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Abstract
A growing number of reports indicate that anti-inflammatory actions of fish oil (FO) are beneficial
against systemic lupus erythematosus (SLE). However, the majority of pre-clinical studies were
performed using 5–20% FO, which is higher than the clinically relevant dose for lupus patients.
The present study was performed in order to determine the effective low dose of FDA-approved
concentrated FO (Lovaza®) compared to the commonly used FO-18/12 (18-Eicosapentaenoic acid
[EPA]/12-Docosahexaenoic acid [DHA]). We examined the dose-dependent response of Lovaza®

(1% and 4%) on an SLE mouse strain (NZB×NZW)F1 and compared the same with 1% and 4%
placebo, as well as 4% FO-18/12, maintaining standard chow as the control. Results show for the
first time that 1% Lovaza® extends maximal lifespan (517 d) and 4% Lovaza® significantly
extends both the median (502 d) and maximal (600 d) life span of (NZB×NZW)F1 mice. In
contrast, FO-18/12 extends only median lifespan (410 d) compared to standard chow diet (301 d).
Additionally, 4% Lovaza® significantly decreased anti-dsDNA antibodies, reduced
glomerulonephritis and attenuated lipopolysaccharide-induced pro-inflammatory cytokines (IL-1β,
IL-6, TNF-α) in splenocytes compared to placebo. 4% Lovaza® was also shown to reduce the
expression of inflammatory cytokines, including IL-1β, IL-6 and TNF-α, while increasing renal
anti-oxidant enzymes in comparison to placebo. Notably, NFκB activation and p65 nuclear
translocation were lowered by 4% Lovaza® compared to placebo. These data indicate that 1%
Lovaza® is beneficial, but 4% Lovaza® is more effective in suppressing glomerulonephritis and
extending life span of SLE-prone short-lived mice, possibly via reducing inflammation signaling
and modulating oxidative stress.
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Introduction
Systemic lupus erythematosus (SLE) is an autoimmune autoimmune disease characterized
by diverse clinical manifestations including skin rashes, joint pain, glomerulonephritis,
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thrombocytopenia, hemolytic anemia, atherosclerosis, and increased risk of cardiovascular
disease.1–3 Anti-dsDNA autoantibodies are the major pathogenic mediators in SLE.4 The
diverse clinical manifestations in SLE appear to be associated with the production of
different pathogenic autoantibodies, particularly to nuclear antigens and by an abnormal
production of pro-inflammatory cytokines.5

Fat, sourced from either saturated or omega-6 polyunsaturated fatty acids (PUFA), are
associated with more severe autoimmune disease and decreased life span in mice; whereas
low-fat diets have been reported to retard the development of these diseases. 6,7 It is known
that the type of dietary fat radically affects the onset of autoimmune disease in animal
models. Alexander et al.,8 reported that 94% of lupus prone mice fed a diet containing fish
oil reached 10 months of age, whereas only 35% of corn oil fed mice and no mice fed a diet
with saturated fat survived that long. These results are in agreement with our own
observations that omega-3 PUFA lowered the severity of autoimmune disease in mice, while
both saturated and polyunsaturated (n-6) dietary lipids exacerbated the disease.7,9

Autoimmune-prone mice fed saturated fats experience more severe nephritis and glomerular
pathology.10,11 Several researchers have reported that mice fed saturated fat diets produce
higher levels of autoantibodies than those on low fat or high unsaturated fat diets.10,12,13

High fat diets in mice have also been linked with increases in proteinuria,6 prostaglandin
(PGE2) production, cytokine levels (interleukin 6),14 and macrophage function.6 These
results have led some researchers to suggest that dietary fat restriction, especially saturated
fat, may be an effective therapeutic approach to alleviate murine lupus nephritis.11

Consumption of n-3 fatty acids containing fish oil suppresses inflammatory processes,
suggesting its usefulness in prevention and amelioration of organ-specific and systemic
autoimmune diseases.15 Fish oil contains two main bioactive components: EPA and DHA,
which are responsible for its anti-inflammatory effects. A recent study showed reduced
levels of EPA and omega-3 index (EPA + DHA) in RBCs of female SLE patients compared
to age-matched healthy female controls. It also demonstrated a significant increase in the
ratio of inflammatory arachidonic acid to the anti-inflammatory EPA,16 while consumption
of EPA reversed this ratio17 in SLE patients. Furthermore, clinical studies have shown
conflicting results for the efficacy of omega-3 PUFA in IgA nephropathy, which may relate
to varying doses, proportions of eicosa-pentaenoic acid (EPA) and docosahexaenoic acid
(DHA), duration of therapy and sample size of study population.18 Therefore, the primary
objective of the current study is to establish the minimal dose of FDA-approved
concentrated fish oil (Lovaza®) – containing 46.5% EPA and 37.5% DHA19 – required for
suppressing renal disease and prolonging maximal lifespan in lupus-prone (NZB×NZW)F1
mice. Accordingly, we selected n-6 PUFA as the placebo control group and compared the
survival of mice fed Lovaza® with the commonly used FO-18/12. Short-lived
(NZB×NZW)F1 mice were used in the study due to their ability to spontaneously develop
SLE, which is characterized by development of nephritis, owing to the formation of anti-
dsDNA antibodies from a relatively early age.20

Materials and methods
Lovaza®, FO-18/12, placebo and control diet

Lovaza® and placebo were obtained from Glaxo SmithKline Waltham, MA. The FO-18/12
was generously provided by Ocean Nutrition, Canada. The lab chow (LC) rodent control
diet was purchased from Harlan, USA (Catalog No. Harlan Teklad LM-485 Mouse/Rat
Sterilizable Diet).
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Animals and experimental diets
The complete study was conducted in two phases (Figure 1). In the first experimental phase,
two-month-old female (NZB×NZW)F1 mice were purchased from Jackson Laboratories,
Bar Harbor, ME. They were acclimatized for one week and then divided into six dietary
groups. In this study, female mice were selected because the lupus progression is more
pronounced in females than males. Female mice die at an average of 35 weeks of age and
males at 58 weeks.21 Each group contained 20 mice and were fed semi-purified American
Institute of Nutrition (AIN)-93 diets containing 1% placebo, 4% placebo, 1% Lovaza®, 4%
Lovaza® or 4% FO-18/12. One group was fed the standard LC diet ad libitum. In the 1%
Lovaza®, 4% Lovaza® and 4% FO-18/12 diets, 1% n-6 fatty acids was added to prevent
essential fatty acid deficiency. The composition of the semi-purified AIN-93 diets is
provided in Table 1. Both the placebo and fish oil containing diets were supplemented with
equal amounts of vitamin E to prevent peroxidative damage during storage.22 These mice
were monitored for proteinuria from three months onwards and survival throughout the life
span.

In the second phase of the study, two-month-old (NZB×NZW)F1 mice were fed the same
doses, as in phase I, of placebo, Lovaza®, FO-18/12 and chow diet after acclimatization.
Each group contained 15 mice. Six mice from each group were sacrificed at eight months of
age and examined for liver, renal histopathology and development of anti-dsDNA antibodies
levels. In these mice, the spleen was removed aseptically and processed for splenocyte
culture. Fresh diets were prepared weekly and stored in daily served packages. Remaining
food was discarded routinely. The animals were maintained on a 12/12 hour light/dark cycle.
All animal procedures were conducted according to the ‘Guide for the Care and Use of
Laboratory Animals’ (NIH Publication No. 85–23, revised 1996) and were approved by the
Institutional Animal Care and Use Committees at the University of Texas Health Science
Center at San Antonio, Texas.

Study protocol
Mice were examined daily for morbidity and mortality. Body weights were monitored
routinely on alternate weeks and proteinuria was measured biweekly starting from three
months onward. Anesthetized mice were bled from the orbital plexus for assessment of
triglycerides and anti-dsDNA antibodies. Moribund animals were killed and necropsied
when proteinuria measurement was 3+ and the body weight loss greater than 50%.

Analysis of lifespan
Mice in the survival groups were supplemented with, semi-purified diet containing Lovaza®,
FO-18/12, placebo and LC and were allowed to live out their life. The lifespan of individual
mice was determined by recording the age of spontaneous death. The survival curves were
compared statistically using the log-rank test23 and the median and maximum survivals were
calculated for each group. Median and maximal survivals for each experimental group were
compared to the respective placebo and LC control group by performing a Student’s t-test
upon log-transformed survival times. The median and maximal survivals for each group
were compared to the LC and placebo control groups using a score test adapted from Wang
et al.23 All comparisons were made individually among each experimental group, placebo
and LC group.

Blood collection and necropsy
At the age of eight months, blood was collected from second phase experimental mice and
centrifuged at 10,000 g for 5 min at 4°C. Serum was stored at −80°C until analysis of
triglycerides and anti-dsDNA antibodies. The mice were sacrificed by cervical dislocation.
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Livers were weighed and part of the livers and kidneys were collected in 4% formalin for
histological analysis. The remaining part of kidneys were immediately frozen in liquid
nitrogen then stored at −80°C for enzymatic and immunoblotting assays.

Anti-dsDNA antibodies and triglycerides measurement
Serum anti-dsDNA antibodies were analysed by ELISA kits (Alpha Diagnostics
International, San Antonio, TX) as previously described.7 Serum triglycerides were
measured using colorimetric kits (Cayman Chemical Company, MI) following
manufacturer’s protocol.

Proteinuria analysis
Proteinuria was measured biweekly using Chemstrips (Roche Diagnostic, Indianapolis, IN).
In this semi-quantitative protein analysis method, a designation of trace corresponds to<30
mg/mL, 1+= 30–100 mg/dL, 2+to 100–500 mg/dL, and 3+=>500 mg/dL. This is consistent
with the criteria applied in previous studies of murine lupus. Proteinuria > 100 mg/dL (≥2+)
was interpreted as an evidence of significant end-stage renal disease.

Renal and liver histology
Kidneys and livers were fixed in 4% buffered formalin. These were processed separately
and cut into five-micro-meter-thick sections. The transverse renal sections were stained with
hematoxylin (H) and eosin (E). Severity of kidney damage was evaluated in a blinded
fashion using a semiquantitative scoring system on a scale of 0–4 (0 = no apparent changes,
fine mesangial staining, 1+=mild mesangial expansion, 2+=moderate mesangial expansion,
3+=severe mesangial expansion and 4+=severe mesangial expansion as in 3+ but with
glomerular distortion, loss of glomerular capillary structure and obsolescence). At least 25
glomeruli per section per mouse were analysed. Livers were stained with oil red O.24

Relative vacuole area was assessed in liver section using a light microscope with a
digitalized camera and a MetaVue image analysis system (Olympus America, Center Valley,
PA). The area (mm2) of lipid vacuoles was measured in six different fields in each slide
section by two independent blinded operators.

Splenocyte preparation and culture
Spleens were aseptically removed and placed in 5 mL of RPMI 1640 media (Gibco, Grand
Island, NY) supplemented with 25 mmol/L HEPES, 2 mmol/L glutamine, 100,000 U/L
penicillin and 100 mg/L streptomycin (Gibco, Grand Island, NY). Single-cell suspensions
were made by teasing the spleen between frosted ends of two sterile glass slides. After a 5-
min centrifugation at 100 g to separate cells from debris, the cells were washed twice in
RPMI medium.

Splenic lymphocytes were isolated by layering over Histopaque (Sigma, St. Louis, MO),
centrifuging at 1000g for 15 min at 22°C and then washing twice in RPMI 1640 complete
medium. Cell viability was determined by trypan blue exclusion method and cells were
plated in six-well plates at a density of 10 × 106 cells/well. Bacterial lipopoly-saccharide
(LPS) was added at a concentration of 5 mg/mL and incubated for 24 h at 37°C in a
humidified atmosphere of air/CO2 95 : 5 (mol%).25 Multi-Analyte ELISArray™ was used
analysed for cytokines (SA Biosciences Inc. San Diego, CA) in supernatant.

Cytokines measurement in conditioned medium of cultured splenocytes
The cytokines assay sensitivity was approximately 1 pg/mL. In brief, each well of a flat-
bottom 96-well micro titer plate was coated separately with 100 ml of purified anti-IL-1β,
IL-4, IL-6, IL-12, IL-17 A, TNF-α and TGF-β1 antibodies (4 mg/mL in binding solution)
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overnight at 4°C. The plates were rinsed four times with washing buffer; culture medium
was added, and then allowed to incubate for 2 h at room temperature. After incubation, the
plates were washed four times with washing buffer, followed by the addition of biotinylated
anticytokine antibodies. The plates were incubated at room temperature for 1 h and then
washed four times with washing buffer. Streptavidin-ALP conjugate was added, and the
plates were incubated for 30 min at room temperature. The plates were again washed four
times with washing buffer, and chromogen substrate was added. The plates were then
incubated at room temperature to achieve the desired maximum absorbance and were read at
450 nm in an ELISA reader (Dynex Technologies, UK).

Gene expression using quantitative real-time RT-PCR
In order to measure the gene expression, kidneys were homogenized under liquid nitrogen
conditions using a Kinematica tissue pulverizer and RNA was isolated using RNeasy Mini
Kit following manufacturer’s instructions (Qiagen, Valencia, CA). Total RNA concentration
was assessed in a NanoDropTM 1000 spectrophotometer (Thermo Scientific, Wilmington,
DE). mRNA expression of genes encoding IL-1β, IL-6 and TNF-α was measured using real
time RT-PCR. Real time RT-PCR (50 ng RNA starting material) was carried out using
TaqMan® RNA-to-CT 1-step kit (Applied Biosystems, Foster City, CA) in an ABI Prism
7900HT Sequence Detection System (Applied Biosystems) using fluorescent TaqMan
methodology. Real time quantitative RT-PCR was performed for each of the following
genes, using ready-to-use primer and probe sets pre-developed by Applied Biosystems
(TaqMan Gene Expression Assays): IL-1β (Mm00434228_mL), IL-6 (Mm00466190_mL)
and TNF-α (Mm00443258_mL), and glyceraldehyde-3-phosphate dehydrogenase (Gapdh,
Mm99999915_gL) as an endogenous control. The gene levels were normalized to GAPDH
gene as the housekeeping gene, and the results are reported as 2–ΔCt values.

Measurement of glutathione peroxidase (GPx), catalase, and malondialdehyde in kidneys
The kidneys were rinsed in ice-cold physiological saline and minced with scissors. Ten per
cent homogenates were prepared in 0.01 M Tris-HCl buffer (pH 7.4), centrifuged at 10,000
g and the supernatant was used for measurement of glutathione peroxidase (Northwest Life
Science Specialties, LLC, Vancouver, WA) and catalase (Northwest Life Science
Specialties, LLC, Vancouver, WA). For the determination of malondialdehyde (Northwest
Life Science Specialties, LLC, Vancouver, WA) part of kidneys was homogenized in 1.15%
KCl solution. The protein content of kidneys homogenates was determined using the
bicinchoninic acid (BCA) protein assay reagent (Pierce Chemical Company, Rockford, IL).

Detection of NF-κB activity and nuclear p65 in kidneys
Kidney pieces were sonicated on ice in cell lysis buffer (Active Motif, Carlsbad, CA).
Soluble proteins of the super-natant were analysed by sandwich ELISA detecting
phosphorylization of the NF-κB subunit p65 and p50, (TransAM® Kits NFκB p50, p52, p65
& Family Kits Active Motif, Carlsbad, CA), following manufacturer’s recommendations. A
family kit was used to screen the members of the NF-κB family (p50, p52, p65, c-Rel and
RelB). This kit measures the antibodies specific for the activated form of p50, p52 and p65.
Further, nuclear p65 levels were quantified by immunoblotting (Cell Signaling Technology,
Danvers, MA). Actin served as loading control.

Statistical analysis
Results are expressed as mean ± SEM. Data were analysed using one-way ANOVA
followed by Newman–Keuls/ Kruskal–Wallis non-parametric multiple comparison post hoc
test for specific differences between pairs of groups. P < 0.05 were considered significant.
The survival curves were compared statistically using the log-rank test.
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Results
Lovaza® extends lifespan of lupus-prone mice

Our previous results demonstrated that Menhaden FO attenuates kidney disease and
moderately extends life span of (NZB×NZW)F1 mice.26 Furthermore, DHA-enriched FO
significantly extends the lifespan in lupus-prone mice.7 However, all these interventions
were carried out using 10% FO and are relatively difficult to translate to a clinical dose for
lupus patients. This study investigates the dose-dependent effect of Lovaza® compared to
placebo and FO-18/12 on lifespan and progression of kidney disease in lupus prone mice.
LC, containing neither EPA nor DHA, served as control. Lovaza®, FO-18/12 and placebo
diets were isocaloric. Results show that median life span of LC control animals was 301 d,
and 4% FO-18/12 moderately extended median life span to 410 d. In contrast, 1% and 4%
Lovaza® significantly increased median life span to 419 d and 502 d respectively compared
to LC and 4% placebo (320 d) controls. 4% FO-18/12 had minimal effect on maximal life
span (450 d) compared to Lovaza®, but significantly extended median life span than LC
control. Likewise, the maximal life span of 1% and 4% Lovaza® fed mice was significantly
increased to 517 d and 600 d respectively compared to LC (446 d) and 4% placebo (435 d)
diet fed mice (Figure 2). Furthermore, the body weights data is also in agreement with the
survival data. While the LC control mice did not survive till 16 months of age, a moderate
increase in body weight was observed in mice fed 4% Lovaza® compared to all the other
groups (Table 2). These results indicate that Lovaza® (both 1% and 4%) significantly
extends both median and maximal life span compared to LC control in lupus-prone short-
lived mice.

Reduced anti-ds DNA antibodies, proteinuria and nephritis in Lovaza®-fed mice
Lupus glomerulonephritis, proteinuria and production of anti-dsDNA antibodies are
associated with the pathogenesis of SLE.7 Among all the dietary treatments, only 4%
Lovaza®-fed mice exhibited lower serum anti-dsDNA antibodies (Figure 3A) and
proteinuria (Table 3) compared to LC, placebo and 4% FO-18/12-fed mice. The histological
evaluation of kidney was scored on a scale of 0–4, where 0=no apparent changes, fine
mesangial staining, 1+=mild mesangial expansion, 2+=moderate mesangial expansion,
3+=severe mesangial expansion and 4+=severe mesangial expansion as in 3+ but with
glomerular distortion, loss of glomerular capillary structure and obsolescence. Interestingly,
only 4% Lovaza® significantly decreased kidney damage compared to FO-18/12, placebo
and LC (Figure 3B and 3C). These results indicate that concentrated FO, Lovaza®, at a
lower dose, failed to reduce anti-dsDNA antibodies and lupus glomerulonephritis and 4%
Lovaza® may be considered a desired dose for testing translational studies.

Lovaza® attenuates production of inflammatory cytokines
Pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, and TGF-β contribute to
inflammatory processes that lead to irreversible splenomegaly and kidney damage.27

Twenty-four hour cultures of splenocytes isolated from (NZB×NZW)F1 female mice fed 1%
and 4% Lovaza® showed a significant reduction in LPS-induced cytokines (TNF-α, IL-1β,
IL-6, and TGF-b) compared to that from mice fed LC and placebo diet (Figure 4A–D).
Similarly, 1% Lovaza® also reduced IL-1β, IL-6, TNF-α and TGF-β compared to 4%
placebo in cultured splenocytes. Splenocytes from 4% FO-18/12 fed mice exhibited reduced
IL-6, TNF-α and TGF-β compared to that from 4% placebo fed mice (Figure 4A–D). These
results suggest that while 1% Lovaza® and 4% FO-18/12 partially attenuate inflammatory
response, a significant reduction in inflammatory cytokines was brought about by 4%
Lovaza® in immune response initiating organ.
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Lovaza® attenuates triglyceridemia and liver adiposity
Triglyceride levels are enhanced in lupus patients and are an important predictor of
cardiovascular disease.28 Our results showed that 4% Lovaza® (36±3 mg/dL) markedly
reduced serum triglycerides in (NZB×NZW)F1 mice compared to LC (76±11 mg/dL) and
4% placebo (95±18 mg/dL) (Figure 5A); whereas 1% Lovaza® and 4% FO-18/12 (62±11
mg/dL) fed mice showed reduced triglycerides levels compared to 4% placebo (95 ± 18 mg/
dL) fed mice. Only 4% Lovaza® was shown to reduce the liver weight (1.3±0.04g) when
compared to 4% placebo (1.7±0.06 g) (Figure 5B). Interestingly, 4% FO-18/12 and both
doses of Lovaza® lowered liver adiposity compared to 4% placebo measured in oil red O
stained livers by determining the vacuole area (μm2) (Figure 5C–D). These results suggest
that while a lower dose of Lovaza® and 4% FO-18/12 attenuates liver adiposity, only 4%
Lovaza® was more effective for triglycerides management and reduced liver adiposity in
lupus prone mice.

Lovaza® enhances antioxidant enzymes and malondialdehyde in kidneys
Altered redox balance is commonly observed in lupus patients.29 Our results show that 4%
Lovaza® fed mice exhibited increased glutathione peroxidase (GPx) and catalase activity
compared to 4% placebo fed mice (Figure 6A–C). In contrast, the malondialdehyde levels
were significantly decreased in kidney of 4% Lovaza® fed mice compared to placebo fed
mice (Figure 6D). These results indicate that relatively higher doses of Lovaza® are required
to preserve the redox balance in kidneys of short-lived (NZB×NZW)F1 mice.

Pro-inflammatory gene expression is lowered in Lovaza® fed mice
Pro-inflammatory gene expression profile is significantly enhanced in kidneys of lupus
prone mice. Our data indicate that only 4% Lovaza® down-regulates the expression of
IL-1β, IL-6 and TNF-α in kidney compared to placebo and LC control (Figure 7A–C).
Though 1% Lovaza® and 4% FO-18/ 12 fed mice also showed reduction in expression of
inflammatory genes, the results were not significant.

Lovaza® downregulates NF-κB activation and p65 nuclear translocation in kidneys
NF-κB is significantly involved in cytokines induction and is up-regulated in lupus patients
and lupus prone mice kidney.7,30 We examined the effects of 4% Lovaza® on NF-κB
activation in kidney. Amount of p65 and p50 were significantly lowered in the kidney
nuclear extract of 1% and 4% Lovaza® fed mice compared to 4% placebo fed mice (Figure
8A and 8B). Furthermore, p65 nuclear trans-location was confirmed by immunoblotting in
kidney nuclear extracts. Only 4% Lovaza® reduced p65 nuclear translocation more
prominently than placebo and LC controls, as presented in representative immunoblot of p65
and actin (Figure 8C) and the densitometry results normalized with actin (Figure 8D). In
summary, 4% Lovaza® attenuates NF-κB activation and p65 translocation in kidneys thus
reducing the severity of glomerulonephritis in lupus-prone mice.

Discussion
SLE is a chronic, recurrent, potentially fatal multisystem inflammatory disorder that can be
difficult to diagnose and later adversely affects the lifespan. Additionally, the organ damage
in SLE progresses over time with both renal and cardiovascular organ systems most
commonly affected.31 Accordingly, the development of novel therapies or dietary regimen/
recommendations is critical for survival in SLE patients. Our study, for the first time,
elucidates the dose dependent effect of the concentrated fish oil formulation Lovaza® on the
life span, liver adiposity and glomerulonephritis in lupus-prone (NZB×NZW)F1 mice.
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Our recent studies reported that n-3 fatty acids, particularly enriched in DHA (60%), extend
median and maximal life span of short-lived lupus-prone BXW mice compared with a diet
supplemented with n-6 fatty acids enriched corn oil.7 Menhaden FO, containing 20–25%
EPA and DHA, extends median and maximal life span of short-lived lupus-prone
(NZB×NZW)F1 mice compared with a diet supplemented with n-6 fatty acids-rich corn
oil.32–34 Additional studies published from our laboratory reports that a combination of n-3
fatty acids and caloric restriction further extends the life span of (NZB×NZW)F1 mice
compared to n-6 fatty acids fed ad libitum or with calorie restriction,34 suggesting that
source of dietary fat (n-3 fatty acids versus n-6 fatty acids) was an important determinant of
disease progression and severity in (NZB×NZW)F1 mice.

Although these findings are encouraging, there are obvious concerns that dietary regimens
of fish oil with 10% or 30– 40% calorie restriction may be impractical for SLE patients, and
that FO with low EPA/DHA content would have only moderate beneficial effects in the
lupus patients. Lovaza® is an FDA approved fish oil formulation and is composed of 46.5%
EPA and 37.5% DHA.19 In the current study, we investigated the dose dependent (1% and
4%) efficacy of Lovaza® on disease severity and longevity in (NZB×NZW)F1 mice. Our
results demonstrate for the first time that 1% Lovaza® moderately extends the life span of
(NZB×NZW)F1 mice, while 4% Lovaza® is a potent inhibitor of inflammatory cytokines
and autoantibody production, reduces kidney disease, and significantly extends life span of
lupus-prone short-lived (NZB×NZW)F1 mice.

Anti-dsDNA antibodies are characteristic biomarkers of diagnosis and prognosis of patients
with SLE. Additionally, these antibodies have been found to be good markers of disease
activity and predictors of outcome in lupus nephritis.35 It is important to note that this study
demonstrates a downregulation of LPS-induced cytokines such as IL-1β, IL-6, TNF-α and
TGF-β that control differentiation, maturation and activation of cells. Dietary interventions
with Lovaza® brought about significant reduction in anti-dsDNA antibody and attenuated
the development of glomerulonephritis. Furthermore, the pro-inflammatory gene expression
(IL-1β, IL-6 and TNF-α) in kidney is a significant contributor towards initiating
inflammatory response of lupus nephritis.27,36,37 Dietary Lovaza® suppresses inflammatory
cytokines, particularly IL-1β, IL-6, TNF-α and TGF-β secretion by immune initiating organ
and their expression (IL-1β, IL-6 and TNF-α) in kidney modulates both the initiation and
propagation of auto-immune response resulting in delayed development of
glomerulonephritis.

NF-κB is a prevalent stress-responsive transcription factor and plays a pivotal role in
inflammation and glomerulonephritis.38 NF-κB can be activated by several stimuli, such as
pro-inflammatory cytokines (IL-1β, IL-6) and chemokines that lead to NF-κB translocation
to the nucleus and promote the transcription of several genes. Our previous reports indicate
that NF-κB is a downstream mediator of PI3K and Akt pathways, and plays a role in IL-18
induction and signaling.7 In the present investigation, we analysed NF-κB activation by
ELISA and nuclear translocation of p65 by immunoblotting in kidneys after treatment with
Lovaza®. Our results show a significant inhibition in NF-kB activity in 4% Lovaza® fed
mice, followed by 1% Lovaza® and 4% FO-18/12 fed mice. These results corroborate
previous studies demonstrating inhibition of NF-κB activation by n-3 fatty acids both in-
vivo and in-vitro.7,39,40 Our results also show that reduced levels of nuclear NF-κBp65 and
NF-κBp50 in kidneys of 1% and 4% Lovaza®-fed mice, suggesting that concentrated FO
inhibits NF-κB activation by inhibiting nuclear translocation of p65. This finding is in
agreement with a previous study which showed that FO attenuates LPS-induced nuclear p65
levels in cultured human THP-1 macrophages.40 Our study provides the first in vivo
evidence that Lovaza® is a potent inhibitor of NF-κB activation, and suggests that reduced
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NF-κB activation might be a contributing factor in the inhibition of renal disease in
Lovaza®-fed mice.

Lupus progression compromises survival in patients and requires multi-drug therapies to
limit the severity of symptoms and to extend the lifespan. In multi-organ damage
inflammatory rheumatic and SLE patients, over 50% of premature deaths are attributable to
cardiovascular disease.3 In the present study, Lovaza® and FO-18/12 reduced triglycerides,
indicating the ability of FO to attenuate hyperlipidemia and provides indirect contributory
evidence on reduction of adverse cardiovascular events. Furthermore, the liver adiposity is
also reduced in 1%, 4% Lovaza® and 4% FO-18/12 fed mice. Interestingly, we have earlier
demonstrated that 10% FO-18/12 extends median and maximal life span to 414 d and 539 d
respectively,7 whereas in the current study 4% FO-18/12 extends median and maximal life
span of lupus-prone mice to 410 d and 450 d respectively. Furthermore, the higher efficacy
of 1% Lovaza® over 10% FO-18/12 may be ascribed to the higher percentage of DHA and
EPA in the former. This provides a rationale for consumption of concentrated FO Lovaza®

in consultation with the physician according to individual need.

Studies on the use of non-concentrated regular fish oil, with or without non-steroidal anti-
inflammatory drugs against rheumatoid arthritis patients, have been undertaken in the past
based on anti-inflammatory action of fish oil.41–43 It now appears, based on our current
results, that undertaking new clinical studies on RA and lupus patients using both Lovaza®

capsules along with much lower dosages of anti-rheumatic drugs and other biologic agents
may yield less toxicity and also much favorable results against the disease. It is known that
the use of fish oil lowers drug toxicity44 and also reduces the severity of cardiovascular
disease, which is more common in RA patients.45 Furthermore, it is apparent that fish oil
lowers inflammatory cytokines which cause pain and disability,46 and results in our
laboratory shows that Lovaza®, the concentrated fish oil formulation, reduces pain
sensitivity47 and renders protection against bone loss as well.48,49 Thus, the use of FDA
approved Lovaza® may have multiple benefits besides lowering RA disease severity.

There are certain limitations to the study that need to be addressed with diligence. Recent
epidemiological studies indicate that 50% of deaths in rheumatic and SLE patients are
attributed to cardiovascular disease.3 Moreover, (NZB×NZW)F1 mice develop
hypertension, showing increased mean arterial blood pressure at nine months of age, which
is a prominent feature of SLE and glomerulonephritis.50 However, the current study lacks
data on blood pressure, left ventricle function or incidence of myocardial infarction. Recent
studies also indicate that increased lipotoxicity, particularly developed by increased intake
of n-6 fatty acids, primarily aggravates inflammatory response,51 which is not revealed in
detail in this study. Consequently, future studies with specific emphasis on n-6 fatty acids vs
fat, and combinations of n-3+n-6 fatty acids in pre-clinical and clinical settings will provide
relevant guidance on lipid intake for lupus patients.

In summary, this study provides mechanistic basis and minimum effective dose of
concentrated FO to extend the life span and attenuate lupus nephritis in lupus-prone mice.
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Figure 1.
Schematic presentation of experimental design: Two-month old (NZB×NZW)F1 lupus-
prone mice were fed diets containing 1%, 4% placebo, 1%, 4% Lovaza® and 4% fish
oil-18/12 (FO-18/12) with standard diet (LC) as a control. In phase 1 experiment, median
and maximal survival rate was monitored and measured from two months onwards in lupus-
prone short-lived (NZB×NZW)F1 mice. In phase 2, a set of mice (n =6/group) were
sacrificed after six months of dietary interventions for the evaluation of serum, molecular,
histological and enzymatic assays as the dose-dependent and comparative output
measurements of dietary interventions
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Figure 2.
4% Lovaza® improves median and maximal lifespan of short-lived SLE-prone
(NZB×NZW) F1 female mice. Two-month-old mice were fed semi-purified diets containing
1% placebo, 4% placebo, 1% Lovaza®, 4% Lovaza®, 4% FO-18/12 and standard LC diet as
a control and monitored for survival rate. Both doses of Lovaza® and 4% FO-18/12
significantly increases lifespan of (NZB×NZW)F1 mice compared to 1% placebo, 4%
placebo and LC control. Both maximum and median survival rates were increased in 4%
Lovaza® fed mice compared to 4% FO-18/12 fed mice. Values are expressed as percentage
of mice in each dietary group alive. Results were analysed by Log-rank followed by Chi
square test. (A color version of this figure is available in the online journal)
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Figure 3.
4% Lovaza® decreases serum anti-dsDNA antibodies and renal injury in (NZB×NZW)F1
female mice. Two-month-old mice were fed semi-purified diets containing 1% placebo, 4%
placebo, 1% Lovaza®, 4% Lovaza®, 4% FO-18/12 and standard LC diet as a control. At
eight months of age, six mice/group were sacrificed for histological evaluation of kidney
and serum anti-dsDNA by ELISA. Histological evaluation of kidney was scored on a scale
of 0–4 (0=no apparent changes, fine mesangial staining, 1+=mild mesangial expansion,
2+=moderate mesangial expansion, 3+=severe mesangial expansion and 4+=severe
mesangial expansion as in 3+ but with glomerular distortion, loss of glomerular capillary
structure and obsolescence). (A) 4% Lovaza® fed mice exhibit significantly lower anti-
dsDNA antibodies in serum (*P < 0.01 versus LC and placebo, ≠P < 0.05 versus placebo by
ANOVA). (B) Histological evaluation of kidney demonstrates significantly decreased
kidney damage in 4% Lovaza® fed mice compared to 1% Lovaza® , 4% FO-18/12, 4%
placebo, 1% placebo and LC diet fed mice (25 glomeruli/mouse and 6 mice/group; *P <
0.01 versus LC, placebo and FO-18/12 by ANOVA). (C) Representative photomicrographs
(40 × magnification) of H and E stained kidneys indicate reduced renal distortion in 4%
Lovaza® fed mice. (A color version of this figure is available in the online journal)
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Figure 4.
4% Lovaza® decreases LPS induced cytokines in cultured splenocytes from (NZB×NZW)F1
female mice. Two-month-old mice were fed semi-purified diets containing 1% placebo, 4%
placebo, 1% Lovaza®, 4% Lovaza®, 4% FO-18/12 and standard LC diet as a control. At
eight months of age, splenocytes were isolated, cultured aseptically and stimulated with LPS
for 24 h. 4% Lovaza® fed mice showed significantly decreased (A)IL-1β, (B)IL-6, (C) TNF-
α and (D) TGF-β in conditioned medium of splenocyte culture by ELISA (5 mice/group).
Results are expressed as mean±SEM. *P < 0.05 versus LC and placebo controls, ≠P < 0.05
versus placebo by ANOVA
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Figure 5.
4% Lovaza® decreases triglycerides, liver weight and lipid accumulation in liver of
(NZB×NZW)F1 female mice. Two-month-old mice were fed semi-purified diets containing
1% placebo, 4% placebo, 1% Lovaza®, 4% Lovaza®, 4% FO-18/12 and LC diet as a
control. At eight months of age, six mice/group were scarified and serum triglycerides, liver
weight and histology were performed. 4% Lovaza® fed mice exhibit significantly decreased
(A) serum triglycerides (*P < 0.05 versus LC and placebo controls; #P < 0.05 versus
placebo by ANOVA), (B) liver weight (*P < 0.05 versus LC, placebo controls and
FO-18/12) and reduced (C) lipid vacuoles area compared to 4% placebo fed mice (*P < 0.05
versus placebo controls and FO-18/12, ≠P < 0.05 versus placebo by ANOVA). Results are
expressed as mean±SEM. (D) Representative photomicrographs (40 × magnification) of oil
red O stained livers indicate reduced lipid accumulation in 1% Lovaza®, 4% Lovaza® and
4% FO-18/12 fed mice, compared to 4% placebo fed mice. (A color version of this figure is
available in the online journal)
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Figure 6.
4% Lovaza® increases glutathione peroxidase (GPx), catalase and increases
malondialdehyde (MDA) in kidney homogenates of (NZB×NZW)F1 female mice. Two-
month-old were fed semi-purified diets containing 1% placebo, 4% placebo, 1% Lovaza®,
4% Lovaza®, 4% FO-18/12 and LC diet as a control. At eight months of age, GPx, catalase
and malondialdehyde were measured in the kidney homogenates of mice from different
groups (n = 6). 4% Lovaza® fed mice exhibit significantly increased GPx at 2 (A) and 5 (B)
minutes and (C) catalase compared to 4% placebo and LC fed mice. (P < 0.05, ANOVA).
(D) 4% Lovaza® fed mice exhibit significantly decreased MDA compared to 4% Placebo
and LC fed mice. Results are expressed as mean ± SEM. (*P < 0.05 versus LC and placebo
controls, #P < 0.05 versus placebo by ANOVA)
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Figure 7.
4% Lovaza® down-regulates the expression of (A) IL-1β, (B) IL-6 and (C) TNF-α in the
kidney of lupus prone (NZB×NZW)F1 female mice. Two-month-old mice were fed semi-
purified diets containing 1% placebo, 4% placebo, 1% Lovaza®, 4% Lovaza®, 4% FO-18/12
and LC diet as a control. At eight months of age, RNA was isolated from mice kidney and
gene expression was determined by quantitative real-time RT-PCR. Results are expressed as
mean ± SEM. (*P < 0.05 versus LC and placebo controls, #P < 0.05 versus placebo by
ANOVA)
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Figure 8.
4% Lovaza® down-regulates NF-κB (A/B), and p65 nuclear translocation in kidney of lupus
prone (NZB×NZW)F1 female mice (C/D). Two-month-old mice were fed semi-purified
diets containing 1% placebo, 4% placebo, 1% Lovaza®, 4% Lovaza®, 4% FO-18/12 and LC
as a control. At eight months of age, NF-κB and p65 were determined in kidney nuclear
protein. Results are expressed as mean ± SEM. (*P < 0.05 versus LC and placebo controls,
≠P < 0.05 versus placebo by ANOVA)
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Table 1

Composition of AIN-93 semi-purified diets containing placebo, Lovaza® and fish oil-18/12

Diet Ingredients* 1% Placebo 4% Placebo 1% Lovaza® 4% Lovaza® 4% FO-18/12

Casein 14.00 14.00 14.00 14.00 14.00

Corn starch 50.43 47.43 50.43 47.43 42.73

Dextronized corn starch 14.50 14.50 14.50 14.50 14.50

Sucrose 9.00 9.00 9.00 9.00 9.00

Cellulose 5.00 5.00 5.00 5.00 5.00

AIN-93 mineral mix 3.50 3.50 3.50 3.50 3.50

AIN-93 vitamin mix 1.00 1.00 1.00 1.00 1.00

l-cystine 0.18 0.18 0.18 0.18 0.18

Choline bitartrate 0.25 0.25 0.25 0.25 0.25

TBHQ 0.10 0.10 0.10 0.10 0.10

Vitamin E 0.04 0.04 0.04 0.04 0.04

†Lovaza® 0 0 1 4 0

Placebo/Corn oil 2 5 1 1 1

‡Flsh oil -18/12 0 0 0 0 4

*
AII diet ingredients were purchased from MP Biomedicals (Irvine, CA).

†
Lovaza® and placebo were obtained from Glaxo SmIthKllne (Waltham,MA).

‡
Fish oil -18/12 (18 - Elcosapentaenolc add /12 Docosahexaenolc add) was supplied by Ocean Nutrition, Nova Scotia, Canada).
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Table 2

Body weights in Lovaza® and FO-18/12 fed (NZBxNZW)F1 mice

Body weight (g) at different months of age*

Groups (diet) 4 months 12 months 16 months 20 months

Lab chow 36.2±1.0 (15) 48.5±1.6 (2) - -

1 % Placebo 35.0±0.7 (15) 43.8±1.0 (14) 49.5±2.0 (6) 43.7±0 (1)

4% Placebo 35.7±0.5 (15) 45.8±0.6 (15) 48.5±1.0 (11) 49.0±1.6 (4)

1 % Lovaza® 33.0±0.5 (15) 44.0±0.7 (15) 48.0±1.3 (15) 45.6±1.2 (6)

4% Lovaza® 35.1±0.6 (15) 46.0±1 (15) 50.2±1 (14) 47.2±2.3 (11)

4% FO-18/12 36.0±0.6 (15) 46.1±1 (15) 47.0±1.5 (13) 34.5 ±0 (1)

*
Numbers in parentheses indicate the number of mice in the group.
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Table 3

Proteinuria levels in Lovaza® and FO-18/12 fed (NZBxNZW)FI mice

Protein levels*

Groups (diet) Age (Months) Number of mice Trace (<30 mg/dL) +(30-100 mg/dL) ++(100-500 mg/dL) +++(>500 mg/dL)

Lab chow 5a 15 7 0 1 7

7 6 2 0 0 4

11 1 0 0 0 1

1 % Placebo 5 15 10 0 1 4

7 13 6 1 0 6

11 3 1 0 1 1

13 1 0 0 0 1

14 1 0 0 0 1

4% Placebo 5b 15 13 0 0 2

7 14 9 1 2 2

11 8 2 0 0 6

13 4 1 1 0 2

14 4 1 0 0 3

1 % Lovaza® 5 15 13 1 0 1

7 14 10 0 0 4

11 9 1 1 3 4

13 6 1 0 1 4

14 6 1 0 0 5

4% Lovaza® 5c 15 14 1 0 0

7 15 13 1 0 1

11 13 3 2 2 6

13 11 7 0 2 2

14 10 3 1 1 5

4% FO-18/12 5 15 14 1 0 0

7 15 5 1 5 4

11 8 0 0 0 8

13 1 0 0 0 1

14 1 0 0 0 1

*
Proteinuria was determined using Chemstrips (Roche Diagnostic Corporation, Indianapolis, Inc.) (n= 15).

a
Significantly different from 4% Lovaza® at five month onwards by one way ANOVA followed by Kruskal–Wallis non-parametric test. P <0.05

was considered statistically significant.

b
Significantly different from 4% Lovaza® at five month onwards by one way ANOVA followed by Kruskal–Wallis non-parametric test. P <0.05

was considered statistically significant.

c
Significantly different from 4% Lovaza® at five month onwards by one way ANOVA followed by Kruskal–Wallis non-parametric test. P <0.05

was considered statistically significant.

Exp Biol Med (Maywood). Author manuscript; available in PMC 2014 June 01.


