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Abstract
Diabetic nephropathy is the leading cause of end-stage renal disease. 
Diabetic patients have increased plasma concentrations of apolipo-
protein C-I (apoCI), and meta-analyses found that a polymorphism 
in APOC1 is associated with an increased risk of developing ne-
phropathy. To investigate whether overexpressing apoCI contributes 
to the development of kidney damage, we studied renal tissue and 
peritoneal macrophages from APOC1 transgenic (APOC1-tg) mice and 
wild-type littermates. In addition, we examined renal material from 
autopsied diabetic patients with and without diabetic nephropathy 
and from autopsied control subjects. We found that APOC1-tg mice, 
but not wild-type mice, develop albuminuria, renal dysfunction, and 
glomerulosclerosis with increased numbers of glomerular M1 macro-
phages. Moreover, compared to wild-type macrophages, stimulated 
macrophages isolated from APOC1-tg mice have increased cytokine 
expression, including TNF-alpha and TGF-beta, both of which are 
known to increase the production of extracellular matrix proteins in 
mesangial cells. These results suggest that APOC1 expression induces 
glomerulosclerosis, potentially by increasing the cytokine response 
in macrophages. Furthermore, we detected apoCI in the kidneys of 
diabetic patients, but not in control kidneys. Moreover, patients with 
diabetic nephropathy have significantly more apoCI present in glome- 
ruli compared to diabetic patients without nephropathy, suggesting 
that apoCI could be involved in the development of diabetic ne-
phropathy. ApoCI co-localized with macrophages. Therefore, apoCI is 
a promising new therapeutic target for patients at risk of developing 
nephropathy.
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Apolipoprotein C-I plays a role in the pathogenesis of glomerulosclerosis

Introduction
Diabetic nephropathy (DN) is the leading cause of end-stage renal 
disease in the Western world1. Several factors contribute to the 
development of DN, including hyperglycaemia2, hypertension3, hyper-
lipidaemia4, and genetic background5. Meta-analyses revealed that a 
polymorphism in the APOC1 gene, which encodes apolipoprotein C-I, 
is associated with an increased risk of developing DN6,7. Moreover, a 
recent study reported that patients with either type 1 or type 2 dia-
betes have higher plasma levels of apoCI compared to non-diabetic 
controls8.

In the circulation, apolipoproteins are found primarily on the surface 
of lipid complexes called lipoproteins (e.g., chylomicrons, very-low-den-
sity lipoproteins, and high-density lipoproteins). Apolipoproteins re- 
gulate the metabolism of lipoproteins, thereby determining the trans-
port and redistribution of lipids among various tissues. Lipoprotein 
catabolism is dependent on both the apolipoproteins present on 
their surface and the proteins—including enzymes and receptors—with 
which they interact. ApoCI slows the catabolism of triglyceride-rich 
lipoproteins primarily by inhibiting the enzyme lipoprotein lipase (LPL), 
thereby increasing plasma triglycerides9. In addition, apoCI has inflam-
matory properties, as it can stimulate the production of TNF-alpha by 
macrophages following an inflammatory stimulus10.

Studies performed in both human subjects and animal models re-
vealed that macrophages play an important role in the pathogenesis 
of DN11-17, and macrophage-derived TNF-alpha is believed to be a 
key mediator of this process17. Several studies regarding the role of 
macrophages in DN found increased number of macrophages both 
in glomeruli and in the interstitium. This influx of macrophages is 
correlated with glomerular and tubulointerstitial damage and with a 
decline in renal function11-16,18,19. Reciprocally, suppressing macrophage 
influx markedly reduces urinary albumin secretion, glomerular hyper-
trophy, and mesangial matrix expansion14,20,21.

We hypothesise that increased expression of apoCI plays an im-
portant role in the development of kidney damage, based on three 
key findings: i) the results of the meta-analysis, which showed an 
association between an APOC1 polymorphism and the development 
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of DN; ii) the finding that apoCI stimulates the inflammatory response 
in macrophages; and iii) that macrophages are involved in the devel-
opment of DN. To test this hypothesis, we examined whether human 
APOC1 transgenic mice develop kidney damage. Next, we investigated 
the role of macrophages in this process. Finally, to test whether apoCI 
is clinically relevant in the development of DN, we investigated the 
expression of apoCI in the kidneys of patients with and without DN 
as well as in kidneys from non-diabetic controls. 

Materials and methods
Animals
In this study, we used both male and female heterozygous transgenic 
mice expressing human apolipoprotein C-I (APOC1-tg) on a C57Bl/6J 
background. The construct was generated by the excision of an 18-kb 
EcoRI fragment from a cosmid carrying the APOE/APOC1/APOC1P1 
gene region. The fragment contained a 5-kb region upstream from 
APOC1 and an 8-kb region downstream from APOC1, including the 
hepatic control region element and part of APOC1P1 pseudogene22. 
Transgenic offspring were identified by polymerase chain reaction 
(PCR) analysis on genomic tail-derived DNA. Male and female wild-
type (WT) littermates were used as controls. Equal numbers of male 
and female mice were used. All mice used in this study were housed 
under standard laboratory conditions with free access to water and 
standard rodent chow (Hope Farms, Woerden, the Netherlands).

Experimental design 
All animal experiments were approved by the Institutional Ethics Com-
mittee for Animal Care and Experimentation. To measure the animals’ 
characteristics, WT and APOC1-tg mice (10 mice per group) were 
sacrificed at six months of age. The kidneys, heart, liver, brain, lungs, 
spleen, and pancreas were collected, and both absolute and relative 
weights were measured. From each organ, one piece was fixed in 
4% buffered formalin and embedded in paraffin, and one piece was 
snap-frozen for mRNA isolation. Blood was collected in heparin tubes 
and used to measure white blood cells (WBCs) and haemoglobin 
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concentration. Blood plasma was used to measure triglycerides (TGs), 
total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), 
non-HDL-C, glutamate oxaloacetate transaminase (GOT), creatinine 
kinase (CK), and glucose levels. Serum was used to measure blood 
urea nitrogen (BUN) and serum creatinine. WBCs were counted using 
a Muse Cell Counter (Merck, Darmstadt, Germany). A BUN colori-
metric detection kit (Arbor Assays, Ann Arbor, MI, USA) was used 
in accordance with the manufacturer’s instructions. Serum creatinine 
was measured using an enzymatic method on a Roche Modular P800 
device (Roche, Woerden, the Netherlands) in accordance with the 
manufacturer’s instructions. Haemoglobin, GOT, and CK were mea-
sured using Reflotron Sprint (Roche) test strips in accordance with 
the manufacturer’s instructions. Serum creatinine was measured using 
an enzymatic/fluorometric creatinine assay kit (Abcam, Cambridge, 
UK). Plasma TGs and TC were assayed using commercially available 
enzymatic kits (Roche Diagnostics, Germany), and plasma glucose 
was measured using the glucose start reagent method (Instruchemie, 
Delfzijl, the Netherlands) in accordance with the manufacturer’s in-
structions. HDL-C was measured by precipitating apoB-containing par-
ticles with 20% polyethylene glycol in 200 mM glycine buffer (pH 10), 
and TC was measured in the supernatant. Non-HDL-C was calculated 
by subtracting HDL-C from TC. 

APOC1-tg mice (n=59) and age-matched WT littermates (n=19) 
were sacrificed at various ages ranging from 2 to 23 months. Sub-
sequently, the kidneys were removed and subjected to histological, 
immunohistochemical, and mRNA analyses. From each kidney, one 
piece of cortical tissue was snap-frozen in pre-cooled methylbutane; 
a second piece was fixed in 4% buffered formalin and embedded in 
paraffin for histological analysis and immunohistochemistry. Frozen re-
nal cortex samples (30 mg) from three WT and three APOC1-tg mice 
at 16 months of age were used to measure cholesterol, triglyceride, 
and phospholipid content as described previously for liver tissue23.

Albuminuria
Urine albumin levels were measured using rocket immunoelectro-
phoresis against rabbit anti-mouse albumin, with purified mouse se-
rum albumin (Sigma-Aldrich, Saint Louis, MO) as a standard. Urine 
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creatinine was measured using a creatinine assay, with picric acid, 
sodium hydroxide, and creatinine standards (Sigma-Aldrich). The rab-
bit anti-mouse albumin antibody was produced in our laboratory by 
immunising rabbits with an emulsion of mouse albumin and Freund’s 
adjuvant; specificity was confirmed using western blot analysis. Se-
rum creatinine and BUN were measured in accordance with the 
manufacturers’ instructions (Roche and Arbor Assays, respectively) in 
16-month-old mice as a measure of renal function.

Immunohistochemistry 
Frozen kidney sections (3-µm thickness) were cut on a Reichert cryo-
stat microtome. Goat anti-human apoCI (Academy Biomedical Compa-
ny, Houston, TX, USA), rabbit anti-human fibronectin (Sigma-Aldrich), 
rabbit anti-human collagen VI (Telios Pharmaceuticals, San Diego, CA, 
USA), goat anti-human collagen types I, III, and IV (all from Sera Lab-
oratories, West Sussex, UK), rat anti-VCAM-1 (Abcam), rat anti-MCP1 
(Abcam), rat anti-ICAM (Abcam), rat anti-FA-11 (Abcam), rabbit an-
ti-TNF-alpha (Abcam), rabbit anti-CD11b (Abcam), or rabbit anti-CD163 
(Santa Cruz Biotechnology, Dallas, TX, USA) primary antibodies were 
used for immunostaining, followed by the appropriate HRP-labelled 
secondary antibody with diaminobenzidine as the chromogen. Dou-
ble-label immunofluorescence was performed with rat anti-VCAM-1 
and goat anti-von Willebrand factor (Affinity Biologicals Inc., Ancaster, 
Canada), followed by the appropriate fluorescent secondary anti- 
bodies, after which the slides were mounted using Vectashield plus 
DAPI (Vector Laboratories, Burlingame, CA, USA). Double-label immu-
nostaining was performed with goat anti-human apoCI and mouse 
anti-CD68 (Dako, Glostrup, Denmark), followed by the appropriate 
secondary antibodies with diaminobenzidine and Vector Blue (Vector 
Laboratories) as the chromogens for detecting apoCI and CD68, re-
spectively. Frozen kidney sections (10 μm thickness) of 16-month-old 
WT and APOC1-tg mice were stained with oil red O. Paraffin-embed-
ded kidney sections (4 µm thickness) were stained with methenamine 
silver, periodic acid-Schiff (PAS), or Sirius red (supplementary material, 
Supplementary material and methods). Sections were immunostained 
with rabbit anti-WT1 (Abcam) or rat anti-F4/80 (Abcam) primary anti-
bodies, followed by the appropriate HRP-labelled secondary antibody 
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with diaminobenzidine as the chromogen. The anti-human antibodies 
used for staining mouse tissue are cross-reactive with mouse tissue 
(data not shown).

Staining quantification
The number of podocytes in each sample was determined by counting 
the number of WT1-positive nuclei in 25 glomeruli. Glomerular damage 
was scored morphologically on PAS-stained tissues in 25 glomeruli, 
using a scale of 0–4 as follows: 0, normal glomeruli; 1, <10% me-
sangial expansion; 2, 10-25% glomerulosclerosis; 3, 25-50% glomeru-
losclerosis; 4, >50% glomerulosclerosis24. Sections were scanned, and 
the images were digitised using a Philips Ultra-Fast Scanner 1.6 RA 
(Philips Digital Pathology, Best, The Netherlands). The levels of VCAM-
1, ICAM-1, and TNF-alpha expression per glomerulus were determined 
by measuring the surface stained by the respective antibody, relative 
to the total surface area of the glomerulus (ten glomeruli per section 
were measured) at 40X magnification (ImageJ). FA-11‒positive cells 
were counted in 10 glomeruli per sample. PAS-stained slides were 
used to measure the surface area of the glomerular tuft (i.e. glome- 
rular surface area, in µm2) in 25 glomeruli per sample using Philips 
Ultra-Fast Scanner 1.6 RA software. Interstitial fibrosis was determined 
by measuring the surface area stained by Sirius red in five cortical 
fields (using a 40X objective with a fluorescence microscope) relative 
to the total surface area of the cortical fields (ImageJ software). 
Glomeruli and vessels were excluded from the analysis.

Human APOC1 and mouse apoCI expression in APOC1-tg mice
RNA was extracted using RNA extraction buffer (TRIzol, Ambion) 
from kidney, liver, brain, heart, lung, spleen, and pancreas tissues of 
APOC1-tg and WT mice, and from the liver tissue of streptozotocin 
(STZ)-induced diabetic WT mice 4 months after STZ injection. APOC1 
and ApoC1 mRNA levels were measured using quantitative real-time 
PCR.

Macrophage isolation
WT and APOC1-tg mice (n=3 each) were given an intraperitoneal injec-
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tion of 1 ml thioglycolate (30 g/l) on day 1 in order to increase the 
macrophage yield. On day 5, after the mice were sacrificed, 6 ml of 
sterile PBS was used for vigorous peritoneal lavage. The resulting cell 
suspension was centrifuged at 500 rpm for 10 min and then washed 
twice with PBS. The cell pellets were resuspended in 2 ml RPMI 1640 
medium containing 10% FCS and 1% penicillin/streptomycin (referred 
to hereafter as ‘medium’). The macrophages were counted in a coun- 
ting chamber, and the cells were then incubated overnight in a six-
well plate (with 500.000 macrophages per well in 1.2 ml of medium). 
After the cells were washed with medium, they were incubated for 6 
h at 37°C in the following conditions: no stimulation; 10 ng/ml LPS25; 
or 10 ng/ml LPS and 10 ng/ml anti-CD14 antibody (Zimmer Biomet, 
Warsaw, IN, USA). After 6 h, the medium was collected and the cells 
were washed three times with PBS and then dissolved in 1 ml TRIzol.

Reverse transcription and CDNA amplification
Quantitative real-time PCR (qRT-PCR) reactions were prepared using 
SYBR Green I master mix (Bio-Rad, Hercules, CA, USA) as recommen- 
ded by the manufacturer and run on a Bio-Rad CFX real-time system. 
Ct (cycle threshold) values were normalised to the housekeeping gene 
Hprt1. The primer sequences used in this study are provided in the 
supplementary material, Supplementary materials and methods. 

Human kidney samples
Renal tissue specimens were obtained from autopsy samples collected 
from 17 control subjects without diabetes or renal disease, from 8 
patients with diabetes without nephropathy, and from 12 patients with 
nodular glomerulosclerosis (class III DN, based on the established his-
topathological classification for DN)26. Autopsy samples were retrieved 
from the pathology archives at Leiden University Medical Center. The 
non-diabetic control subjects, diabetic patients without nephropathy, 
and diabetic patients with nephropathy were 65±12, 76±12, and 72±9 
years of age, respectively (p=0.086). The duration of diabetes did not 
differ significantly between the two diabetic groups (p=0.13). 

Statistics
Because animals were randomly sacrificed between 2 and 23 months 
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of age, and because the relationship between glomerular damage and 
age produced a sigmoid-like curve for the APOC1-tg mice (compared 
to a linear relationship for the WT mice), we analysed our data by 
dividing mice into three age categories: ≤8 months, 8‒16 months, 
and >16 months. We studied the various outcomes using two-way 
ANOVAs with an interaction term between age and genotype in the 
model. Model fit was assessed by visual inspection of residuals of the 
ANOVA models. Patient data and in vitro experiments were analysed 
using the two-tailed Student’s t test. Differences were considered sig-
nificant at p<0.05. 

Results
Human APOC1 transgenic mice develop glomerulosclerosis
The animals’ baseline characteristics were measured at 6 months of 
age and are summarised in the supplementary material, Tables S1 
and S2. The absolute organ weights did not differ significantly be-
tween WT and APOC1-tg mice; however, the relative organ weights of 
the kidneys and heart were significantly higher in the APOC1-tg mice. 
The APOC1-tg mice had hyperlipidaemia, with increased serum levels 
of triglycerides, total cholesterol, and non-HDL-C (p<0.001). In the 
APOC1-tg mice, the human APOC1 transgene is primarily expressed in 
the liver and, to a lesser extent, peritoneal macrophages (Figure 1A). 
Accordingly, human apoCI protein was present primarily in the liver; 
in other organs, human apoCI protein was restricted to the blood 
vessels (Figure 1B-H). The liver mRNA levels of mouse ApoC1 were 
2.8-fold higher in STZ-induced diabetic mice than in WT mice (p<0.05; 
Figure 1I).  
   To examine whether APOC1-tg mice develop albuminuria, we next 
measured the urinary albumin:creatinine ratio at various ages (Figure 
2). Compared with WT mice, the albumin:creatinine ratio was signifi-
cantly higher in APOC1-tg mice from 14 months of age (p<0.05). In 
addition, at 16 months of age serum creatinine levels were 2.7-fold-
higher in the APOC1-tg mice than in WT mice (p<0.05; data not shown). 
Blood urea nitrogen (BUN) levels did not differ significantly between 
APOC1-tg mice and WT mice at 16 months of age (data not shown). 

Apolipoprotein C-I plays a role in the pathogenesis of glomerulosclerosis
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Figure 1: Transgenic mRNA and protein levels in APOC1-tg mice. A. Relative mRNA 
levels (ΔΔCq) of human APOC1 in the organs and peritoneal macrophages (P.M.) of 
6-month-old APOC1-tg mice. Human APOC1 mRNA level in the liver was set to 100%. 
B-H. Representative images of human apoCI-immunostained liver (B), lung (C), pancreas 
(D), spleen (E), heart (F), brain (G), and kidney (H) samples from a 6-month-old APOC1-
tg mouse. I. Relative mRNA levels (ΔΔCq) of mouse ApoC1 in the liver of 6-month-old 
WT and STZ-induced diabetic mice. WT liver mouse ApoC1 mRNA level was set to 
100%. Scale bars indicate 50 µm.

Next, we examined the morphology of the glomeruli in APOC1-tg 
and WT mice in three age categories. Interaction effects for age and 
genotype were found for the glomerular damage score, glomerular 
hypertrophy, and the number of podocytes (p<0.001). At 9 months of 
age, the APOC1-tg mice began to develop mesangial matrix expansion 
(Figure 3B); by 15 months, this had progressed to glomerulosclerosis 
and was accompanied by glomerular hypertrophy (Figure 3I, J). These 
glomerulosclerotic lesions have a nodular-like pattern (Figure 3D) and 
were positive for several extracellular matrix (ECM) proteins, inclu- 
ding collagen type I, collagen type IV, and fibronectin (supplementary 
material, Figure S1A-C). Lesions were also positive for collagen type 
VI; however, this protein was observed primarily at the periphery of 
the sclerotic lesions (supplementary material, Figure S1D). Decreased 
number of podocytes is a common feature in several kidney diseases, 
including DN27. Consistent with this finding, the number of podocytes 
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Figure 2: Time course of urinary albumin:creatinine ratio in WT and APOC1-tg 
mice. *p<0.05, Student’s t test. 

generally decreased with age in APOC1-tg mice (Figure 3E, F, K). WT 
mice displayed no sign of either mesangial matrix expansion (Figure 
3A, C, I) or podocyte loss at any time point studied (Figure 3K). 
Sirius red staining combined with fluorescence microscopy revealed 
that interstitial fibrosis increased significantly during ageing in both 
WT and APOC1-tg mice (p<0.01). Compared to WT mice, APOC1-tg 
mice developed significantly more interstitial fibrosis (p<0.05; Figure 
3G, H, L). In the APOC1-tg mice, interstitial fibrosis was correlated 
with the number of podocytes (r=‒0.630; p<0.001), glomerular da- 
mage (r=0.485; p<0.001), glomerular hypertrophy (r=0.358; p<0.001), 
and the number of glomerular macrophages (r=0.492; p<0.001). In 
contrast, the animals’ sex was not correlated with glomerular damage 
(p=0.939), the number of podocytes (p=0.486), glomerular hypertro-
phy (p=0.973), or interstitial fibrosis (p=0.542). We also found no 
significant difference between APOC1-tg and WT mice at 16 months 
of age with respect to renal cortex triglyceride (3.9±0.4 and 4.6±1.7 
nmol/mg tissue, respectively), total cholesterol (10.7±3.1 and 9.8±0.3 
nmol/mg tissue, respectively), or phospholipid (24.3±7.4 and 22.9±0.7 
nmol/mg tissue, respectively) levels. In addition, oil red O staining 
revealed no significant difference in renal lipid deposition between 
APOC1-tg and WT mice at 16 months of age (data not shown).

Apolipoprotein C-I plays a role in the pathogenesis of glomerulosclerosis
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Figure 3: APOC1-tg mice develop glomerulosclerosis and interstitial fibrosis. A 
and C. WT mice have normal glomerular morphology at 4 months (A) and 16 months 
(C) of age. B and D. APOC1-tg mice develop kidney damage with ageing, evident as 
mesangial matrix expansion beginning at 9 months of age (B); this expansion pro-
gressed to severe glomerulosclerosis by 15 months of age (D). E-F. The number of 
podocytes decreases with age in APOC1-tg mice, beginning at 13 months of age (E); 
by 20 months, extremely few podocytes remain (F). G-H. At 20 months of age, APOC1-
tg mice (H) develop significantly more interstitial fibrosis than age-matched WT mice 
(G). I. Glomerular damage score plotted against age. J. Glomerular surface area plotted 
against age. K. The number of podocytes per glomerulus plotted against age. L. Intersti-
tial fibrosis per field plotted against age. The sections shown in A-D were stained with 
methenamine silver. The sections shown in E-F were immunostained for WT1, a marker 
for podocytes, and the sections shown in G-H were stained with Sirius red. Scale bars 
indicate 50 µm (A-F) and 25 µm (G-H).
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Influx of inflammatory M1 macrophages in APOC1-tg mice 
Next we examined whether macrophages might be responsible for 
the development of glomerulosclerosis in APOC1-tg mice. Again, we 
separated mice into three age categories for analysis. Even in the 
youngest (≤8 months) APOC1-tg mice had more glomerular macro-
phages than their WT littermates (Figure 4A, B) (p<0.01). This differ-
ence in glomerular macrophages in favour of APOC1-tg mice over 
WT mice remained significant across the age categories (p<0.01) 
(Figure 4C, D, K). Male and female mice did not differ with respect 
to the number of glomerular macrophages (p=0.651). Positive staining 
for CD11b and FA-11 on adjacent slides28, combined with negative 
staining for CD163, indicates that the glomerular macrophages in 
APOC1-tg mice are M1 inflammatory macrophages. In addition, the 
glomeruli in APOC1-tg mice had greater levels of TNF-alpha than WT 
glomeruli (p<0.001) (Figure 4E, F, L), supporting the presence of M1 
macrophages. Both VCAM-1 (Figure 4G, H, M) and ICAM-1 (Figure 4I, 
J, N) were up-regulated in APOC1-tg mice as early as 4 months of 
age, suggesting that both adhesion molecules play a role in the in-
flux of glomerular macrophages. Double-staining for VCAM-1 and von 
Willebrand factor (vWF) revealed that VCAM-1 expression increased 
exclusively in endothelial cells (supplementary material, Figure S2). A 
histological examination of ICAM-1 revealed that its expression was 
also increased in endothelial cells.

ApoCI enhances the inflammatory response
We previously reported that apoCI increases the production of TNF- 
alpha in LPS-stimulated macrophages10 by enhancing the binding of 
LPS to Toll-like receptor 4 (TLR4) via CD1429. Based on these results 
and findings from the present study, we hypothesised that the glomeru-
losclerosis seen in APOC1-tg mice is caused by macrophages express-
ing human APOC1, which leads to an increased cytokine response in 
these macrophages upon activation, ultimately stimulating mesangial 
cells to up-regulate production of the ECM. To test this hypothesis, 
we isolated peritoneal macrophages from both WT and APOC1-tg 
mice, stimulated these cells with LPS, and measured the mRNA ex-
pression levels of inflammatory and fibrogenic cytokines. Compared 
with WT cells, the expression levels of Tnfa and Il1b (pro-inflammatory 
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Figure 4: APOC1-tg mice have increased numbers of glomerular macrophages 
and increased endothelial activation. A-D. At 4 months (A, B) and 16 months (C, D) 
of age, APOC1-tg mice (B, D) have more glomerular macrophages than WT mice (A, C). 
E-F. At 16 months of age, TNF-alpha protein levels are higher in APOC1-tg mice (F) than 
in WT mice (E). G-J. At 16 months of age, APOC1-tg mice have increased expression 
of VCAM-1 (H) and ICAM-1 (J) compared with WT mice (G and I, respectively). K. The 
number of macrophages per glomerulus plotted against age. L. TNF-alpha expression 
per glomerulus. M. VCAM-1 expression per glomerulus. N. ICAM-1 expression per glome- 
rulus. *p<0.05, **p<0.001, and ***p<0.001, one-way ANOVA. Scale bars indicate 50 µm.
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cytokines), and the expression levels of Tgfb1 and Pdgfb (both pro- 
fibrotic cytokines) were significantly increased in LPS-stimulated APOC1-
tg macrophages, as well as the expression level of Tlr4 (Figure 5). 
Incubating macrophages with LPS and anti-CD14 antibodies prevented 
the increased expression of cytokines in APOC1-tg macrophages (Fig-
ure 5), consistent with previous data that apoCI enhances the biolo- 
gical response to LPS via the CD14/TLR4 pathway29. 

Figure 5: APOC1-tg macrophages have an increased cytokine response. Macro-
phages were isolated from wild-type (WT) or APOC1-tg mice and stimulated with LPS 
(10 ng/ml) or LPS and anti-CD14 (10 ng/ml) for 6 h at 37°C. The mRNA levels of 
Tnf-alpha, Tgf-beta, Pdgf-beta, Il1-beta, and Tlr4 were measured. The expression levels 
were normalised to the respective LPS-stimulated WT control and are expressed as the 
mean ± sd. ***p<0.001, Student’s t test.

Patients with DN have increased expression of glomerular apoCI
As a first step towards testing the hypothesis that apoCI plays a 
role in human DN, we studied the presence of apoCI in glomeruli of 
non-diabetic subjects and diabetic patients with and without DN. The 
patient characteristics are summarised in the supplementary mate-
rial, Table S3. The glomeruli in non-diabetic controls were generally 
negative for apoCI (Figure 6A). In contrast, the glomeruli of kidneys 
obtained from diabetic patients were positive for apoCI (Figure 6B, 
C). The percentage of apoCI-positive glomeruli was greater in diabetic 
patients with nephropathy than in those without nephropathy (Figure 
6D). Double-label immunostaining revealed that apoCI co-localizes with 
macrophages. In addition, apoCI was present in resident renal cells 
(Figure 6E-G). 
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Figure 6: Patients with DN have increased expression of glomerular apoCI. A. 
Representative kidney section from a control subject showing no glomerular apoCI 
staining. B. Representative kidney section from a patient with diabetes without ne-
phropathy, positive for apoCI. C. Representative kidney section from a patient with 
diabetes and nephropathy. D. The percentage of apoCI-positive glomeruli in con-
trol subjects and diabetic patients with and without DN. E-G. Double-label immuno- 
staining for apoCI (E) and CD68 (F) shows co-localization of apoCI with CD68-po- 
sitive macrophages (arrows); Panel G shows a merged image. ApoCI is also pre- 
sent in resident renal cells. ***p<0.001, one-way ANOVA. Scale bars indicate 50 µm. 

Discussion
Here, we report that transgenic mice expressing the human APOC1 
gene develop glomerulosclerosis and renal dysfunction with increased 
albuminuria beginning at 14 months of age. The degree of kidney 
damage was correlated strongly with age, glomerular hypertrophy, 
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reduced podocyte numbers, and the number of glomerular macro-
phages. Moreover, apoCI increased the expression of inflammatory 
and fibrogenic cytokines in macrophages upon stimulation in vitro. 
Our finding that renal cortex lipid content – specifically, triglycerides, 
total cholesterol, and phospholipids – does not differ between APOC1-
tg mice and WT mice suggests that the development of renal damage 
in APOC1-tg mice is not due to changes in lipid metabolism, but is 
likely to be due to a different function of apoCI, possibly through 
the activation of macrophages. This notion is supported by the  
finding that the increased apoCI concentration in patients with type 
2 diabetes (T2D) is only partially explained by increased TG levels 
in these patients30. To further investigate the involvement of APOC1 
in the development of renal damage, we examined whether APOC1 
expression was increased in STZ-induced diabetic WT mice, an animal 
model for diabetic nephropathy. The mRNA levels of mouse ApoC1 in 
the livers of STZ-induced diabetic WT mice were 2.8-fold higher than 
those in control WT mice, supporting the role of apoCI in DN. These 
findings are clinically relevant, as they show that apoCI plays a role 
in the pathogenesis of glomerulosclerosis. Interestingly, we found that, 
compared with controls, patients with diabetes and DN showed a sig-
nificant increase in glomerular apoCI expression, supporting our hypo- 
thesis that apoCI plays a role in the pathogenesis of glomerulosclero-
sis in DN. Our double-label immunostaining experiments revealed that 
apoCI co-localized with macrophages, and apoCI was also present in 
resident renal cells. Given that the renal cells do not express human 
APOC1 mRNA, this indicates that the apoCI present in resident renal 
cells was taken up either from macrophages or from the circulation.

Bouillet et al. recently reported that patients with type 1 diabetes 
(T1D) develop less nephropathy compared with T2D patients, even 
though T1D and T2D patients have similar increases in plasma apoCI 
levels compared with control subjects8. It is important to note that 
Bouillet et al. used proteinuria levels as a measure of nephropathy; 
therefore, it is possible that nephropathy was underdiagnosed. This 
notion is supported by our recent finding that DN lesions can devel-
op before the onset of clinical findings; specifically, 20 out of 106 
patients with histologically confirmed DN did not present with DN- 
associated clinical manifestations31. 
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We propose that apoCI mediates the development of glomerulo-
sclerosis in APOC1-tg mice via at least two distinct mechanisms. First, 
APOC1 expression results in dyslipidaemia22,32, which is reported to 
increase the expression of VCAM-1 and ICAM-1 in glomeruli33,34. These 
proteins mediate monocyte/macrophage infiltration and thereby con-
tribute to the severity of DN. This is supported by the finding that 
diabetic ICAM-1-deficient mice have reduced glomerular infiltration 
of macrophages and are protected from developing renal injury20. 
Second, apoCI – either derived from the circulation10 or expressed by 
macrophages ‒ increases the inflammatory and fibrogenic response 
of stimulated macrophages, including increased expression of TNF- 
alpha and TGF-beta. These cytokines have been reported to increase 
the expression of ECM proteins in mesangial cells17,35-38. In addition 
to increasing matrix production, both TNF-alpha and TGF-beta down- 
regulate expression of the protein nephrin in podocytes, thereby al-
tering glomerular permeability and leading to albuminuria39. TGF-beta 
also induces apoptosis in podocytes40. 

Glomerular nodules, also known as Kimmelstiel-Wilson nodules, are 
characteristic of class III DN26 and may be a form of microangiopa-
thy41. APOC1-tg mice develop a renal phenotype with nodular glome- 
rulosclerosis, with increased collagen types I, IV, and VI, increased re-
nal dysfunction, increased glomerular hypertrophy, reduced podocyte 
numbers, and interstitial fibrosis – all of which are reminiscent of DN, 
even though these mice are not diabetic. These results support our 
previous finding that DN can develop without clinical manifestations31. 
With the exception of BTBR Ob/Ob mutant mice16, nodular glomeru-
losclerosis is generally not observed in mice. In addition to its role in 
the development of glomerulosclerosis, apoCI also plays a role in the 
development of atherosclerosis. The apoCI content of triglyceride-rich 
lipoproteins (TRLs) is an independent predictor of early atheroscle-
rosis42 and is correlated with plaque size in carotid atherosclerosis43. 
Likewise, we previously reported that endogenous apoCI expression in 
hyperlipidaemia mice increased the size of atherosclerotic lesions by 
60%, and this was related to an increased inflammatory response in 
macrophages44. Moreover, increased apoCI levels in TRL particles are 
also present in patients with DN45, and diabetes is known to increase 
the risk of cardiovascular disease, including atherosclerotic disease 
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and congestive heart failure46. The finding that apoCI is involved in 
both nodular glomerulosclerosis and atherosclerosis supports the no-
tion that glomerular nodules may be the result of vascular damage. 

Taken together, our results obtained from APOC1-tg mice and 
patients with DN provide new insights into the role that apoCI plays 
in the development of glomerulosclerosis and suggest apoCI as a 
therapeutic target for slowing the progression of DN in high-risk pa-
tients. These data also shed new light on the mechanism by which the 
inflammatory and fibrogenic response is increased in macrophages, 
potentially leading to the development of nodular glomerulosclero-
sis present in APOC1-tg mice. Future studies should help determine 
whether macrophages are indeed the key contributor to the observed 
renal phenotype and whether APOC1 affects the development of DN.
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Supplementary Materials

Table S1: Absolute and relative organ weights in WT and APOC1-tg mice at 6 
months of age.

WT APOC1-tg WT APOC1-tg

Organ Weight, 

grams 

(mean±SD)

Weight 

grams 

(mean±SD)

Relative

weight, % 

(mean±SD)

Relative 

weight %

(mean±SD)

Kidney (left) 0.16±0.03 0.18±0.04 0.56±0.04 0.64±0.09**

Kidney (right) 0.17±0.03 0.18±0.03 0.57±0.04 0.66±0.09***

Heart 0.15±0.03 0.20±0.03 0.52±0.04 0.58±0.07*

Liver 1.36±0.25 1.27±0.25 4.62±0.19 4.55±0.58
Brain 0.33±0.02 0.34±0.04 1.16±0.21 1.24±0.20
Lungs 0.18±0.01 0.19±0.03 0.64±0.12 0.68±0.13
Spleen 0.09±0.01 0.10±0.02 0.32±0.07 0.38±0.10
Pancreas 0.28±0.07 0.26±0.05 0.96±0.18 0.95±0.17
Total Body Weight 29.4±5.0 27.9±4.3 NA NA

*p<0.05, **p<0.01, and ***p<0.001 versus WT; Student’s t test. NA, not applicable.
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Table S2: Laboratory values of WT and APOC1-tg mice at 6 months of age.

WT APOC1-tg
Triglycerides (mmol/L) 0.58±0.06 2.83±0.97***

Total cholesterol (mmol/L) 2.33±0.28 3.88±0.91***

HDL-C (mmol/L) 2.14±0.33 2.33±0.64

Non-HDL-C (mmol/L) 0.19±0.13 1.56±0.49***

GOT (U/L) 0.2±0.1x10-3 0.1±0.06x10-3

CK (U/L) 1.2±0.1x10-3 1.4±0.8x10-3

Haemoglobin (mmol/L) 11.03±0.71 10.91±0.72
White blood cells (x109) 2.607±0.59 2.391±0.30

BUN (mg/dl) 31.25±6.76 27.19±5.18
Serum creatinine (µmol/L) 11.0±2.7 13.0±2.8
Blood glucose (mmol/L) 11.83±1.60 11.42±2.54

Table S3: Summary of patient and control subjects used for human apoCI 
staining.

Autopsy
control
(n=17)

DM, no DN
(n=8) 

DM, with 
DN

(n=12) 
Age (years) 65±12 76±12 72±9

DM duration (years) NA 12±10 23±13
HbA1c (%) NA 7.4±0.26 7.9±0.84
Serum creatinine (µmol/ml) NA 310±282 310±141
Blood pressure (systolic/diastolic) NA 137/73 134/79

Data are presented as the mean ± sd; blood pressure is presented as the mean value. 
DM, diabetes mellitus; DN, diabetic nephropathy; NA, not applicable.

Apolipoprotein C-I plays a role in the pathogenesis of glomerulosclerosis

Data are presented as the mean ± sd. HDL-C, high-density lipoprotein cholesterol; BUN, 
blood urea nitrogen; GOT, glutamate oxaloacetate transaminase; CK, creatinine kinase. 
*p<0.05, **p<0.01, and ***p<0.001 versus WT, Student’s t test.
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Figure S1: Sclerotic lesions contain deposits of collagen type I, collagen type 
IV, collagen type VI, and fibronectin. Glomerulosclerotic lesions in a 16-month-old 
APOC1-tg mice have an intense staining pattern for the extracellular matrix (ECM) 
proteins collagen type I (A), collagen type IV (B), and fibronectin (C). Collagen type VI 
is also present in the sclerotic lesions (D), but only in the peripheral areas (arrow).

Figure S2: VCAM-1 expression in endothelial cells. A-C. Double-label immunostaining 
for VCAM-1 (A) and von Willebrand factor (B) in the kidneys of a 16-month-old APOC1-
tg mouse, showing co-localisation exclusively in endothelial cells (C).
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Supplemental Methods
PAS, Silver, and Sirius Red staining
Paraffin-embedded sections (4 µm thickness) were oxidised in peri-
odic acid at 48°C for 30 minutes, then washed with demi-water. The 
sections were then incubated in 5% Schiff’s reagent for 20 minutes, 
incubated in tap water for 5 minutes, then rinsed briefly in demi-water. 
Finally, the sections were incubated in haematoxylin for 5 minutes, 
followed by incubation in tap water for 5 minutes. 

For silver staining, paraffin-embedded sections (1-µm thickness) 
were cut and incubated in 1% periodic acid for 10 minutes at 60°C, 
and then stained in a silver solution at 60°C until the glomerular 
basement membranes became black. The sections were then incuba- 
ted in 0.2% gold chloride until the sections became light grey. Finally, 
the sections were incubated for 2 minutes in 5% sodium thiosulfate, 
10 minutes in tap water, and 30 seconds in eosin. 

Paraffin-embedded sections were stained with Sirius Red by incu-
bating sections with 0.2% phosphomolybdic acid for 5 minutes, 0.1% 
Sirius Red for 90 minutes, and saturated picric acid for 1 minute.
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Primer sequences
Hprt1: 5’-GGCTATAAGTTCTTTGCTGACCTG-3’ and 5’-AACTTTTATGTC-
CCCCGTTGA-3’; human APOC1: 5’-AGCCGCATCAAACAGAGTGA-3’ and 
5’-TCCTGGGATGTCACCCTTCA-3’; mouse ApoC1: 5’- GTCCGGAACATTG-
GAGAGCA-3’ and 5’-CCTGAAAGGTCCTAACCGGG-3’; mouse Tnf-alpha: 
5’-GGTGCCTATGTCTCAGCCTC-3’ and 5’-GCTCCTCCACTTGGTGGTTT-3’; 
mouse Tgf-beta: 5’-AGCTGCGCTTGCAGAGATTA-3’ and 5’-AGCCCTGTAT-
TCCGTCTCCT-3’; mouse Pdgf-beta: 5’-TGTGAGACAGTAGTGACCCCT-3’ 
and 5’-AAACTTTCGGTGCTTGCCTTT-3’; mouse Il1-beta: 5’-GCTCTC-
CACCTCAATGGACA-3’ and 5’-GTGGGTGTGCCGTCTTTCAT-3’.




