorender.com.

omega-3 from fish oil did not affect systemic markers of inflam-
mation (Grossi et al., 2013). The peripheral blood mononuclear
cells (PBMC) of cows supplemented with omega-3 from flax-
seed (rich in alpha-linolenic acid [ALA]) had higher abundance
of the p65-subunit-of-transcription-factor NF-kB, whereas al-
bumin, C4b-binding protein, and complement factor H levels
were lower compared to controls, and expression of NF-xB in
white blood cells was lower than in controls (Kra et al., 2021).
Supplementing transition cows with omega-3 can also modu-
late the biosynthesis of the immunometabolic modulators—
oxylipids (Sordillo, 2018) and eCBs (Zachut, 2020). Dirandeh
and Ghaffari (2018) fed dairy cows with omega-3 from flaxseed
(rich in ALA) from calving and collected uterine biopsies at the
day of ovulation; they found that omega-3 supplementation in-
creased endometrial expression of the ECS enzymes NAAA and
monoglyceride lipase (MGLL), while the expression of CNR2/
CB2 and the ECS enzyme NAPEPLD were decreased in cows
fed omega-3 compared to controls. Recently, we demonstrated
that supplementing transition cows with omega-3 from flaxseed
altered ECS components in the blood, adipose tissue, and liver,
and this was associated with moderate modulations in lipid me-
tabolism in the adipose and inflammation in the liver (Kra et al.,
2022). These studies suggest that supplementation of omega-3
is a strategy to modulate the activation of the ECS in dairy
cows. The immunometabolic effects of long-chain omega-3
(EPA and DHA) may be mediated mainly via resolvins, while
supplementing high proportions of ALA can profoundly lower
the omega-6/omega-3 ratio in the diet, consequently affecting
immunometabolism also via the ECS.
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Conjugated linoleic acid

Supplementation of conjugated linoleic acid (CLA) induces
milk fat depression in dairy cows (Jenkins and Harvatine,
2014). In PP cows, feeding CLA can improve their metabolic
state by decreasing energy output in milk. At the same time,
there is evidence that CLA act as a lipid immunomodulator
in transition dairy cows. The energy-conserving effect of CLA
may reduce adipose lipolysis PP, which would possibly decrease
inflammation. Moreover, the conjugated isomers of linoleic
acid, cis-9, trans-11 and trans-10, cis-12, may have anti-inflam-
matory effects via interaction with PPARYy (Lee et al., 2010). In
a comprehensive study with transition dairy cows, the effects
of essential FAs (EFAs) and CLA on metabolic and inflamma-
tory indices were examined; supplementation of a combination
of EFAs and CLA improved the metabolic state of the cows,
increased their energy balance, and had a moderate effect on
hepatic acute phase proteins, while the effect of CLA alone on
inflammatory markers was minor (Gnott et al., 2020). The ef-
fects of CLA supplementation were also evaluated in adipose
tissues and liver; in adipose tissues, it was found that CLA sup-
plementation affected the integrated phosphoproteome toward
phosphorylation of proteins related to lipolysis and lipogen-
esis (Daddam et al., 2021). In the liver of cows supplemented
with a combination of CLA and EFAs, the relative abundance
of several proteins related to CYP450 epoxidation/hydrox-
ylation was affected (Veshkini et al., 2022), and this was pro-
posed to be related to an immunometabolic effect of CLA, as
CYPP450 regulates the cross-talk between the immune system

4]



and metabolism. In another study, Gross et al. (2018) dem-
onstrated that in early lactating cows that were exposed to an
intramammary LPS challenge, CLA supplementation affected
local and systemic immune responses. An in vitro experiment
demonstrated that a 50:50 (cis-9,trans-11:trans-10,cis-12) CLA
mixture reduced monocyte apoptosis and increased the extra-
cellular respiratory burst, suggesting that CLA isomers do
have immunomodulatory effects on some functions of bovine
monocytes (Avila et al., 2020). Taken together, it seems that
CLA supplementation may have a moderate immunometabolic
effect in transition dairy cows.

Supplementation of CLA to transition dairy cows can
also affect components of the ECS in the adipose tissue and
uterus, which may be part of the immunometabolic effects of
this FA. The expression of the enzyme diacylglycerol lipase
A (DAGLA), which synthesizes the eCB 2-AG, was higher in
adipose tissue of cows supplemented with CLA vs. controls,
and the mRNA and protein abundances of CB1 were reduced
in CLA supplemented cows (Daddam et al., 2021). In addition,
CLA supplementation to transition dairy cows reduced the ex-
pression of uterine CNR2/CB2 and NAPEPLD (Abolghasemi
et al., 2016). These findings indicate that CLA may exert some
of its immunometabolic effects via modulation of the ECS.

Niacin

Lipolysis is a process associated with enhanced production
of oxilipids and other lipid mediators of inflammation. This is
due to the activation of biosynthetic enzymes and the release
of substrates (i.e., FAs). Thus, a logical intervention to reduce
the risk for immunometabolic dysfunction is to inhibit lipolytic

pathways or to promote lipogenic activity that re-esterifies FAs
into triglycerides in the lipid droplets of adipocytes (Contreras
et al., 2018).

Niacin as nicotinic acid is a well-known inhibitor of the ac-
tivation of bovine hormone-sensitive lipase, the most active
lipolytic enzyme during the periparturient period of dairy
cows (Kenéz et al., 2014). Rumen-protected niacin is effective
in reducing lipolysis in early lactation when fed during the
entire transition period starting at least 3 wk before expected
parturition and until 3 wk after calving (Yuan et al., 2012). In
monogastrics, niacin modulates the inflammatory and meta-
bolic functions of immune cells. The downstream product of
niacin, nicotinamide, is an essential component of the meta-
bolic pathways that are activated when macrophages shift from
aerobic glycolysis—associated with M1 pro-inflammatory
phenotype—to oxidative phosphorylation—a feature of
the M2 pro-resolving phenotype (Suchard and Savulescu,
2022). The second mechanism of immunometabolic modula-
tion of niacin is its direct effect on the oxylipid biosynthesis.
Prolonged supplementation of niacin enhances the synthesis
of omega-3 FAs and their anti-inflammatory oxylipid prod-
ucts (Heemskerk et al., 2014). The direct effects of niacin
on dairy cows’ immunometabolism are sparsely described.
However, since bovine adipocytes, mammary and uterine epi-
thelial cells, hepatocytes, and immune cells, including macro-
phages, neutrophils, and lymphocytes express the niacin
receptor GPR109A/HCA?2 (Xiao et al., 2017), it is expected
that these cells will respond favorably to the effects of niacin
during immune challenges. Therefore, niacin could be con-
sidered as a potential immunomodulator in transition dairy
COWS.
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Conclusions

Immunometabolism is an important field of research in
dairy cows, specifically during the transition period, as many
changes in metabolic and immune function occur at this time.
Here we highlighted lipid immunomodulators: eCBs, FAs, and
oxylipids, that each one and the combination of them may af-
fect the immunometabolic function of transition dairy cows.
We described three dietary manipulations that be implemented
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to modulate immunometabolism; omega-3 and CLA FAs as
well as niacin (Figure 4). Each of these strategies can affect
inflammation, immune cell function, and oxylipid production.
Moreover, omega-3 and CLA can also modulate the activa-
tion of the ECS, which is involved in the regulation of immune
function. More research is required to further explore the
mechanisms and outcomes of immunometabolic modulations
in transition dairy cows.

Acknowledgments

This work was funded by Grant IS-5167-19 from BARD,
The United States-Israel Binational Agricultural Research and
Development Fund.

References

Abolghasemi, A., E. Dirandeh, and B. Shohreh. 2016. Dietary conjugated
linoleic acid supplementation alters the expression of genes involved in
the endocannabinoid system in the bovine endometrium and increases
plasma progesterone concentrations. Theriogenology. 86(6):1453-1459.
doi:10.1016/j.theriogenology.2016.05.003

Avila, G., C. Catozzi, D. Pravettoni, G. Sala, P. Martino, G. Meroni, C. Lecchi,
and F. Ceciliani. 2020. In vitro effects of conjugated linoleic acid (CLA) on
inflammatory functions of bovine monocytes. J. Dairy Sci. 103(9):8554—
8563. doi:10.3168/jds.2020-18659

Basu, S., and B.N. Dittel. 2011. Unraveling the complexities of cannabinoid
receptor 2 (CB2) immune regulation in health and disease. Immunol. Res.
51(1):26-38. doi:10.1007/s12026-011-8210-5

Bonsale, R., R. Seyed Sharifi, E. Dirandeh, N. Hedayat, A. Mojtahedin,
M. Ghorbanalinia, and A. Abolghasemi. 2018. Endocannabinoids as endo-
metrial inflammatory markers in lactating Holstein cows. Reprod. Domest.
Anim. 53(3):769-775. doi:10.1111/rda.13169

Bradford, B.J., and T.H. Swartz. 2020. Review: following the smoke signals:
inflammatory signaling in metabolic homeostasis and homeorhesis in dairy
cattle. Animal. 14(S1):s144-s154. doi:10.1017/S1751731119003203

43


https://doi.org/10.1016/j.theriogenology.2016.05.003
https://doi.org/10.3168/jds.2020-18659
https://doi.org/10.1007/s12026-011-8210-5
https://doi.org/10.1111/rda.13169
https://doi.org/10.1017/S1751731119003203
mailto:mayak@volcani.agri.gov.il?subject=

de Bus, 1., R. Witkamp, H. Zuilhof, B. Albada, and M. Balvers. 2019. The
role of n-3 PUFA-derived fatty acid derivatives and their oxygenated me-
tabolites in the modulation of inflammation. Prostaglandins Other Lipid
Mediat. 144:106351. doi:10.1016/j.prostaglandins.2019.106351

Chawla, A. 2010. Control of macrophage activation and function by PPARs.
Circ. Res. 106(10):1559-1569. doi:10.1161/CIRCRESAHA.110.216523

Contreras, G.A., S.A. Mattmiller, W. Raphael, J.C. Gandy, and L.M. Sordillo.
2012. Enhanced n-3 phospholipid content reduces inflammatory responses
in bovine endothelial cells. J. Dairy Sci. 95(12):7137-7150. doi:10.3168/
jds.2012-5729

Contreras, G.A., and L.M. Sordillo. 2011. Lipid mobilization and inflamma-
tory responses during the transition period of dairy cows. Comp. Immunol.
Microbiol. Infect. Dis. 34:281-289. doi:10.1016/j.cimid.2011.01.004

Contreras, G.A., C. Strieder-Barboza, and J. De Koster. 2018. Symposium
review: modulating adipose tissue lipolysis and remodeling to improve
immune function during the transition period and early lactation
of dairy cows. J. Dairy Sci. 101(3):2737-2752. doi:10.3168/jds.2017-
13340

Contreras, G.A., C. Strieder-Barboza, and W. Raphael. 2017. Adipose tissue
lipolysis and remodeling during the transition period of dairy cows. J.
Anim. Sci. Biotechnol. 8:41. doi:10.1186/s40104-017-0174-4

Daddam, J.R., HM. Hammon, A. Troscher, L. Vogel, M. Gnott, G. Kra,
Y. Levin, H. Sauerwein, and M. Zachut. 2021. Phosphoproteomic analysis
of subcutaneous and omental adipose tissue reveals increased lipid turn-
over in dairy cows supplemented with conjugated linoleic acid. Int. J. Mol.
Sci. 22(6):3227. d0i:10.3390/ijms22063227

Dirandeh, E., and J. Ghaffari. 2018. Effects of feeding a source of omega-3 fatty
acid during the early postpartum period on the endocannabinoid system
in the bovine endometrium. Theriogenology. 121:141-146. doi:10.1016/j.
theriogenology.2018.07.043

Dirandeh, E., M. Ghorbanalinia, A. Rezaei-Roodbari, and M.G. Colazo. 2020.
Relationship between body condition score loss and mRNA of genes related
to fatty acid metabolism and the endocannabinoid system in adipose tissue
of periparturient cows. Animal. 1-9. doi:10.1017/S1751731120000476.

Gnott, M., L. Vogel, C. Kroger-Koch, D. Dannenberger, A. Tuchscherer,
A. Troscher, E. Trevisi, T. Stefaniak, J. Bajzert, A. Starke, et al. 2020.
Changes in fatty acids in plasma and association with the inflamma-
tory response in dairy cows abomasally infused with essential fatty acids
and conjugated linoleic acid during late and early lactation. J. Dairy Sci.
103(12):11889-11910. doi:10.3168/jds.2020-18735

Grimm, H., K. Mayer, P. Mayser, and E. Eigenbrodt. 2002. Regulatory poten-
tial of n-3 fatty acids in immunological and inflammatory processes. Br.
J. Nutr. 87(Suppl 1):S59-S67. doi:10.1079/bjn2001457.

Gross, 1.J., L. Grossen-Rosti, R. Héritier, A. Troscher, and R.M. Bruckmaier.
2018. Inflammatory and metabolic responses to an intramammary lipo-
polysaccharide challenge in early lactating cows supplemented with
conjugated linoleic acid. J. Anim. Physiol. Anim. Nutr. 102:e838-e848.
doi:10.1111/jpn.12843

Grossi, P., G. Bertoni, F. Piccioli Cappelli, and E. Trevisi. 2013. Effects of
the precalving administration of omega-3 fatty acids alone or in combin-
ation with acetylsalicylic acid in periparturient dairy cows. J. Anim. Sci.
91(6):2657-2666. doi:10.2527/jas.2012-5661

Heemskerk, M.M., H.K. Dharuri, S.A.A. van den Berg, H.S. Jonasdottir,
D.-P. Kloos, M. Giera, K.W. van Dijk, and V. van Harmelen. 2014.
Prolonged niacin treatment leads to increased adipose tissue PUFA syn-
thesis and anti-inflammatory lipid and oxylipin plasma profile. J. Lipid Res.
55(12):2532-2540. doi:10.1194/j1r.M051938

Jenkins, T.C., and K.J. Harvatine. 2014. Lipid feeding and milk fat depression.
Vet. Clin. North Am. Food Anim. Pract. 30(3):623-642. doi:10.1016/j.
cvfa.2014.07.006

Kenéz, A., L. Locher, J. Rehage, S. Dénicke, and K. Huber. 2014. Agonists
of the G protein-coupled receptor 109A-mediated pathway promote
antilipolysis by reducing serine residue 563 phosphorylation of hormone-
sensitive lipase in bovine adipose tissue explants. J. Dairy Sci. 97(6):3626—
3634. doi:10.3168/jds.2013-7662

Kra, G., JR. Daddam, U. Moallem, H. Kamer, R. Ko¢varova, A. Nemirovski,
G.A. Contreras, J. Tam, and M. Zachut. 2022. Effects of omega-3

44

supplementation on components of the endocannabinoid system and meta-
bolic and inflammatory responses in adipose and liver of peripartum dairy
cows. J. Anim. Sci. Biotechnol. In press.

Kra, G., N. Nemes-Navon, J.R. Daddam, L. Livshits, S. Jacoby, Y. Levin,
M. Zachut, and U. Moallem. 2021. Proteomic analysis of peripheral blood
mononuclear cells and inflammatory status in postpartum dairy cows sup-
plemented with different sources of omega-3 fatty acids. J. Proteomics.
246:104313. doi:10.1016/j.jprot.2021.104313

Kuhla, B. 2020. Review: pro-inflammatory cytokines and hypothalamic inflam-
mation: implications for insufficient feed intake of transition dairy cows.
Animal. 14((S1):s65-877. d0i:10.1017/S1751731119003124

Kuhla, B., V. Kaever, A. Tuchscherer, and A. Kuhla. 2020. Involvement of
plasma endocannabinoids and the hypothalamic endocannabinoid system in
increasing feed intake after parturition of dairy cows. Neuroendocrinology.
110(3-4):246-257. doi:10.1159/000501208

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

Lavrovsky, Y., B. Chatterjee, R.A. Clark, and A.K. Roy. 2000. Role of
redox-regulated transcription factors in inflammation, aging and
age-related diseases. Exp. Gerontol. 35(5):521-532. doi:10.1016/
s0531-5565(00)00118-2

Lee, Y.H., S.N. Kim, H.J. Kwon, K.R. Maddipati, and J.G. Granneman. 2016.
Adipogenic role of alternatively activated macrophages in (-adrenergic
remodeling of white adipose tissue. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 310(1):R55-R65. doi:10.1152/ajpregu.00355.2015

Lee, J.Y., L. Zhao, and D.H. Hwang. 2010. Modulation of pattern recog-
nition receptor-mediated inflammation and risk of chronic diseases by
dietary fatty acids. Nutr. Rev. 68(1):38-61.doi:10.1111/j.1753-4887.2009.
00259.x

Lopreiato, V., M. Mezzetti, L. Cattaneo, G. Ferronato, A. Minuti, and E. Trevisi.
2020. Role of nutraceuticals during the transition period of dairy cows: a
review. J. Anim. Sci. Biotechnol. 11:96. doi:10.1186/s40104-020-00501-x

Misheva, M., K. Kotzamanis, L.C. Davies, V.J. Tyrrell, PR.S. Rodrigues,
G.A. Benavides, C. Hinz, R.C. Murphy, P. Kennedy, PR. Taylor, et al.
2022. Oxylipin metabolism is controlled by mitochondrial B-oxidation
during bacterial inflammation. Nat. Commun. 13(1):139. doi:10.1038/
s41467-021-27766-8

Moallem, U. 2018. Invited review: roles of dietary n-3 fatty acids in perform-
ance, milk fat composition, and reproductive and immune systems in dairy
cattle. J. Dairy Sci. 101(10):8641-8661. doi:10.3168/jds.2018-14772

Myers, M.N., M. Zachut, J. Tam, and G.A. Contreras. 2021. A proposed
modulatory role of the endocannabinoid system on adipose tissue metab-
olism and appetite in periparturient dairy cows. J. Anim. Sci. Biotechnol.
12:21. doi:10.1186/340104-021-00549-3

Obinata, H., T. Hattori, S. Nakane, K. Tatei, and T. Izumi. 2005. Identification
of 9-hydroxyoctadecadienoic acid and other oxidized free fatty acids as lig-
ands of the G protein-coupled receptor G2A. J. Biol. Chem. 280(49):40676—
40683. doi:10.1074/jbc.M 507787200

Palsson-McDermott, E.M., A.M. Curtis, G. Goel, M.A. Lauterbach,
F.J. Sheedy, L.E. Gleeson, M.W. van den Bosch, S.R. Quinn, R. Domingo-
Fernandez, D.G. Johnston, et al. 2015. Pyruvate kinase M2 regulates Hif-1a
activity and IL-1b induction and is a critical determinant of the Warburg
effect in LPS-activated macrophages. Cell Metab. 21:65-80. doi:10.1016/j.
cmet.2014.12.005

Pearce, E.L., and E.J. Pearce. 2013. Metabolic pathways in immune cell
activation and quiescence. Immunity. 38(4):633-643. doi:10.1016/j.
immuni.2013.04.005

Saha, S., LLN. Shalova, and S.K. Biswas. 2017. Metabolic regulation of
macrophage phenotype and function. Immunol. Rev. 280(1):102-111.
doi:10.1111/imr.12603

Silvestre, F.T., T.S.M. Carvalho, P.C. Crawford, J.E.P. Santos, C.R. Staples,
T. Jenkins, and W.W. Thatcher. 2011. Effects of differential supplementa-
tion of fatty acids during the peripartum and breeding periods of Holstein
cows: II. Neutrophil fatty acids and function, and acute phase proteins. J.
Dairy Sci. 94:2285-2301. doi:10.3168/jds.2010-3371

Animal Frontiers


https://doi.org/10.1016/j.prostaglandins.2019.106351
https://doi.org/10.1161/CIRCRESAHA.110.216523
https://doi.org/10.3168/jds.2012-5729
https://doi.org/10.3168/jds.2012-5729
https://doi.org/10.1016/j.cimid.2011.01.004
https://doi.org/10.3168/jds.2017-13340
https://doi.org/10.3168/jds.2017-13340
https://doi.org/10.1186/s40104-017-0174-4
https://doi.org/10.3390/ijms22063227
https://doi.org/10.1016/j.theriogenology.2018.07.043
https://doi.org/10.1016/j.theriogenology.2018.07.043
https://doi.org/10.1017/S1751731120000476
https://doi.org/10.3168/jds.2020-18735
https://doi.org/10.1079/bjn2001457
https://doi.org/10.1111/jpn.12843
https://doi.org/10.2527/jas.2012-5661
https://doi.org/10.1194/jlr.M051938
https://doi.org/10.1016/j.cvfa.2014.07.006
https://doi.org/10.1016/j.cvfa.2014.07.006
https://doi.org/10.3168/jds.2013-7662
https://doi.org/10.1016/j.jprot.2021.104313
https://doi.org/10.1017/S1751731119003124
https://doi.org/10.1159/000501208
https://doi.org/10.3168/jds.2016-12001
https://doi.org/10.3168/jds.2016-12001
https://doi.org/10.1016/s0531-5565(00)00118-2
https://doi.org/10.1016/s0531-5565(00)00118-2
https://doi.org/10.1152/ajpregu.00355.2015
https://doi.org/10.1111/j.1753-4887.2009.00259.x
https://doi.org/10.1111/j.1753-4887.2009.00259.x
https://doi.org/10.1186/s40104-020-00501-x
https://doi.org/10.1038/s41467-021-27766-8
https://doi.org/10.1038/s41467-021-27766-8
https://doi.org/10.3168/jds.2018-14772
https://doi.org/10.1186/s40104-021-00549-3
https://doi.org/10.1074/jbc.M507787200
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1016/j.immuni.2013.04.005
https://doi.org/10.1016/j.immuni.2013.04.005
https://doi.org/10.1111/imr.12603
https://doi.org/10.3168/jds.2010-3371

Silvestri, C., and V. Di Marzo. 2013. The endocannabinoid system in energy
homeostasis and the etiopathology of metabolic disorders. Cell Metab.
17(4):475-490. doi:10.1016/j.cmet.2013.03.001

Sordillo, L.M. 2018. Symposium review: oxylipids and the regulation of bo-
vine mammary inflammatory responses. J. Dairy Sci. 101(6):5629-5641.
doi:10.3168/jds.2017-13855

Sordillo, L.M., K.L. Streicher, LK. Mullarky, J.C. Gandy, W. Trigona, and
C.M. Corl. 2008. Selenium inhibits 15-hydroperoxyoctadecadienoic acid-
induced intracellular adhesion molecule expression in aortic endothelial cells.
Free Radic. Biol. Med. 44(1):34-43. doi:10.1016/j.freeradbiomed.2007.09.002

Suchard, M.S., and D.M. Savulescu. 2022. Nicotinamide pathways as the root
cause of sepsis—an evolutionary perspective on macrophage energetic
shifts. FEBS J. 289(4):955-964. doi:10.1111/febs.15807

Toobian, D., P. Ghosh, and G.D. Katkar. 2021. Parsing the role of PPARs
in macrophage processes. Front. Immunol. 12:783780. doi:10.3389/
fimmu.2021.783780

Trevisi, E., P. Grossi, EP. Cappelli, S. Cogrossi, and G. Bertoni. 2011.
Attenuation of inflammatory response phenomena in periparturient dairy
cows by the administration of an w3 rumen protected supplement con-
taining vitamin E. Ital. J. Anim. Sci. 10:e61. doi:10.4081/ijas.2011.e61

Veshkini, A., HM. Hammon, L. Vogel, M. Delosi¢re, D. Viala, S. D¢jean,
A. Troscher, F. Ceciliani, H. Sauerwein, and M. Bonnet. 2022. Liver
proteome profiling in dairy cows during the transition from gestation to
lactation: effects of supplementation with essential fatty acids and con-
jugated linoleic acids as explored by PLS-DA. J. Proteomics. 252:104436.
doi:10.1016/j.jprot.2021.104436

October 2022, Vol. 12, No. 5

Worden, L.C., M.G. Erickson, S. Gramer, C. Tap, C. Ylioja, N. Trottier,
C.L. Preseault, M.J. VandeHaar, A.L. Lock, and E.L. Karcher. 2018. Short
communication: decreasing the dietary ratio of n-6 to n-3 fatty acids in-
creases the n-3 concentration of peripheral blood mononuclear cells in
weaned Holstein heifer calves. J. Dairy Sci. 101:1227-1233. doi:10.3168/
jds.2017-12696

Xiao, Y., S. Rungruang, L.W. Hall, J.L. Collier, E.R. Dunshea, and R.J. Collier.
2017. Effects of niacin and betaine on bovine mammary and uterine
cells exposed to thermal shock in vitro. J. Dairy Sci. 100(5):4025-4037.
doi:10.3168/jds.2016-11876

Yuan, K., R.D. Shaver, S.J. Bertics, M. Espineira, and R.R. Grummer. 2012.
Effect of rumen-protected niacin on lipid metabolism, oxidative stress,
and performance of transition dairy cows. J. Dairy Sci. 95(5):2673-2679.
doi:10.3168/jds.2011-5096

Zachut, M. 2015. Defining the adipose tissue proteome of dairy cows to reveal
biomarkers related to peripartum insulin resistance and metabolic status. J.
Proteome Res. 14(7):2863-2871. doi:10.1021/acs.jproteome.5b00190

Zachut, M. 2020. Letter to the editor: are the physiological effects of
dietary n-3 fatty acids partly mediated by changes in activity of the
endocannabinoid system in dairy cows? J. Dairy Sci. 103(2):1049.
doi:10.3168/ds.2019-17328

Zachut, M., G. Kra, U. Moallem, L. Livshitz, Y. Levin, S. Udi, A. Nemirovski,
and J. Tam. 2018. Characterization of the endocannabinoid system in sub-
cutaneous adipose tissue in periparturient dairy cows and its association
to metabolic profiles. PLoS One. 13(11):¢0205996. doi:10.1371/journal.
pone.0205996

45


https://doi.org/10.1016/j.cmet.2013.03.001
https://doi.org/10.3168/jds.2017-13855
https://doi.org/10.1016/j.freeradbiomed.2007.09.002
https://doi.org/10.1111/febs.15807
https://doi.org/10.3389/fimmu.2021.783780
https://doi.org/10.3389/fimmu.2021.783780
https://doi.org/10.4081/ijas.2011.e61
https://doi.org/10.1016/j.jprot.2021.104436
https://doi.org/10.3168/jds.2017-12696
https://doi.org/10.3168/jds.2017-12696
https://doi.org/10.3168/jds.2016-11876
https://doi.org/10.3168/jds.2011-5096
https://doi.org/10.1021/acs.jproteome.5b00190
https://doi.org/10.3168/jds.2019-17328
https://doi.org/10.1371/journal.pone.0205996
https://doi.org/10.1371/journal.pone.0205996

