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Summary

Hyperlipidaemia accompanies chronic renal disease either as a consequence

of the renal dysfunction or as part of generalized metabolic derangements.

Under both situations, the lipid profile is characterized by accumulation of

triglyceride-rich lipoproteins (TGRLs). This lipid profile is recognized as a

risk factor for cardiovascular complications. Whether it may pose a risk for

renal injury as well remains unclear. A hyper-TGRL state was generated in

C57BL/6 mice using poloxamer-407 (P-407) and immune complex-

mediated renal injury was triggered using the accelerated nephrotoxic

nephritis (ANTN) model. The hyper-TGRL animals were hypersensitive to

ANTN demonstrated by greater haematuria and glomerular cellularity.

These changes were accompanied by increased glomerular accumulation of

CD681 macrophages. The hypersensitive response to ANTN was not seen in

low-density lipoprotein receptor knock-out mice fed with a high fat diet,

where triglyceride levels were lower but cholesterol levels comparable to

those obtained using P-407. These data indicate that a hyper-TGRL state

might be more detrimental to the kidneys than low-density lipoprotein-

driven hypercholesterolaemia during immune complex-mediated nephritis.

We speculate that the hyper-TGRL environment primes the kidney to

exacerbated renal damage following an inflammatory insult with increased

accumulation of macrophages that may play a key role in mediating the

injurious effects.
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Introduction

The detrimental effects of abnormal lipid and lipoprotein

profiles on the kidney are well documented [1]. Dyslipidae-

mia frequently complicates the course of renal diseases and

contributes to their progression [1,2]. Dyslipidaemia may

develop as part of a more global metabolic derangement, as

occurs in type 2 diabetes (T2D) and the metabolic syn-

drome (MS), or as a consequence of an immune-mediated

inflammatory state, as seen in patients with systemic lupus

erythematosus (SLE), where its occurrence is known to

increase the risk of renal complications [2–5]. Whether or

not dyslipidaemia complicates or precedes the course of

renal disease, disturbances in lipid and lipoprotein metabo-

lism are thought to promote, if not incite, renal injury [6].

A variety of animal studies demonstrate accelerated renal

injury upon high fat (HF) feeding [7–9]. The lupus-prone

New Zealand black and white mice [(NZB3W)F1] develop

worse renal disease and increased mortality on a HF diet

[7]. Guinea pigs fed a high cholesterol (CHOL) diet exhib-

ited enhanced glomerular cellularity with mesangial matrix

expansion [8], while rats fed a high CHOL diet develop sig-

nificant proteinuria [9]. These studies have focused pri-

marily on the effects of changes in CHOL levels on

experimental renal disease, but the lipid profile in meta-

bolic diseases such as T2D and MS is characterized by

hypertriglyceridaemia secondary to accumulation of

triglyceride-rich lipoproteins (TGRLs), i.e. very low-

density lipoproteins (VLDL) [10,11]. This hyper-TGRL

lipid profile also occurs in other non-metabolic inflamma-

tory conditions such as systemic lupus erythematosus

(SLE), where it is associated with enhanced morbidity and

mortality [5,12]. Triglycerides (TGs) constitute the major-

ity of dietary fat and there is an influx of TGRLs following

each meal [13]; however, the role of hypertriglyceridaemia
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and a hyper-TGRL state in the pathogenesis of renal disease

remain poorly investigated [8]. This is because inducing

isolated hypertriglyceridaemia in laboratory animals is

extremely difficult. Dietary induction of hypertriglyceridae-

mia in animals on high sugar diets is associated with hyper-

glycaemia, itself a risk factor for renal disease [14].

Genetically modified hypertriglyceridaemic mice display

complex metabolic derangements, making it very difficult

to distinguish the contribution of TGs to the general meta-

bolic picture [15,16]. To determine the effect of TGRLs on

experimental renal injury we adopted the poloxamer-407

(P-407)-induced model of hyperlipidaemia [17,18]. P-407

is a surfactant that induces dose-dependent hyperlipidae-

mia in rodents through inhibition of lipoprotein lipase

(LpL) [18]. The hyper-TGRL state is characterized by the

accumulation of VLDL leading to gross hypertriglyceridae-

mia accompanied by low HDL levels, a lipid profile compa-

rable to that observed in T2D, MS and SLE [5,10]. We have

shown [19] that the P-407-induced hyper-TGRL environ-

ment alters the distribution of circulating monocyte sub-

sets, specifically causing a drop in Gr1low monocyte

numbers [20,21]. This was associated with extensive accu-

mulation of CD681 macrophages within tissues, including

the kidneys. We interpreted these changes as the result of

the promotion of Gr1low monocyte migration from blood

to surrounding tissues driven by the hyper-TGRL environ-

ment [19]. Unexpectedly, the accumulation of CD681

macrophages in the kidneys during hyper-TGRL conditions

did not result in renal damage [19]. However, we hypothe-

sized that the presence of increased macrophage numbers

in the kidneys under hyper-TGRL conditions would result

in exacerbated renal damage following an inflammatory

trigger. We tested this hypothesis by subjecting C57BL/6

(B6) mice to accelerated nephrotoxic nephritis (ANTN)

during P-407-induced hyper-TGRL.

Materials and methods

Mice

C57BL/6 (B6) mice were purchased from Charles River

Laboratories (Wilmington, MA, USA). C57BL/6.LDLR-

deficient mice (Ldlr–/–) were purchased from Jackson Labo-

ratory (Bar Harbor, ME, USA). Mice aged 8–12 weeks

(weighing between 18 and 20 g) were used for all experi-

ments. The HF diet used consisted of a cholate-free west-

ern-type HF diet with the following composition: 15%

cocoa butter, 1% corn oil, 0�25% cholesterol, 40�5%

sucrose, 10% cornstarch, 20% casein, total fat content 16%

(Arieblok Diet W, cat. 4021.06) purchased from (Hope

Farms, Woerden, the Netherlands). All animals were

housed in individually ventilated cages. All procedures

were carried out according to the Institutional guidelines

and the use of experimental animals was performed follow-

ing the ARRIVE (Animal Research: Reporting of In Vivo

Experiments) guidelines. Animal studies were approved by

the UK Home Office.

P-407 administration and lipid levels

P-407 (Pluronic F-127, Cat. no. P2443; Sigma-Aldrich,

Dorset, UK) was dissolved overnight in cooled sterile

phosphate-buffered saline (PBS). Mice were injected intra-

peritoneally (i.p.) with 200 ll of P-407 solution (10, 5 or

2�5 mg equivalent to 0�5, 0�25 and 0�125 g/kg, respectively)

or PBS every other day. According to the experimental

design blood samples were collected into heparin tubes at

different time-points. In P-407-treated animals, blood col-

lection was performed 24 h following drug administration.

CHOL and TG levels were measured by colorimetric assay

using the cholesterol and triglyceride infinity reagent

(TR13421 and TR22421, respectively; Thermo-Scientific,

Middletown, VA, USA).

Accelerated nephrotoxic nephritis (ANTN)

B6 mice were treated with P-407 injections for 9 days and

then immunized i.p. with 200 lg sheep immunoglobulin

IgG (I-5131; Sigma) in complete Freund’s adjuvant (CFA;

Sigma). Five days later, 200 ml 10% sheep nephrotoxic

serum (NTS) was administered intravenously (i.v.) [22].

During the course of the experiment proteinuria and hae-

maturia levels were determined using Hema-Combistix

(Bayer, Reading, UK). Blood was collected prior to P-407

injection, before NTS administration and at the end of the

experiment. Serum urea was measured using an ultraviolet

(UV) method kit (R-Biopharm Rhone, Flasgow, UK),

according to the manufacturer’s instructions. Thirteen days

after the NTS injection, overnight urine collection was per-

formed and the animals were then killed. Paraffin sections

were stained with period acid-Schiff (PAS) for glomerular

cellularity scoring. PAS-stained kidney sections were scored

blindly, as described previously [22].

Injection of nephrotoxic serum

B6 mice were treated with either 10 mg P-407 or PBS i.p.

for 2 weeks and then allocated randomly to either receiving

200 ml of 10% NTS intravenously or not (n 5 5/group).

Urine samples were collected 24 h after the NTS adminis-

tration and proteinuria measured using the sulphosalicylic

acid method [23].

Immunohistochemistry

CD68 staining was performed on periodate–lysine–parafor-

maldehyde (PLP)-fixed kidney tissue followed by 7%

sucrose. Acetone-fixed 5 lm-thick sections were then

blocked sequentially with 10% milk and 0�03% hydrogen

peroxide. The sections were stained with anti-CD68 (FA-

11, MCA 1957; AbD Serotec, Kidlington, UK) and
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developed using the Polink-2 plus HRP detection kit (no.

D46-18; GBI Laboratories, Bothwell, WA, USA). Analysis

of glomerular CD68 staining was performed using a Zeiss

microscope. Quantification was carried out as described

previously [24].

For mouse C3 and IgG glomerular staining, snap-frozen

kidney tissues were cut at a thickness of 5 lm and fixed in

acetone. Sections were then blocked with 20% normal goat

serum and stained with either fluorescein isothiocyanate

(FITC)-labelled polyclonal goat anti-mouse C3 (MP Bio-

medical, Cambridge, UK) or FITC-conjugated polyclonal

goat anti-mouse IgG Fcg chain-specific antibody (Sigma-

Aldrich). Sections were then washed and mounted using

Vectashield Hard Set mounting medium (Vector Laborato-

ries, Peterborough, UK). Murine C3 and IgG-stained sec-

tions were visualized using an Olympus fluorescent

microscope with digital camera (Olympus, Southend, UK)

and images analysed using Image-Pro Plus software (Media

Cybernetics, Silver Spring, MD, USA). Ten glomeruli were

examined per section, with mean fluorescence intensity

expressed in arbitrary fluorescence units (AFU). Neutro-

phils were assessed based on polymorphic nuclei from PAS

sections and counted in 50 glomeruli per section.

Plasma C3 levels

Plasma C3 levels were measured using a sandwich enzyme-

linked immunosorbent assay (ELISA). NUNC Maxisorp

96-well polystyrene plates were coated with polyclonal goat

anti-mouse C3 capture antibody (MP Biomedical, Cam-

bridge, UK) and incubated overnight at 48C. Plates were

then washed and blocked with 2% bovine serum albumin

(BSA) in washing buffer. After blocking, plates were washed

again and plasma samples were added (1 : 12000 dilution)

and incubated for 1 h at room temperature. Standards of

mouse C3 were obtained using an acute phase serum (Cal-

biochem, Hertfordshire, UK). Following incubation, plates

were washed and the detection antibody [horseradish per-

oxidase (HRP)-conjugated form of capture antibody] (MP

Biomedical) was added at a dilution of 1 : 25000 for 1 h at

room temperature. Plates were developed using HRP sub-

strate tetramethylbenzidine (TMB) substrate and the reac-

tion was stopped with 20 ml stop solution, and the plates

read at 450 and 540 nm.

Plasma cytokine and chemokine levels

Plasma cytokine and chemokine levels were measured

using Biolegend LEGENDplex (Biolegend, San Diego, CA,

USA), according to the manufacturer’s instructions.

Statistical analysis

Parametric results were expressed as mean 6 standard

error (s.e.), while the median was used for non-parametric

data. Differences between two experimental groups were

calculated using the unpaired t-test for parametric data and

Mann–Whitney U-test for non-parametric data. Compari-

son between multiple experimental groups was achieved

using analysis of variance (ANOVA) followed by Bonferroni’s

multiple comparison test if data were parametric, and the

Kruskal–Wallis test followed by Dunn’s multiple compari-

son test if data were non-parametric. Comparison between

experimental groups in the percentage of mice showing

haematuria and proteinuria at each time-point was per-

formed using Fisher’s exact test. Cut-off for significance

was set at P< 0�05.

Results

A hyper-TGRL environment enhances renal damage
during ANTN

To define the effect(s) of high TGRL levels on the progression

of renal disease and end-organ damage we induced ANTN, a

well-established experimental model of immune complex

(IC)-mediated renal injury [22], in B6 mice that had been

rendered hyperlipidaemic using P-407. B6 mice, treated with

PBS or P-407, were pre-sensitized with sheep IgG after 9 days

and received NTS at day 14 (Fig. 1a). At this time-point (day

14) all the animals exhibited very elevated levels of TG

(6497 6 848.6 mg/dl, mean 6 s.e.) and a less pronounced

increase in their CHOL levels (911�5 6 85�27 mg/dl, mean 6

s.e.) when compared to the PBS-injected group

(70�21 6 8�77 mg/dl and 101�4 6 5�91 mg/dl, mean 6 s.e.,

respectively; P< 0�001, unpaired t-test) (Fig. 1b,c). However,

despite the changes in the lipid profile, the animals showed

no evidence of renal impairment (normal urea levels and

absence of haematuria and proteinuria on urinalysis) (Fig. 1d

and data not shown). The P-407 treatment, however, can

trigger an accumulation of CD681 cells in the kidneys, espe-

cially in the glomeruli [19].

Two weeks after the administration of NTS (day 28 of P-

407 treatment), haematuria and uraemia were increased

significantly in the P-407-treated mice compared to con-

trols, while proteinuria did not differ (Fig. 1d–f). However,

the development of proteinuria occurred earlier in the P-

407-injected mice, i.e. 2 days following NTS administration

(Supporting information, Fig. S1). In the hyper-TGRL

mice there was enhanced glomerular cellularity (Fig. 1g),

and immunohistochemical staining for CD68 revealed a

significant glomerular accumulation of CD681 cells (Fig.

1h,i), but not of neutrophils (Fig. 1j).

We next examined glomerular C3 deposition. Unexpect-

edly, glomerular C3 deposition was significantly lower in the

P-407-treated mice when compared to the PBS-injected con-

trols (P< 0�001) (Fig. 2a,b). The difference in glomerular

C3 deposition was not due to differences in circulating C3

levels, as these were comparable between the experimental

groups throughout the course of the ANTN model (Fig. 2c).

The reduced C3 staining was associated with markedly

decreased glomerular IgG deposition in the P-407-treated
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Fig. 1. Poloxamer 407 (P-407)-induced hyper-triglyceride-rich lipoprotein (TGRL) state promotes kidney damage in the accelerated nephrotoxic

nephritis (ANTN) model. (a) Schematic representation of the experimental design. A hyper-TGRL state was induced in B6 mice by injecting

10 mg P-407 intraperitoneally (i.p.) every other day for 28 days. Phosphate-buffered saline (PBS)-injected mice served as controls. Nine days post

P-407 treatment, the mice were immunized with sheep immunoglobulin (Ig)G followed 5 days later by intravenous (i.v.) injection of nephrotoxic

serum (NTS). The mice were monitored for a further 2 weeks. Plasma levels of TG (b), cholesterol (CHOL) (c) and urea (d) at three time-

points, before commencing P-407 injections (day 0), 14 days following P-407 administration and prior to NTS injection (day 14) and 2 weeks

after the induction of ANTN (day 28). Values represent mean 6 standard error (s.e.); n 5 9 in the P-407 group, n 5 11 in the PBS group; P-

values using the unpaired t-test when comparing two groups and the paired t-test when comparing days 0 and 28 within the same group. Due to

insufficient blood collection a few samples were not available at days 0 and 14. Haaematuria (e) and proteinuria (f) measured by urine dipstick

at day 28. (g) Glomerular cellularity score of periodic acid-Schiff (PAS)-stained kidney sections. (e–g) Horizontal bars indicate median; each

circle represents a single mouse, Mann–Whitney U-test. (h) Representative images of CD68- and PAS-stained kidney sections at day 28 (scale

bar 5 50 lm). (i) Quantification of CD68 at day 28. Data are expressed as mean percentage of brown-stained glomerular area/total glomerular

area for 10 glomeruli per section. Each dot represents the mean % of 10 glomeruli per mouse, n 5 8 in the P-407 group, n 5 10 in the PBS

group. Horizontal bars indicate the mean, P-value by unpaired t-test. (j) Number of neutrophils counted in 50 glomeruli per section. Each dot

represents one mouse. Horizontal lines denotes median, Mann–Whitney U-test. *P< 0�05; **P< 0�01; ***P< 0�001; n.s. 5 not significant.

(a)

(b) (c)

(d)

Fig. 2. The hypersensitive response to

accelerated nephrotoxic nephritis (ANTN) in

hyper-triglyceride-rich lipoprotein (TGRL)

mice does not appear to be complement-

mediated. (a) Representative images of

glomerular C3 (top panels) and

immunoglobulin (Ig)G (bottom panels)

staining at day 28 in chow-fed B6 mice

treated with 10 mg poloxamer 407 (P-407) or

phosphate-buffered saline (PBS), as shown in

Fig. 1a. (scale bar 5 50 lm). (b)

Quantification of glomerular C3 expressed as

arbitrary fluorescence units (AFU). Data

shown are the mean fluorescent signal in 10

glomeruli per section. Each dot represents a

mouse and horizontal bars denote the mean.

P-value calculated using the unpaired t-test.

(c) Plasma C3 levels (lg/ml) measured at the

indicated time-points. Data are presented as

mean 6 standard error (s.e.). P-value by the

unpaired t-test. Due to insufficient blood

collection a few samples were not available at

days 0 and 14. (d) Quantification of

glomerular IgG expressed as AFU. Each dot

represents the mean fluorescent signal in 10

glomeruli per section from each mouse.

Horizontal bars denote the mean, unpaired t-

test. **P< 0�01; ***P< 0�001; n.s. 5 not

significant.

3
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mice compared to the controls (P < 0�01) (Fig. 2a,d). To

explore whether the increased renal damage in the hyper-

TGRL mice was due to an abnormal innate immune

response to NTS, we administered NTS to PBS- and P-407-

treated mice without prior immunization with sheep IgG.

Both groups showed enhanced proteinuria 24 h after the

administration of NTS compared to their respective non-

NTS-injected controls. However, the amount of proteinuria

was not different between the hyper-TGRL and the normoli-

pidaemic mice (Supporting information, Fig. S2).

We then tested lower doses of P-407 (5 mg and 2�5 mg),

which resulted in lower levels of TG (3298 6 157�2 and

965�7 6 117�8 mg/dl, respectively, mean 6 s.e.) and CHOL

(395�3 6 20�01 and 265 6 15�35 mg/dl, mean 6 s.e.) (Sup-

porting information, Fig. S3a,b). At these lower levels of

TG we found no increased glomerular damage (Supporting

information, Fig. S3d–f), indicating that TG levels greater

than �4000 mg/dl were required to aggravate the renal

damage triggered by the ANTN model.

To investigate the mechanisms driving the hypersensitive

response to ANTN seen with the P-407-treated mice, we

measured a panel of cytokines and chemokines. As shown

in Fig. 3, at day 28 the plasma levels of some inflammatory

cytokines such as interleukin (IL)-1b, IL-6 and tumour

Fig. 3. Cytokine and chemokine levels in hyper-triglyceride-rich lipoprotein (TGRL) mice following accelerated nephrotoxic nephritis (ANTN).

Plasma levels measured at day 28 in chow-fed B6 mice injected with either 10 mg poloxamer 407 (P-407) or phosphate-buffered saline (PBS), as

Fig. 1a, n 5 5 in each group. Each dot represents a mouse; horizontal bars indicate the median; Mann–Whitney U-test. *P< 0�05; **P< 0�01;

n.s. 5 not significant.
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necrosis factor (TNF)-a were higher in P-407-treated ani-

mals compared to PBS-injected controls at the end-point.

There was also an increase in CCL2, but not in other che-

mokines. Together these data demonstrate that a TGRL

rich environment primes the kidney for enhanced injury in

response to ANTN. This effect seems to be unrelated to IC

deposition, complement activation or neutrophil infiltra-

tion, but is accompanied by an increased CD681 cell infil-

tration and an enhanced inflammatory response.

LDL-driven hypercholesterolaemia does not promote
renal injury following ANTN

The P-407-induced hyper-TGRL state was accompanied by

increased CHOL levels; thus, using this model we could

not rule out a potential contribution of CHOL to the kid-

ney insult. To explore the role of CHOL in this model we

induced ANTN in a model of dyslipidaemia characterized

by predominant hypercholesterolaemia : low-density lipo-

protein receptor-deficient (Ldlr–/–) mice on a HF diet.

Ldlr–/– and B6 mice were fed a HF diet for a period of 28

days, during which ANTN was induced (Fig. 4a). At base-

line, the plasma levels of both CHOL and TG were gener-

ally higher in the Ldlr–/– animals than in the B6 mice prior

to any dietary intervention (Fig. 4b,c). Fourteen days after

the commencement of HF diet, the HF-fed Ldlr–/– group

showed significantly higher plasma levels of TG and

CHOL (450�7 6 39�43 mg/dl and 873�0 6 34�03 mg/dl,

respectively) compared to the HF-fed B6 group

(75�12 6 7�028 mg/dl and 145�3 6 16�46 mg/dl) (Fig.

4b,c). Notably, the hypercholesterolaemia achieved by diet

modification in the Ldlr–/– mice was comparable to that

observed using the 10 mg P-407 dose (Fig. 1c), whereas the

TG levels were much lower (Fig. 1b). At the end of the

experiment the Ldlr–/– HF group had higher urea levels,

but the uraemia was still within the normal range (below

20 mmol/l) (Fig. 4d). Haematuria, proteinuria, glomerular

cellularity and glomerular CD681 cell numbers did not dif-

fer between the Ldlr–/– HF and B6 HF mice (Fig. 4e–i). Of

note, in the HF-fed Ldlr–/– mice, as in the P-407-treated

animals, we detected an enhanced cytokine response

(Fig. 5). Thus, the Ldlr–/– HF mice, despite cholesterol lev-

els comparable to the P-407 treated animals, did not dis-

play a hypersensitive response to ANTN, suggesting a more

detrimental role for hypertriglyceridaemia than hypercho-

lesterolaemia in the renal injury.

Discussion

Elevated TGRL levels are recognized as a risk factor for car-

diovascular disease [13,25,26], while their contribution to

renal disease remains poorly understood [27,28]. Here we

show that a hyper-TGRL state can be detrimental to the

kidney. Animals with high TGRL levels displayed a hyper-

sensitive response to renal injury triggered by the ANTN

model with increased haematuria and glomerular cellular-

ity. The increased renal damage in the hyper-TGRL mice

was accompanied by marked accumulation of CD681 cells

in the glomeruli implicating a role for these cells in media-

ting the injurious effects. By comparing animals with

different TG levels but comparable CHOL levels, our data

indicate that a hyper-TGRL status is more detrimental

to the kidneys than LDL-driven hypercholesterolaemic

conditions.

Dyslipidaemia and renal disease are commonly co-

encountered in clinical practice. Dyslipidaemia may occur

as a complication of the primary renal disease itself, as seen

in the nephrotic syndrome [1], or may precede its develop-

ment as part of metabolic (e.g. MS and T2D) or inflamma-

tory (e.g. SLE) conditions increasing the risk for renal

complications [5,10]. The lipid profile seen in these condi-

tions is dominated by hypertriglyceridaemia due to an

accumulation of TGRLs. Several human studies have linked

such a lipid profile to renal disease [29–31]. However,

establishing the precise role of TGRLs in renal disease has

been hindered by other confounding factors. The P-407

compound can induce a hyper-TGRL state in the absence

of hyperinsulinaemia and/or hyperglycaemia, the most

common confounding factors complicating other hypertri-

glyceridaemic animal models [32]. In addition, P-407 treat-

ment has been shown to have no hepatotoxicity [33,34]

nor to cause overt inflammation [19]. Here we show that

the P-407-induced hyper-TGRL environment can prime

the kidney for renal injury following a local insult.

Although the detrimental effects of a hyper-TGRL state

were observed mainly under extremely high TGRL levels,

our findings cannot exclude harmful effects by lower TGRL

levels. In our study the mice were exposed to a hyper-

TGRL environment only for a short period (28 days),

whereas patients with MS and/or T2D suffer from a hyper-

TGRL state for years. Thus one could speculate that a mild

hyper-TGRL environment could still be detrimental, but a

longer period may be required for the consequences to be

manifest.

Macrophages appear to play a role in mediating the

enhanced inflammatory response to ANTN under hyper-

TGRL conditions, as their numbers were greatly

increased in the glomeruli of P-407-treated mice com-

pared to their normolipidaemic controls. We have

reported migration of the ‘non-classical’ Gr1low mono-

cytes into tissue with enhanced accumulation of CD681

macrophages in different organs, including the kidneys,

after 2-week treatment with P-407, a time-point that cor-

responds to the time of NTS administration in the cur-

rent study, but their presence was not associated with

detectable renal injury [19]. However, the data reported

here using the ANTN model indicate that the tissue

CD681 macrophages might amplify the inflammatory

response triggered by an insult. Therefore, what may

have started as a beneficial physiological reaction aiming
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to maintain tissue homeostasis by clearing intrarenal lip-

ids during hyper-TGRL conditions may become detri-

mental once its physiological limits are exceeded,

especially during inflammation.

A role for lipids in promoting renal damage has been

reported. The lupus-prone (NZB3W)F1 mice developed

accelerated renal disease with higher proteinuria and

increased mortality when fed a HF diet [7]. Sprague–

(a)

(b) (c) (d)

(e) (f) (g)

(h) (i)
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Fig. 4. No enhancement of renal damage in diet-induced hypercholesterolemic Ldlr–/– animals following accelerated nephrotoxic nephritis

(ANTN). (a) Schematic representation of the experiment conducted in Ldlr–/– and B6 female mice (n 5 7–11 in each group) fed a high-fat (HF)

diet. Nine days following diet modification, the mice were immunized with sheep immunoglobulin (Ig)G, followed 5 days later by intravenous

(i.v.) injection of nephrotoxic serum (NTS). Blood was collected at baseline before commencement of HF diet (day 0), after 2 weeks of diet

modification and before NTS injection (day 14), and 2 weeks following NTS injection (day 28). Plasma levels of triglycerides (TGs) (b),

cholesterol (CHOL) (c) and urea (d) measured at the indicated time-points. Urea levels were not available for one mouse in each group at day 0.

(b–d) Data are presented as mean 6 standard error (s.e.); P-values calculated using the unpaired t-test. Haematuria (e) and proteinuria (f)

assessed by urine dipstick at day 28. Not all urine samples were available for the analysis. (g) Glomerular cellularity score (0–4) assessed on

periodic acid-Schiff (PAS)-stained renal tissue in a blinded fashion. (e–g) Each symbol represents a mouse; horizontal bars represent median; P-

value calculated using the Mann–Whitney U-test. (h) Representative images of PAS- and CD68-stained renal tissue (scale bar 5 50 lm). (i)

Quantification of CD68 staining. Data expressed as mean percentage of brown-stained glomerular area/total glomerular area for 20 glomeruli per

section. Each dot represents the mean % of 20 glomeruli per mouse; horizontal bars indicate the mean; P-value calculated using the unpaired t-

test. **P< 0�01, ***P< 0�001; n.s. 5 not significant.

Fig. 5. Cytokine and chemokine levels in high-fat (HF)-fed Ldlr–/– mice following accelerated nephrotoxic nephritis (ANTN). Plasma levels

measured at day 28 in Ldl–/-- and B6 female fed HF diet. Each dot represents a mouse; horizontal bars indicate the median; Mann–Whitney U-

test; n 5 5/group. *P< 0�05, **P< 0�01; n.s. 5 not significant.
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Dawley (SD) rats fed a high CHOL diet developed protei-

nuria 10 weeks after diet modifications, and this was also

associated with enhanced macrophage accumulation [9].

In both studies, the hyperlipidaemia was dominated by

hypercholesterolaemia rather than hypertriglyceridaemia

[7,9]. Here we show that not only hypercholesterolaemia,

but also hypertriglyceridaemia and a hyper-TGRL environ-

ment, are harmful to the kidneys. This is consistent with

observations in the hypertriglyceridaemic obese Zucker rats

that develop focal and segmental glomerulosclerosis with

proteinuria and impaired creatinine clearance associated

with renal macrophage accumulation as they age [35,36].

However, the obese Zucker rat model is also known to have

insulin resistance with or without hyperglycaemia, both

risk factors for renal disease [37]. In contrast, the P-407

model generates a hyper-TGRL state in the absence of these

confounding factors [32]. This enabled us to separate the

effects of TGRLs from those of insulin resistance and

hyperglycaemia. Although the findings in the P-407-treated

mice and in the obese Zucker rats are consistent, hypertri-

glyceridaemic Nagase analbuminaemic rats (NAR) did not

display signs of renal injury and macrophages were not

detected in their kidneys at 8 months of age [9]. The dis-

crepancy with our data may be because the increase in TGs

in the NAR model is much lower than that achieved by P-

407 administration, which corroborates the notion of a

threshold effect. Moreover, although the hypertriglyceri-

daemia seen in the NAR is secondary to VLDL accumula-

tion, the lipid profile seen in NAR is also characterized by

high HDL levels [38]. As the HDL lipoprotein fraction is

known to infer protection against atherosclerosis, we spec-

ulate that a similar protective effect may have occurred in

the kidney in this model [39].

Feeding HF diet to Ldlr–/– mice results in hyperlipidae-

mia, driven largely by hypercholesterolaemia secondary to

LDL accumulation with mild hypertriglyceridaemia.

Despite the increased CHOL levels we could not detect any

significant renal damage or accumulation of CD681 mac-

rophage in the kidneys of the HF Ldlr–/– mice, despite a

comparable cytokine/chemokine profile with the P-407-

treated mice. The similar systemic inflammatory response,

however, does not exclude a different effect of TGRLs and

CHOL on renal injury. It is known that some fatty acids,

by-products of TGRL degradation and cholesterol bind to

different nuclear receptors, which can modulate distinct

downstream effector functions [40]. Thus, the divergence

of the glomerular response in these two dyslipidaemic

models may be due to different lipid metabolites or other

signalling pathways. Our findings in the HF Ldlr–/– mice

also differ from those reported in high CHOL diet-fed SD

rats where both renal damage and macrophage accumula-

tion were seen [9]. In addition to the difference in the

duration of hyperlipidaemia between the two studies, the

hypercholesterolaemia observed in the Ldlr–/– mice is sec-

ondary to LDL accumulation, whereas in the high CHOL-

fed SD rats it is due primarily to VLDL and IDL accumula-

tion [9]. The differences in the lipid profile, along with the

duration of hypercholesterolaemia between the two mod-

els, may explain their contrasting renal phenotype.

In summary, our data demonstrate that a hyper-TGRL

environment primes the kidney to enhanced damage in the

ANTN model. These observations may have important

clinical implications. The P-407-induced hyper-TGRL lipid

profile recapitulates the profiles seen in a variety of meta-

bolic and inflammatory conditions such as MS, T2D and

SLE, where renal involvement is well documented. More-

over, as Zilversmit has long advocated a role for the post-

prandial hyper-TGRL state in the development of

atherosclerosis [13], our study indicates that this role may

extend to inflammatory kidney conditions.

Author contributions

M. F. S. performed the experiments, interpreted the data

and wrote the paper; M. M. R., M. S. and K. J. W. per-

formed some experiments; M. C. P. assisted with data inter-

pretation and edited the paper; H. T. C analysed the

histology; K. J. W and M. B. designed the research, analysed

the data and edited the paper.

Acknowledgements

This work was supported by the Wellcome Trust (Grant ref-

erence number: 108008). M. F. S. was supported by a stu-

dentship from King Saud University in Saudi Arabia. We

also would like to thank the staff of the Biological Services

Unit at our institution for the care of the animals involved

in this study. We are grateful to Lorraine Lawrence for the

histological processing of the samples.

Disclosure

The authors declare no financial or commercial conflicts of

interest.

References

1 Ruan XZ, Varghese Z, Moorhead JF. An update on the lipid

nephrotoxicity hypothesis. Nat Rev Nephrol 2009; 5:713–21.

2 Bobulescu IA. Renal lipid metabolism and lipotoxicity. Curr

Opin Nephrol Hypertens 2010; 19:393–402.

3 Sheen YJ, Sheu WH. Metabolic syndrome and renal injury. Car-

diol Res Pract 2011; 2011:567389.

4 Hung CC, Tsai JC, Kuo HT, Chang JM, Hwang SJ, Chen HC.

Dyslipoproteinemia and impairment of renal function in dia-

betic kidney disease: an analysis of animal studies, observational

studies, and clinical trials. Rev Diabet Stud 2013; 10:110–20.

5 Carvalho JF, Bonfa E, Borba EF. Systemic lupus erythematosus

and ‘lupus dyslipoproteinemia’. Autoimmun Rev 2008; 7:

246–50.

6 Tisseverasinghe A, Lim S, Greenwood C, Urowitz M, Gladman

D, Fortin PR. Association between serum total cholesterol level

M. F. Saja et al.

346 VC 2018 The Authors. Clinical & Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society

for Immunology, Clinical and Experimental Immunology, 192: 337–347



and renal outcome in systemic lupus erythematosus. Arthritis

Rheum 2006; 54:2211–9.

7 Kelley VE, Izui S. Enriched lipid diet accelerates lupus nephritis

in NZBxW mice. Am J Pathol 1983; 111:288–97.

8 Al-Shebeb T, Frohlich J, Magil AB. Glomerular disease in hyper-

cholesterolemic guinea pigs: a pathogenic study. Kidney Int

1988; 33:498–507.

9 Joles JA, Kunter U, Janssen U et al. Early mechanisms of renal

injury in hypercholesterolemic or hypertriglyceridemic rats.

J Am Soc Nephrol 2000; 11:669–83.

10 Grundy SM. Hypertriglyceridemia, atherogenic dyslipidemia,

and the metabolic syndrome. Am J Cardiol 1998; 81:18B–25B.

11 Adiels M, Olofsson SO, Taskinen MR, Boren J. Overproduction

of very low-density lipoproteins is the hallmark of the dyslipide-

mia in the metabolic syndrome. Arterioscler Thromb Vasc Biol

2008; 28:1225–36.

12 Borba EF, Carvalho JF, Bonfa E. Mechanisms of dyslipoproteine-

mias in systemic lupus erythematosus. Clin Dev Immunol 2006;

13:203–8.

13 Zilversmit DB. Atherogenic nature of triglycerides, postprandial

lipemia, and triglyceride-rich remnant lipoproteins. Clin Chem

1995; 41:153–8.

14 Jeon YH, Kwak MS, Sung MH, Kim SH, Kim MH, Chang MJ.

High-molecular-weight poly-gamma-glutamate protects against

hypertriglyceridemic effects of a high-fructose diet in rat.

J Microbiol Biotechnol 2013; 23:785–93.

15 Kennedy AJ, Ellacott KL, King VL, Hasty AH. Mouse models of

the metabolic syndrome. Dis Model Mech 2010; 3:156–66.

16 Savage DB. Mouse models of inherited lipodystrophy. Dis

Model Mech 2009; 2:554–62.

17 Johnston TP. The P-407-induced murine model of dose-

controlled hyperlipidemia and atherosclerosis. J Cardiovasc

Pharmacol 2004; 43:595–606.

18 Johnston TP, Palmer WK. Mechanism of poloxamer 407-

induced hypertriglyceridemia in the rat. Biochem Pharmacol

1993; 46:1037–42.

19 Saja MF, Baudino L, Jackson WD et al. Triglyceride-rich lipo-

proteins modulate the distribution and extravasation of Ly6C/

Gr1(low) monocytes. Cell Rep 2015; 12:1802–15.

20 Auffray C, Fogg D, Garfa M et al. Monitoring of blood vessels

and tissues by a population of monocytes with patrolling behav-

ior. Science 2007; 317:666–70.

21 Carlin LM, Stamatiades EG, Auffray C et al. Nr4a1-dependent

Ly6C(low) monocytes monitor endothelial cells and orchestrate

their disposal. Cell 2013; 153:362–75.

22 Pickering MC, Cook HT, Warren J et al. Uncontrolled C3 activa-

tion causes membranoproliferative glomerulonephritis in mice

deficient in complement factor H. Nat Genet 2002; 31:424–8.

23 Taylor SR, Turner CM, Elliott JI et al. P2X7 deficiency attenu-

ates renal injury in experimental glomerulonephritis. J Am Soc

Nephrol 2009; 20:1275–81.

24 Bhatia VK, Yun S, Leung V et al. Complement C1q reduces

early atherosclerosis in low-density lipoprotein receptor-

deficient mice. Am J Pathol 2007; 170:416–26.

25 Hodis HN. Triglyceride-rich lipoprotein remnant particles and

risk of atherosclerosis. Circulation 1999; 99:2852–4.

26 Krauss RM. Atherogenicity of triglyceride-rich lipoproteins. Am

J Cardiol 1998; 81:13B–7B.

27 Ng KF, Aung HH, Rutledge JC. Role of triglyceride-rich lipo-

proteins in renal injury. Contrib Nephrol 2011; 170:165–71.

28 Rutledge JC, Ng KF, Aung HH, Wilson DW. Role of

triglyceride-rich lipoproteins in diabetic nephropathy. Nat Rev

Nephrol 2010; 6:361–70.

29 Lee PH, Chang HY, Hsu YH et al. Hypertriglyceridemia: an

independent risk factor of chronic kidney disease in Taiwanese

adults. Am J Med Sci 2009; 338:185–9.

30 Muntner P, Coresh J, Smith JC, Eckfeldt J, Klag MJ. Plasma lip-

ids and risk of developing renal dysfunction: the atherosclerosis

risk in communities study. Kidney Int 2000; 58:293–301.

31 Tsuruya K, Yoshida H, Nagata M et al. Association of the tri-

glycerides to high-density lipoprotein cholesterol ratio with the

risk of chronic kidney disease: analysis in a large Japanese popu-

lation. Atherosclerosis 2014; 233:260–7.

32 Johnston TP, Waxman DJ. Circulating free fatty acids are

increased independently of PPARgamma activity after adminis-

tration of poloxamer 407 to mice. Can J Physiol Pharmacol

2008; 86:643–9.

33 Johnston TP, Baker J, Jamal A, Hall D, Emeson EE, Palmer WK.

Potential downregulation of HMG-CoA reductase after pro-

longed administration of P-407 in C57BL/6 mice. J Cardiovasc

Pharmacol 1999; 34:831–42.

34 Johnston TP, Baker JC, Hall D, Jamal S, Palmer WK, Emeson

EE. Regression of poloxamer 407-induced atherosclerotic lesions

in C57BL/6 mice using atorvastatin. Atherosclerosis 2000; 149:

303–13.

35 Kamanna VS, Kirschenbaum MA. Association between very low

density lipoproteins and glomerular injury in obese Zucker rats.

Am J Nephrol 1993; 13:53–8.

36 Lavaud S, Michel O, Sassy-Prigent C et al. Early influx of glo-

merular macrophages precedes glomerulosclerosis in the obese

Zucker rats. J Am Soc Nephrol 1996; 7:2604–15.

37 Kava R, Greenwood MRC, Johnson PR. Zucker (fa/fa) rat. ILAR

J 1990; 32:4–7.

38 Tol AV, Jansen EHJM, Koomans HA, Joles JA. Hyperlipoprotein-

emia in Nagase analbuminemic rats: effects of pravastatin on

plasma (apo)lipoproteins and lecithin:cholesterol acyltransferase

activity. J Lipid Res 1991; 32:1719–28.

39 Murphy AJ, Woollard K. High-density lipoprotein: a potent

inhibitor of inflammation. Clin Exp Pharmacol Physiol 2010;

37:710–8.

40 Spann NJ, Glass CK. Sterols and oxysterols in immune cell

function. Nat Immunol 2013; 14:893–900.

Supporting information

Additional Supporting information may be found in the

online version of this article at the publisher’s web-site:
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ide-rich lipoprotein (TGRL) and normolipidaemic mice

during the accelerated nephrotoxic nephritis (ANTN)

model.

Fig. S2. Proteinuria 24 h after the administration of the

nephrotoxic serum.

Fig. S3. ANTN model in mice with less pronounced

high-triglyceride-rich lipoprotein (TGRL) conditions.
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