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Abstract

Obesity-induced inflammation is associated with numerous pathologies and is an independent risk
factor of Chronic Kidney Disease (CKD). The prevalence of CKD is escalating and current
therapeutic strategies are seriously lacking in efficacy, and immunomodulation has been suggested
as a potential new therapeutic approach. Indeed, specialized pro-resolving mediators (SPMs), such
as lipoxins (LXs), resolvins and protectins, have demonstrated protection in adipose inflammation,
restoring insulin sensitivity and adiponectin production, while modulating leukocyte infiltration
and promoting resolution in visceral adipose tissue. Furthermore, SPMs display direct
renoprotective effect. Thus we review current evidence of immunomodulation as a potential
strategy to subvert obesity-related CKD.

1 Obesity-related pathologies and inflammation

Prolonged obesity is associated with systemic low-grade inflammation, which is related to
insulin resistance and increased risk of developing obesity-related pathologies, e.g. Type 2
Diabetes Mellitus (T2DM), atherosclerosis, non-alcoholic fatty liver disease and cancer [1].
Obesity is also an independent risk factor for chronic kidney disease (CKD), even when
excluding variables such as diabetes and hypertension [2]. Interestingly, adipose distribution
rather than adiposity per se determines the risk of developing obesity-related pathologies,
and in this paradigm central obesity and visceral adipose tissue appears to be the major
mediator of disease [3]. The prevalence of obesity is increasing rapidly, particularly among
children and lower socioeconomic groups [2,4], and understanding how obesity is
interlinked with inflammation and CKD is a major priority.

1.2 Adipose tissue inflammation

Adipose tissue is not merely an insulating energy store but rather an endocrine organ
regulating appetite, glucose and lipid metabolism, blood pressure and immune function [5].
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Prolonged obesity causes adipose hypoxia, hepatic stress responses and systemic
hyperglycemia, and the combination of these factors result in adipose tissue inflammation
where infiltration of inflammatory macrophages (M) is a key event [6]. Other leukocytes,
including neutrophils, T-cells, B-cells, NK-cells and NK T-cells, also play important
regulatory roles in adipose inflammation, as recently reviewed [7,8]. In obesity, the majority
of adipose Mes are derived from blood monocytes, and recruitment is regulated though
chemoattractants such as MCP-1/CCL2 [7,9]. Interestingly FFA derived from adipose
lipolysis may also act as a recruitment molecule [10]. The current consensus holds that lean
subjects have a basal state of anti-inflammatory M2 Mes, whereas obesity causes a
recruitment of pro-inflammatory M1 Mes [9]. These M1 Mes accumulate around dying
adipocytes in so called crown like structures (CLS) and produce pro-inflammatory mediators
(e.g. TNF-a, IL-1p, IL-6) which are associated with the development of insulin resistance,
and subsequent release of free-fatty-acids results in systemic lipotoxicity with detrimental
effects [5,6]. In support of this, blocking Me recruitment rescues obesity-induced insulin
resistance [11] and PPAR-y deficient mice displaying impaired M2 phenotype are more
susceptible to diet-induced inflammation and insulin resistance [12]. Furthermore, IFN-y
KO mice display improved insulin sensitivity, reduced adipocyte hypertrophy, and a reduced
number of adipose M1 M¢ [13]. However, it should be mentioned that there is ongoing
debate in the field. One theory holds that obesity-induced recruitment of Mes reflects an
adaptive response attempting to retain adipose functionality [7]. Interestingly, M¢s may help
restrict adipocyte hypertrophy as obese CCL2 KO mice lacking Mg infiltration display
increased adipocyte diameter [7]. It has also been suggested that M1 Mas play a beneficial
role whereby they phagocytose lipids excreted by adipocytes, importantly without producing
pro-inflammatory cytokines, which may suggest that the M1 phenotype is more complex
than previously assumed [10]. Similarly the M2 phenotypes are also multifaceted, as M2c
Meos have been suggested to induce adipose fibrosis through their TGF-f secretion [14].
Thus Mes phenotyping is a intricate process that requires careful attention and further
characterization, since Ms undoubtedly play an important role in adipose inflammation and
the onset of obesity-induced pathology, such as CKD.

inflammation and CKD

Importantly, obesity-induced adipose inflammation alters the adipokine profile, where leptin
and fetuin-A play important roles and correlate with pathologies such as CKD [2,6].
Additionally, adipose inflammation attenuates production of the protective hormone
adiponectin, contributing to insulin resistance, inflammation and oxidative stress [15].
Indeed T2DM patients with hypoadiponectinemia display more severe renal damage
compared to controls [16]. In mice adiponectin regulates vasodilation via induction of eNOS
and NO and displays renoprotective properties by reversing loss of podocyte foot processes,
through induction of AMPK activation and attenuation of Nox4 and ROS production [2]. In
addition to the adipokines, adipose tissue also expresses the components of the renin-
angiotensin (RAAS) system, locally affecting adipose glucose homeostasis, lipid
metabolism and inflammation [17]. Obesity-induced upregulation of adipose RAAS may
contribute to as much as 30 % of circulating angiotensinogen, causing a paracrine effect
linked to kidney disease and inflammation [18]. Interestingly activation of Antigotensin-
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receptor-1a appears to be an important mediator of inflammation and renal injury in obesity-
induced CKD [19].

CKD is characterized by progressive loss of renal function with an accumulation of pro-
fibrotic extracellular matrix (ECM) leading to glomerulosclerosis and tubulointerstitial
fibrosis (TIF) [2]. Consequent loss of parenchyma and disease progression is further
propagated by inflammation, insulin resistance and oxidative stress [2,20]. Although CKD is
typically diagnosed well before it reaches end-stage kidney disease, there is as of yet no
treatment that halts or reverses the decline in renal function and current therapeutics merely
focus on slowing disease progression through blood pressure and glycaemic control. As such
there is an acute need for novel anti-fibrotic and pro-resolving therapeutics.

Immunomaodulation has been suggested as an alternatively therapeutic path, as the obesity-
induced adipose and systemic inflammation are central to CKD development [6,21].
However, in order to successfully use immunomodulation as a therapeutic tool, we must first
appreciate how the intricate inflammatory process is regulated. Thus the resolution of
inflammation is described below, followed by current evidence that promoting the resolution
of inflammation may be beneficial in obesity and CKD, respectively.

2 Resolution of inflammation

Inflammation is a fundamental part of normal physiology, shielding the host from pathogens
and tissue injury. However, this dynamic process must be tightly regulated to avoid chronic
inflammation and pathology. Indeed, failure of inflammatory resolution may result in severe
conditions, including abscess formation and fibrosis as evident in arthritis, diabetes and
atherosclerosis [21]. It is likely that the resolution of inflammation is tightly regulated by
specialized pro-resolving mediators (SPMs). These include lipids mediators e.g. lipoxins
(LXs), resolvins and protectins, but also peptides such as Annexin-1 [22].

Inflammation is initiated by pro-inflammatory leukotrienes (LTs) and prostaglandins (PGs),
causing vasodilation and recruitment of inflammatory cells that battle the inflammatory
insult (Figure 1). Interestingly, in physiological acute inflammation, e.g. normal wound
healing, the same mediators initiating the process also program its resolution, as PGE,
enhance the production of SPMs via the induction of 15-Lipoxygenase (LO) [23]. In an
intricate network, SPMs enhance resolution by reducing vascular permeability and
attenuating production of inflammatory cytokines and chemokines, while stimulating pro-
resolving mediators such as IL-10 [21,22]. Interestingly, SPMs have profoundly different
roles on leukocytes of varying origin and while they reduce vascular permeability and
inhibit PMN recruitment, they promote infiltration of monocytes and furthermore shift their
phenotype from inflammatory (M1) to resolving (M2). An important SPM characteristic is
that they promote efferocytosis, i.e. the non-phlogistic phagocytosis of apoptotic PMN by
Mes, which is a crucial process in resolution [6,22,24]. As such, SPMs exhibit protection
from numerous disease processes though manipulation of leukocytes, as reviewed [20,25].
Importantly, SPMs also affect cells of non-myeloid origin, such as endothelial and
mesangial cells [20]. In addition, recent studies demonstrate that SPMs may exert protective
properties via microRNAs. Indeed, RvD1 has been shown to promote resolution of acute
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inflammation via activation of microRNA [26] and similarly LipoxinA,4 (LXA,) attenuates
chronic renal inflammation by activation of let7 [27].

Lipoxins are arachidonic acid (AA) derived eicosanoids, produced at local sites of
inflammation in a transcellular manner by the sequential action of 5-LO and either 12-LO or
15-LO, between neutrophils, platelets and resident tissue cells, e.g. epithelial cells (Figure
1). Formation of epi-LXs may also be induced though aspirin-mediated acetylation of
cyclooxygenase (COX)-2 [22]. LipoxinA4 (LXA,) and its positional isomer lipoxinBy
(LXB,) are the principal mammalian LX species. LXA4 binds the G-protein coupled
receptor (GPCR) receptor FPR2/ALX, identified in numerous cell types, including
monocytes and Mos, T-cells, fibroblasts, renal mesangial cells and murine adipocytes
[20,28]. LXA, also interacts with GPR32 [29], whereas the LXB, receptor remains to be
identified. In addition to LXs, several other SPMs have been identified, including the ®-3
derived resolvins, protectins and marseins [6,22]. Resolvins may be synthesized from either
eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA), and are thus divided into ‘E
series’ and ‘D series’ [6,22]. Resolvins are generated in a transcellular manner by the
sequential action of LO, whereas protectins and maresins are generated by single cells
(Figure 1). In neutrophils RVE1 has been shown to bind BLT1, whereas in Mo and dendritic
cells RvE1 bind ChemR23 [22]. RvD1 has also been reported to interact both with
FPR2/ALX and GPR32 in phagocytes, but it is currently unknown which receptor the
protectins and maresins act through [22]. SPMs display their anti-inflammatory effect in
numerous inflammatory disorders, including kidney disease, peritonitis, asthma and
atherosclerosis [6,21,22].

In the context of inflammatory resolution it is also noteworthy to mention PMN-derived
micro-particles (MPs), which enhance resolution by attenuating PMN recruitment while
enhancing efferocytosis [30-32]. Human MPs activate the ALX/FPR2 receptor and have
been shown to contain SPM precursors and Annexin-1 [30,31]. Interestingly, MPs have been
manipulated into so called Humanized nano-proresolving medicines (NPRMSs), where
additional SPMs are incorporated into MPs to augment their pro-resolving effect [30].
Indeed, NPRMs have proven to attenuate leukocyte trafficking in vitro [33], as well as
zymoza-induced peritonitis, wound healing and inflammatory joint disorders in mice [30].
NPRMs thus display an interesting therapeutic potential in relation to inflammatory
resolution and delivery of SPMs.

3 Proresolving lipid mediators in adipose inflammation

Promaoting resolution of adipose inflammation would likely to be a beneficial therapeutic
approach, reducing the risk of developing obesity-associated complications [6,21,34].
Research is currently attempting to address this hypothesis, primarily using genetic or high-
fat-diet models of obesity in rodents. However, it is noteworthy that genetic obesity does not
impact adipose 12/15-LO expression, whereas diet-induced obesity causes a significant
decrease [35]. Interestingly, 5-LOX expression remained unaltered by obesity in both
models [35]. As the LO enzymes are essential for SPM synthesis this may account for some
difference between experimental models of obesity. As reported by Neuhofer et al, the
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SPMs are differently expressed in genetic vs. diet-induced obesity, although they often
appear to follow similar trends.

Production of specialized pro-resolving mediators (SPMs) appears deficient in obese
visceral adipose tissue, and genetic models of obesity attenuate endogenous production of
SPMs [35]. To our knowledge it has not yet been demonstrated whether weight loss restores
SPM production, which would be an important contribution to the field. In this context it
would also be important to differentiate between short-term and long-term weight loss.
Although caloric restriction quickly restores insulin sensitivity, it somewhat surprisingly
appears that short-term (3-7 days) weight loss increases lipolysis, thus accelerating Mo
recruitment, although these Mos appear non-phlogistic based on the fact that they
phagocytose lipids without promoting inflammation [10]. Similarly 3 wk caloric restriction
restores insulin sensitivity and although the number of CD11c* Mo remains unaltered, they
display decreased expression of TNF-a and IL-1f, suggesting phenotype placidity [36].
Longer duration of caloric restriction (6wk) in mice attenuate Mo infiltration [10]. In human
studies 12 wk caloric restriction attenuates TNF-a while increasing adiponectin [37] and 3
months after surgically-induced weight-loss there is reduced adipose tissue M1/M2 ratio
[38]. Another interesting aspect would be to investigate whether glucagon-like-peptide-1
(GLP-1) affects SPMs production, as GLP-1 inhibits adipose tissue Me infiltration and
inflammation in ob/ob mice [39], and the GLP-1R agonist Exenatide has been shown to
increase myocardial LX [40].

3.1 Omega-3 derived SPMs in adipose tissue inflammation

Obesity is associated with attenuation of resolvins and dietary EPA and DHA
supplementation increase insulin sensitivity and adiponectin levels, while attenuating
adipose inflammation and adipose CLSs [35]. The beneficial effect of w-3 PUFA in obesity
is well established [6] and m-3 PUFA increases SPM levels in high-fat-diet induced obesity
[41]. Transgenic restoration of long-chain -3 PUFA also alleviates obesity-linked
inflammation and insulin resistance [42]. In ob/ob mice both ®-3 PUFA and RVE1 increased
expression of genes involved in glucose transport (GLUT-4), insulin signaling (IRS-1) and
insulin sensitivity (PPAR-y). Furthermore, they increased adiponectin levels, as did PD1
when incubated with adipose explants from ob/ob mice [43]. Interesting, the resolution of
acute inflammation has been described as impaired in type 2 diabetes, as db/db mice with
peritonitis present with impaired wound closure and increased leukocyte infiltration and
impaired efferocytosis [44]. Furthermore, endogenous production of resolvins appeared
impaired, and RvD1 increased wound closure and enhanced the peritonitis-related
resolution[44]. Similarly the pro-resolving lipid mediator 14S21R-diHDHA has also been
shown to restore M-mediated wound healing in diabetic mice [45].

RvD1 also improves insulin sensitivity in the db/db model, correlating with restored levels
of pAktSer473 in adipose tissue and aorta, although skeletal muscle, liver and heart tissue
remained unaffected [46]. Furthermore, RvD1 reduce adipose CLS while increasing adipose
M2 (MGL-1%) to M1 (CD11c*) ratio [46], although it should be mentioned that the role of
MGL-1* Mos in obesity has been debated [47]. Other studies confirm that RvD1 shift the
phenotype of peritoneal Ms from M1 to M2 and stimulate efferocytosis [48]. In db/db mice
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RvD1 increase plasma adiponectin and adipose pAMPK, while circulating resistin and
adipose PPAR-y expression remained unaltered [46]. Interestingly, RvD1 inhibited ATM
IL-6 [46], previously shown to attenuate adiponectin expression in 3T3-L1 adipocytes [49],
which may provide mechanistic insights [46]. RvD1 and RvD2 also restore high-fat-diet
induced attenuation of adiponectin while inhibiting leptin, TNF-a, IL-6 and IL-1p secretion,
as well as monocyte adherence to adipocytes and trans-adipose migration [28].

3.2 Omega-6 derived SPMs in adipose tissue inflammation

The direct effect of LXA4 on obesity-induced adipose inflammation remains to be
investigated. However, in a model of age-associated inflammation, LXA, attenuates adipose
IL-6 while increasing I1L-10, which correlated with restoration of adipose GLUT-4 and
IRS-1 expression [50]. Furthermore, LXA4 in vitro rescue M¢ induced attenuation of
adipose glucose uptake in response to insulin. In this system LXA, attenuated Mo
production of inflammatory cytokines (TNF-a and MCP-1), while restoring insulin-induced
pAkt and GLUT-4 upregulation to the plasma membrane in 3T3-L1 adipocytes [50]. LXA4
has also been shown to restore diet-induced attenuation of adiponectin [28].

4 Proresolving lipid mediators in kidney disease

The role of SPMs in obesity-induced CKD remains to be evaluated. It is however clearly
established that inflammation plays a crucial role in kidney disease and immunomodulation
and may provide a beneficial tool in subverting CKD [21]. Interestingly, attenuation of the
pro-resolving cytokine IL-10 from the spleen has been implicated as an initiator in obesity-
induced CKD [51]. SPMs have been shown to directly attenuate renal injury, as reviewed
[4,21]. The effect of SPMs was first displayed in models of acute renal injury, e.g. ischemia-
reperfusion where LXs, protectins and resolvins attenuate neutrophil influx and Mo
activation to the effect of attenuated kidney injury [20]. In vitro SPMs have also displayed
potential to modulate inflammatory and fibrotic responses in podocytes, mesangial and
epithelial cells [21]. More recently, SPMs have also been evaluated in experimental CKD,
utilizing the unilateral ureteric obstruction (UUO) model. Indeed, LXA4 and its synthetic
analog benzo-L XA, attenuate UUO-induced renal fibrosis, as displayed by reduced renal
collagen deposition and attenuated activation of MAP kinases, Akt and Smads [52].
Importantly, the LXs shifted the inflammatory milieu toward resolution, inhibiting TNF-a
and IFN-y expression, while stimulating pro-resolving IL-10. In vitro it was specifically
demonstrated that LXs modulate fibroblast activation, inhibiting TGF-B1-induced activation
of Smad2 and MAP-kinases [52]. RvE1 and RvD1 have also demonstrated protection in
rodent UUO models, attenuating collagen deposition and PDGF-BB expression, as well as
Mo infiltration [53]. The resolvins diminished myofibroblasts accumulation and fibroblast
proliferation (Ki67*/a-SMA™*) both in vivo and in vitro, via activation of ChemR23.
Similarly to LXs [52], resolvins attenuated UUO-induced activation ERK and AKT
signaling pathways [53]. As illustrated in Figure 1, 15A-PGJ2 may similarly to the SPMs
contribute to the resolution of inflammation [6,54]. It is thus noteworthy that 15A-PGJ2 was
recently shown to induce HO-1 expression and increase antioxidant response though Nrf2 in
mesangial cells [55]. Annexin-1 has also been shown to be protective in ischemia-
reperfusion injury in the rat [56], although to our knowledge its effect as of yet has not been
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determined in CKD. Interestingly, LXs and RVE1 enhance survival following kidney
transplantation in mice [57].

Supplementation of anti-inflammatory -3 PUFA has been suggested as a beneficial
strategy in advanced kidney disease [58]. In CKD patients, higher doses of ®-3 PUFA
increase subcutaneous adiponectin and leptin production, while attenuating MMP9 and
CD68 levels, indicating some protection against inflammation although eGFR remained
unaltered [59]. Similarly in an 8 week study with CKD stage 2-5 patients, ©-3 PUFA
supplementation decreased levels of pro-inflammatory LTB,4 and 5-HETE, although renal
creatinine clearance and proteinuria did not improve [60]. Renoprotective effects of »-3
PUFA, DHA and EPA have however been demonstrated in experimental models of kidney
disease, reducing upregulation of pro-inflammatory and pro-fibrotic pathways and
attenuating TIF [20,21]. As Diabetic Nephropathy is a prevalent form of CKD, it is
noteworthy that the TZD drug Pioglitazone increase formation of 15-epi-LXA, in diabetic
patients, which was associated with decreasing fasting glucose and increased adiponectin
levels [61]. Furthermore, LXA4 appears to be an important mediator of resolution in
spontaneously resolving poststreptococcal glomerulonephritis [62].

5 Conclusion

Obesity is associated with chronic inflammation and is a potent contributor to CKD. The
resolution of inflammation is tightly regulated by SPMs, which display protective effects in
obesity-induced adipose inflammation and several models or kidney disease. The direct
impact of SPMs on obesity-induced CKD remains to be determined. However,
immunomodulation through the use of SPMs may be an important tool in developing novel
therapeutic pathways to battle obesity-induced pathologies such as CKD.
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ATLs Aspirin triggered lipoxins
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CKD Chronic kidney disease
COX-2 Cyclooxygenase-2

DHA Docosahexaenoic acid
GFR Glomerular filtration rate
GPCR G-protein coupled receptor
EPA Eicosapentaenoic acid
ECM Extracellular matrix

LTs Leukotriene

LXs Lipoxins

LO Lipoxygenase

PGs Prostaglandins

RAAS Renin-angiotensin

SPMs Specialized pro-resolving mediators
TIF Tubulointerstitial fibrosis
T2DM Type 2 Diabetes Mellitus
WAT White adipose tissue
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Figure 1. Lipid mediators regulating the onset and resolution of inflammation
The initiation and resolution of inflammation is regulated by numerous lipid mediators.

Upon injury or insult, PLA2 cleaves membrane phospholipids to yield arachidonic acid
derived prostaniods and leukotriens, which induce vasodilation and act as recruiting
chemokines for infiltrating leukocyte. Prostaglandin (PG)E2 and 15A-PGJ2 may also act as
pro-resolving mediators, initiating the production of specialized pro-resolving mediators
(SPMs) though induction of 15-lipoxygenase (LO) expression. Lipoxins (LXs) are also
generated in a trans-cellular manner involving neutrophils, plateles and resident tissue cells,
such as epithelial cells. LO thus transforms AA into 15-Hydroxyeicosatetraenoic acid
(HETE) and subsequently LXA,4 or LXBg4. Aspirin may also induce production of
subsequently epi-LXs by acetylates cyclooxygenase (COX)-2 and shifting its activity from
that of an endoperoxidase to a lipoxygenase, yielding 15-HETE and 15-epi-LXA4 or 15-epi-
LXB4 though the action of 5-LO. ®»-3 PUFA may also give rise to pro-resolving lipid
mediators. Eicosapentaenoic acid (EPA) is converted by cytochrome P450 or acetylated
COX-2 into 18R-HEPA, which can be further transformed by enzymatic epoxidation and 5-
LO in leukocytes to form E series resolvins (RVE). Docosahexaenoic acid (DHA) may be
converted into D series resolvins (RvD) by the sequential activation of 15-LO or acetylated
COX-2 into 17R-HDHA, which is then transformed by enzymatic epoxidation and 5-LO to
form D series resolvins (RvD). Protectins are similarly to resolvins generated from DHA,
but via a separate pathway involving 15-LO and enzymatic epoxydation and hydrolysis,
where 17S-H(p)-DHA serves as the intermediate product. M® mediator in resolving
inflammation (maresin) are in human cells generated from DHA by a 12-LO, which forms
14S-HDHA. This product is then further modified into maresins by epoxidation and
hydrolysis.
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