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Abstract 

Diabetes increases the risk of both cardiovascular disease and kidney disease. Notably, most of the excess 

cardiovascular risk in people with diabetes is in those with kidney disease. Apolipoprotein C3 (APOC3) is a 

key regulator of plasma triglycerides, and it has recently been suggested to play a role in both type 1 

diabetes-accelerated atherosclerosis and kidney disease progression. To investigate if APOC3 plays a role in 

kidney disease in people with type 2 diabetes, we analyzed plasma levels of APOC3 from the Veterans 

Affairs Diabetes Trial (VADT). Elevated baseline APOC3 levels predicted a greater loss of renal function. 

To mechanistically test if APOC3 plays a role in diabetic kidney disease and associated atherosclerosis, we 

treated BTBR wildtype (WT) and leptin-deficient (OB; diabetic) mice, a model of type 2 diabetes, with an 

antisense oligonucleotide (ASO) to APOC3 or a control ASO (cASO), all in the setting of human-like 

dyslipidemia. Silencing APOC3 prevented diabetes-augmented albuminuria, renal glomerular hypertrophy, 

monocyte recruitment, and macrophage accumulation, partly driven by reduced ICAM1 expression. 

Furthermore, reduced levels of APOC3 suppressed atherosclerosis associated with diabetes. This suggests 

that targeting APOC3 might benefit both diabetes-accelerated atherosclerosis and kidney disease. 
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Introduction 

People with diabetes have an increased risk of developing complications such as diabetic kidney disease and 

accelerated cardiovascular disease (1). Importantly, impaired kidney function is a strong risk factor for 

cardiovascular disease (2). Reduced renal function is associated with elevated levels of apolipoprotein C3 

(APOC3) (3, 4), a key inhibitor of lipolysis and hepatic clearance of triglyceride-rich lipoproteins (TRLs) (5, 

6). In people with type 1 diabetes, plasma APOC3 levels correlate with levels of albuminuria (7, 8), 

potentially suggesting a role for APOC3 in diabetic kidney disease (DKD). Recently, a link between APOC3 

and DKD was demonstrated in people with type 1 diabetes participating in the FinnDiane study. Plasma 

levels of APOC3 predicted the progression of DKD, defined as the progression of albuminuria or the 

initiation of renal replacement therapy (8). Furthermore, we, and others, have recently demonstrated that 

APOC3 also predicts cardiovascular events in people with type 1 diabetes (8-10).   

In humans and mice with human-like dyslipidemia, APOC3 is distributed across most lipoprotein 

classes, including very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL), and high-density 

lipoprotein (HDL) particles. HDL-associated APOC3 was not a significant risk predictor of cardiovascular 

disease in people with type 1 diabetes (9), consistent with the mechanistic mouse models, where VLDL and 

remnants are the primary pro-atherogenic particles carrying APOC3 (11). Lipids have been shown to 

accumulate in the kidney in the setting of human diabetic nephropathy (12).  Alleviating the stress induced 

by excess lipid accumulation reduces the progression of DKD in moused models (13). Exactly what types of 

lipids may accelerate DKD in humans are unknown; however, lowering plasma triglycerides using 

fenofibrates, but not statins, which primarily reduce LDL (14),  has been shown to have a small but 

statistically significant inhibitory effect on the progression of albuminuria in people with diabetes (15-17), 

potentially suggesting that it is the TRLs that may contribute to DKD.    

Together, this implies that APOC3 and TRLs may be driving DKD. To this end, we tested the role of 

APOC3 in DKD in type 2 diabetes. We show that plasma levels of APOC3 predict the progression of DKD 

in people with type 2 diabetes and, using mechanistic mouse models that have elevated levels of TRLs, 
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demonstrate that silencing APOC3 reduces atherosclerosis and kidney disease via reduced accumulation of 

TRLs in the glomerulus and artery wall. Collectively, our observations highlight the possibility that targeting 

APOC3 may be beneficial for treating atherosclerosis and kidney disease in people with diabetes.  
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Results 

Plasma APOC3 predicts DKD progression in humans with type 2 diabetes 

To begin to test the hypothesis that plasma APOC3 plays a role in DKD, APOC3 levels were assessed in 

baseline plasma samples from the Veterans Affairs Diabetes Trial (VADT) (18, 19). The present study 

included 1,494 VADT participants with available data on renal function loss (RFL), defined as a 40% or 

greater decline in estimated glomerular filtration rate (eGFR) at two subsequent visits. RFL developed in 198 

participants over a median follow-up of 3.5 years (controls were followed for a median of 5.3 years), 

corresponding to 13.3% of the participants with data on RFL. Baseline characteristics stratified by RFL are 

outlined in Table 1. Participants who developed RFL, on average, had worse glycemic control, longer 

history of diabetes, higher systolic blood pressure, higher prevalence of micro- and macroalbuminuria, and 

displayed increased triglyceride and total cholesterol and lower HDL cholesterol levels. In line with their 

lipid profile, APOC3 levels were elevated in baseline samples in participants who subsequently developed 

RFL.  

Consistent with the idea that APOC3 might play a role in DKD, higher baseline APOC3 levels were 

associated with an increased risk of RFL in the survival analysis (Figure 1A). After adjustment for treatment 

allocation (standard or intense glucose control), higher baseline APOC3 was associated with increased RFL 

risk (Hazard ratio per 1 SD in APOC3 1.25 [95% CI 1.08-1.46], p=0.0039, Model 1), and the association 

remained significant after further adjustment for non-lipid clinical and demographic covariates (1.23 [1.05-

1.44], p=0.0098, Model 2) (Figure 1B). The predictive effect of APOC3 was diminished after adjusting for 

plasma triglycerides (1.12 [0.91-1.39], p=0.29, Model 3, Figure 1B), highlighting the close relationship 

between APOC3 and plasma triglycerides. The association between APOC3 and RFL was unchanged after 

adjusting for plasma LDL or HDL cholesterol (1.24 [1.05-1.48], p=0.013 and 1.22 [1.04-1.43, p=0.015, 

respectively).   

 

APOB-containing lipoproteins accumulate in glomeruli in diabetic nephropathy  
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Diabetic nephropathy is associated with increased glomerular lipid accumulation (12). To assess whether 

non-HDL-associated lipids were accumulating in the kidney in the setting of DKD, renal biopsy specimens 

were obtained and stained for APOB and the intracellular lipid droplet protein perilipin 2. Sections from 

pathology-verified diabetic nephropathy were compared to histologically healthy kidney sections 

(Supplemental Table 1). The diabetic nephropathy sections ranged from stage 1 to 4. Compared to 

glomeruli from the non-diabetic controls, glomeruli from people with diabetic nephropathy were larger 

(glomerular area: 12759 ± 2058 µm2 in controls versus 18664 ± 1738 µm2 in DKD, p=0.042), with a 

dramatic increase in glomerular APOB (Figures 2A-B, S1, Supplemental Table 1) indicating that non-

HDL-associated lipid particles accumulate within the glomeruli under diabetic conditions. Furthermore, 

lipids appear to accumulate intracellularly as perilipin 2 (a lipid droplet marker that is increased with lipid 

accumulation) staining was also increased in the setting in diabetes (Figure 2C). 

 

Silencing APOC3 reduces TRL accumulation in the kidney  

To test the mechanistic role of APOC3 and TRLs on diabetic kidney disease, we turned to a mouse model of 

type 2 diabetes and kidney disease. Leptin deficiency (OB) on the BTBR background results in human-like 

diabetic kidney disease (20) and in the setting of silencing the LDL receptor (LDLR), human-like 

dyslipidemia with elevated levels of TRLs, and atherosclerosis (21). The effect of APOC3 has been 

previously tested in a mouse model of DKD without human-like dyslipidemia. Wildtype mice, unlike to 

humans, have very low levels of non-HDL lipoproteins and, therefore, carry the majority of their APOC3 on 

HDL. Thus, silencing APOC3, under those circumstances, would primarily affect HDL-associated APOC3. 

Attie and colleagues inhibited APOC3 using an antisense oligonucleotide (ASO) in LDLR wildtype BTBR 

OB mice, which did not prevent DKD progression (22) consistent with the idea that TRL-associated APOC3 

may play a role in DKD rather than HDL-associated APOC3. 

To this end, male and female BTBR wildtype (WT) and OB mice were treated with an LDLR 

antisense oligonucleotide (LDLR ASO) to induce dyslipidemia with elevated TRLs or a control antisense 
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(cASO) for 14 weeks while also placed on an atherogenic diet (Figure 2D, S2A-B and Supplemental Table 

2). Plasma APOC3 levels were elevated in OB mice, particularly in the setting of LDLR deficiency (Figure 

2D), consistent with studies in humans demonstrating that people insulin resistance have elevated levels of 

plasma APOC3, in part due to increased hepatic production (23). 

To test the role of APOC3, mice within the control ASO and the LDLR ASO groups received either 

an APOC3 ASO or a control ASO (Figure 2D). As expected and consistent with previous work (9, 24), 

APOC3 ASO was excellent at suppressing the hepatic expression of Apoc3 mRNA and plasma APOC3 

levels (Figure 2E, S2C). Importantly, but consistent with the initial description of the APOC3 ASO (24), 

silencing APOC3 did not result in increased hepatic triglyceride accumulation (Figure S2D).  

Targeting the LDLR resulted in a dramatic increase in plasma triglycerides, total cholesterol, and 

VLDL and LDL lipoproteins in both WT and OB mice treated with the LDLR ASO for 14 weeks (Figures 

2F-G, S2A-B, Supplemental Table 2). As expected, APOC3 ASO dramatically reduced total and VLDL 

triglycerides, and VLDL cholesterol (Figures 2F, S2A-B) but did not have a dramatic effect on total 

cholesterol (Figure 2G, Supplemental Table 2), suggesting that the main effect of the APOC3 ASO was on 

larger TRLs. 

Leptin deficiency was associated with elevated blood glucose levels as early as two weeks after the 

initiation of the study (Supplemental Table 2). At that point, blood glucose was similar between the control 

and APOC3-treated OB mice, but starting at four weeks, leptin-deficient mice treated with the APOC3 ASO 

had significantly reduced blood glucose levels. This effect was more pronounced in the mice treated with the 

LDLR ASO, as they tended to have more exaggerated hyperglycemia than the control-treated OB mice 

(Figure 2H, Supplemental Table 2). The improvement in glycemic control was associated with a reduced 

fasting blood glucose and reduced glucose excursion in response to an intraperitoneal glucose tolerance test, 

but not an improved response to insulin, to a pyruvate challenge, or changes in expression of key genes in 

gluconeogenesis (Figure S3). Rather, silencing APOC3 increased pancreatic islet insulin stain in OB mice 

treated with APOC3 ASO (Figure S3I).  
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In the absence of LDLR deficiency, we observed very little neutral lipid accumulation in the kidney, 

as determined by oil red O staining or lipid droplet accumulation, as assessed by perilipin 2 staining, within 

the glomerulus in diabetes (Figure 3A-D). However, in the setting of LDLR ASO treatment and diabetes, we 

observed a dramatic increase in oil red O staining and perilipin 2 staining (Figure 3A-D), consistent with the 

findings from human diabetic nephropathy, arguing that the lipids that are accumulating are non-HDL-

associated lipids. This increase in lipid accumulation was reduced in OB mice treated with APOC3 ASO. To 

identify what types of lipoproteins are accumulating and whether APOC3 silencing reduced glomerular 

lipoprotein accumulation, we stained the kidneys with antibodies against APOC3, APOB, and APOE 

(Figure 3E-G, S4A). Leptin deficiency resulted in a dramatic increase in glomerular APOC3 accumulation, 

and as expected, based on the circulating levels of APOC3, APOC3 ASO treatment completely blocked 

APOC3 accumulation in OB mice in the kidney (Figure 3E). Surprisingly, there was no difference between 

the mice treated with the control and the LDLR ASO, suggesting that both HDL-associated and non-HDL-

associated APOC3-containing particles accumulate in the glomeruli under diabetic conditions. Alternatively, 

the APOC3 staining could reflect accumulation of lipid-free APOC3. 

In contrast, in the setting of LDLR deficiency, there was a dramatic increase in both APOB and 

APOE accumulation in leptin-deficient mice, suggesting that non-HDL (APOB positive) particles indeed 

accumulate in the glomeruli (Figure 3F-G). Importantly, APOC3 ASO treatment abolished APOB and 

APOE staining, arguing that silencing APOC3 reduces circulating TRLs and thus reduces the glomerular 

accumulation of TLRs. This data also implies that adding human-like dyslipidemia better mimics the lipid 

accumulation seen in human diabetic nephropathy.   

 

Reducing TRLs hampers DKD progression 

We analyzed urinary albumin excretion throughout the study to evaluate whether APOC3 plays a role in 

DKD progression. Previous studies in which APOC3 was silenced in LDLR-wildtype mice did not reveal a 

protective effect to APOC3 ASO treatment (22). Consistent with that data, we did not observe a significant 
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effect of APOC3 ASO in non-diabetic or diabetic BTBR mice on albuminuria at 8 or 14 weeks without 

LDLR deficiency (Figure 4A-B). Interestingly, in the setting of elevated TRLs induced by LDLR deficiency 

and diabetes, silencing APOC3 significantly reduced albuminuria at both 8 and 14 weeks (Figure 4A-B, 

Supplemental Table 3). This was also associated with an overall effect of APOC3 on plasma blood urea 

nitrogen (BUN; overall effect APOC3 ASO using 2-way ANOVA 0=0.03). The protective effect of APOC3 

silencing was corroborated by the histological findings that APOC3 ASO prevented glomerular hypertrophy 

and glomerular matrix expansion as evident by PAS-positive matrix deposition (Figure 4C-E), silver 

methenamine (Figure S3J). This protective effect of APOC3 ASO was not seen in the control ASO-treated 

mice, suggesting that blocking the glomerular accumulation of TRLs rather than reducing APOC3 on HDL is 

protective against DKD. Furthermore, APOC3 deposition correlated with glomerular size on a per 

glomerulus basis, in LDLR-deficient OB mice but not in OB mice without LDLR deficiency (Figure S3K). 

Podocytes, as assessed by WT1 staining, were reduced in OB mice. Although LDLR deficiency significantly 

worsened podocyte density, APOC3 ASO treatment did not statistically significantly alter their numbers 

(Figure S4A). 

  We have previously demonstrated that adding a more human-like dyslipidemia with elevated LDL 

and TRLs augments the glomerular macrophage accumulation (21). Consistent with that finding, we 

observed that LDLR deficiency augmented macrophage accumulation (Figure 4F), which was reduced in 

leptin-deficient mice treated with the APOC3 ASO. Furthermore, a significant proportion of these 

macrophages were lipid-loaded, as assessed by perilipin 2 staining (Figure 4H), but only in the setting of 

diabetes and LDLR deficiency. In fact, in these mice, approximately 50% of the total glomerular perilipin 2 

stain co-localized with the macrophage marker, and about 40% of macrophages were lipid-loaded in OB 

mice with LDLR deficiency. This was abolished in mice treated with APOC3 ASO (Figure 4H). This 

increase in macrophage infiltration was associated with augmented plasma IL-18 levels, a cytokine often 

associated with macrophage inflammation, whereas liver-derived pro-inflammatory markers were unaltered 
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(Supplemental Table 4). In addition to macrophage lipid loading, OB mice with LDLR deficiency also 

displayed lipid droplet accumulation in tubular cells (Figure S4). 

To investigate if the macrophage accumulation was due to increased infiltration of monocytes, 

yellow-green (YG) latex beads were used to label circulating monocytes four days before euthanasia (25). 

Like humans, mice have two main monocyte populations, most often separated based on their expression of 

Ly6C (Figure S5A-H). Leptin deficiency was not associated with an increase in total white blood cells. Still, 

diabetes resulted in an increase in total monocytes and neutrophils unaffected by either LDLR deficiency or 

APOC3 ASO treatment. Both the Ly6Chi and the Ly6Clo populations were elevated in the setting of diabetes. 

Consistent with previous publications (25), injection of beads without depleting existing monocytes 

primarily labels Ly6Clo monocytes. Approximately 20% of circulating Ly6Clo monocytes were bead-labeled, 

while less than 1% of Ly6Chi monocytes were marked with yellow-green beads (Figure S5G-H). In the 

setting of LDLR deficiency, diabetes resulted in a marked increase in the recruitment of these bead-labeled 

Ly6Clo monocytes, which was diminished in mice treated with APOC3 ASO. Notably, these Ly6Clo 

monocytes appeared to be lipid-loaded in circulation, as they displayed increased side scatter (Figure 4J), a 

surrogate marker for lipid loading (26). Reducing APOC3 prevented this increase in side scatter, which was 

not observed in Ly6Chi monocytes (Figure S6A). This suggests that elevated circulating levels of TRLs and 

concomitant TRL accumulation in the glomeruli increase the recruitment of monocyte-derived macrophages, 

some of which are already lipid-loaded, resulting in augmented renal injury. 

 

Glomerular accumulation of lipids drives monocyte recruitment via increased endothelial ICAM1 expression 

Monocyte recruitment into tissues is a highly regulated process that depends on monocytes and 

endothelial cells' expression of adhesion molecules and respective ligands (27). To better understand how 

APOC3 silencing might impact monocyte recruitment, monocyte surface expression of molecules known to 

regulate adhesion and migration was evaluated after four weeks of diabetes, all in the setting of LDLR ASO 

(Figure 5A, Supplemental Table 5). LFA1 (lymphocyte function-associated antigen 1) was increased on 
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Ly6Clo monocytes but not on Ly6Chi monocytes, while CX3CR1 and CD49D were unchanged on both 

monocyte populations (Figure S6B, Supplemental Table 5). APOC3 ASO did not alter the expression of 

any adhesion molecules, so we turned our attention to the endothelial cells as potential regulators of 

monocyte recruitment. To isolate renal endothelial cells, we utilized an in vivo labeling approach that relies 

on lectin from Lycopersicon esculentum binding to the endothelial cells (28). Indeed, we observed that 

lectin-labeling mainly labeled endothelial cells, including those in the glomerulus (Figure 5B). We then used 

this approach to isolate renal cortex endothelial cells. ICAM1 is one of the key ligands for LFA1 and has 

previously been implicated in diabetic kidney disease (29-31). Consistent with that, we observed that 

endothelial cell expression of Icam1 mRNA was increased in OB mice, which was reverted to WT levels in 

mice treated with APOC3 ASO (Figure 5C).  The increased endothelial cell Icam1 expression in OB mice 

and the corresponding reduction with APOC3 ASO correlated with increased and diminished glomerular 

macrophage accumulation, respectively (Figure 5D), consistent with our previous findings (Figure 4). 

Endothelial cell Vcam1, Ccl2, and Cx3cl1 expression trended in the same direction but did not reach 

statistical significance (Figure S6C-E). In addition, Plin2 expression was elevated in endothelial cells that 

were isolated from OB mice (Figure S5F) and trended down in endothelial cells from mice treated with 

APOC3 ASO, suggesting that lipid droplets form in endothelial cells and can be lowered by APOC3 ASO 

treatment.  

To assess whether ICAM1 protein was increased and if it was indeed altered in the glomeruli with 

diabetes and APOC3 ASO, kidney sections from the original study were stained for ICAM1. Consistent with 

the endothelial mRNA experiment data, OB mice displayed significantly more glomerular ICAM1 staining 

than WT mice under LDLR ASO conditions, which was abrogated with APOC3 ASO treatment (Figure 5E-

F).  

To establish a role of LFA1/ICAM1 in the DKD progression, WT and OB mice were treated with 

either a control antibody or an LFA1 blocking antibody for four weeks while also treated with the LDLR 

ASO. At the end of the four weeks, blocking LFA1 did not affect blood glucose, plasma TG, or cholesterol 
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(Supplemental Table 6), but blocking LFA1 reduced glomerular size and albuminuria in OB mice (Figure 

5G-I). 

Together, this indicates that elevated TRLs are associated with increased endothelial cell ICAM1 

expression, allowing for increased monocyte recruitment, which mediates some of the deleterious effects of 

diabetes on the glomerulus. 

 

APOC3 inhibition in the absence of improvement in glycemia still reduces DKD 

Since APOC3 silencing reduced blood glucose, and improved glycemia is associated with improved kidney 

disease, we tested the effect of APOC3 silencing in a model in which APOC3 ASO does not reduce blood 

glucose (9). Type 1 diabetes was induced in LDLR-deficient mice using viral mimicry and maintained on the 

same high-fat diet as the BTBR mice (Figure 6A). Consistent with our previous data (9), APOC3 ASO did 

not affect blood glucose (Figure 6B) but had a dramatic effect on plasma triglycerides and a smaller effect 

on total cholesterol (Figure 6C-D). Importantly, APOC3 ASO treatment reduced diabetes-associated 

glomerular hypertrophy, glomerular perilipin 2 staining, macrophage accumulation, and lipid-loaded 

macrophage accumulation (Figure 6E-I). Although diabetes does not result in dramatic albuminuria in this 

model, silencing APOC3 prevented the increase in urinary albumin excretion associated with diabetes 

(Figure 6J), suggesting that the improvement observed with APOC3 ASO is not due to an improvement in 

glycemia. To further strengthen the postulate that APOC3 plays a role in DKD and that it is hepatic-derived 

APOC3, we treated BTBR WT and OB mice with a newer generation of the APOC3 ASO, which has a 

higher hepatic specificity due to an N-Acetylgalactosamine (GalNAc) modification, allowing for a lower 

dose, together with the LDLR ASO. The mice were also on a semi-purified low-fat diet (9, 32) instead of the 

aggressive atherosclerotic diet for 12 weeks. Consistent with the previous findings, silencing APOC3 

reduced plasma TG and blood glucose, which was associated with a reduction in glomerular lipid 

accumulation, glomerular hypertrophy, and albumin creatinine ratio in OB mice (Figure S7, Supplemental 

Table 7). 
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Silencing APOC3 reduces atherosclerosis 

We have previously demonstrated that APOC3 plays an important role in type 1 diabetes-accelerated 

atherosclerosis (9).  Since underlying kidney disease is a strong risk factor for cardiovascular disease and 

kidney disease augments plasma levels of APOC3, we asked whether silencing APOC3 would have the same 

protective effect in a model of type 2 diabetes that also has underlying kidney disease. To this end, 

atherosclerosis was analyzed at three sites (aorta, brachiocephalic artery, and aortic sinus). As expected, the 

absence of LDLR deficiency did not result in atherosclerosis despite the atherosclerotic diet. However, in the 

presence of LDLR deficiency, both WT and OB mice developed atherosclerosis in the aorta, albeit OB mice 

developed significantly more, which was suppressed by APOC3 ASO treatment (Figure 7A, S8). This was 

consistent in the brachiocephalic artery and aortic sinus (Figure 7B-C). The improvement in lesional 

phenotype was associated with reduced staining for APOC3, APOE, and perilipin 2, suggesting reduced 

accumulation of pro-atherogenic lipoproteins (Figure 7D-F). There was also a reduction in macrophage 

accumulation and smooth muscle cell accumulation with APOC3 ASO treatment (Figure 7G-H), indicating 

an overall less advanced lesional phenotype. The reduction in atherosclerosis in diabetes with reducing 

APOC3 levels was also observed in the setting of GalNAc-modified APOC3 ASO treatment (Figure 7I).  
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Discussion 

Here, we demonstrate that plasma APOC3 can predict renal functional loss in people with type 2 diabetes. 

Together with the recently published report from the FinnDiane study (8), our finding highlights the 

possibility that TRLs may contribute to the progression of kidney disease in diabetes. This is further 

supported by a large observational study, where triglycerides, but not total cholesterol or LDL-cholesterol, 

was associated with advanced kidney disease (33). 

Mechanistically, we demonstrate that TRLs accumulate in the kidney in the setting of DKD and that 

inhibiting this hampers DKD progression. Based on our experiments with the hepatically targeted APOC3, 

we postulate that the majority of the TRLs that are accumulating in the kidney are liver-derived. However, 

we cannot disregard that some of the apolipoproteins can be produced locally in proximal tubular cells and 

macrophages, which are known to be able to produce APOB, APOC3, and APOE, respectively (13, 34). 

The notion that it is the TRLs that accelerate renal injury is consistent with our findings in the 

absence of LDLR deficiency, where silencing APOC3 had no effect. This data is very much in line with the 

finding by Attie et al., who described no effect of APOC3 inhibition in WT and OB mice without LDLR 

deficiency (22). Furthermore, this is supported by the notion that transgenic overexpression of APOC3, 

which results in elevated levels of TRLs (35), augments early diabetic kidney disease in a model of type 1 

diabetes, partly via elevated renal inflammation (36). APOC3-deficiency, however, did not protect against 

diabetes-induced injury (36), again in the absence of elevated TRLs.  

How do reduced levels of APOC3 slow the progression of DKD? Based on our findings, we postulate 

that elevated TRLs induce endothelial cell activation, which in turn drives monocyte recruitment to the 

glomerulus. There is ample data from preclinical models in the literature suggesting that excess accumulation 

of macrophages in the kidneys contributes to renal injury, and consistent with our proposed mechanism, 

ICAM1-deficient diabetic mice have reduced accumulation of glomerular macrophages, reduced glomerular 

hypertrophy, and improved diabetes-induced albuminuria (30). Additionally, there is some genetic evidence 

that ICAM1 could contribute to DKD in humans (37), where a polymorphism in the ICAM1 gene, which 
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might render it more active in its binding to LFA1, may contribute to DKD progression (38). Together, this 

most likely results in functional changes to the glomerular filtration unit, resulting in augmented 

albuminuria.  Several studies have indicated changes in the matrix (glycocalyx) surrounding the endothelial 

cells can affect the filtration and, thus, albuminuria. However, we cannot discount the fact that other cells in 

the kidney are likely also affected by the changes in circulating lipids. For example, we observe that tubular 

cells contain lipid droplets, which is reversed by APOC3 ASO treatment, and defective lipid metabolism in 

tubular epithelial cells has been shown to contribute to kidney disease (39). Furthermore, podocytes are 

known to be sensitive to changes in cholesterol, and altering their ability to handle cholesterol contributes to 

DKD (13, 40). 

In addition to the reductions in TRLs, silencing APOC3 also reduced blood glucose in type 2 diabetes 

model, which has also been reported in humans (41). Numerous studies have indicated the beneficial effect 

of blood glucose lowering in people with diabetes on kidney disease progression (42-44), suggesting perhaps 

that the improvement in kidney disease could, in part, be due to improved glycemia. To address this, we 

turned to a model of type 1 diabetes in which the pancreatic beta cells are lost; thus, APOC3 silencing does 

not improve blood glucose. Although the kidney injury is less pronounced in this model, we still observed an 

improvement in markers of kidney disease with reducing TRLs, arguing that TRLs are indeed involved. 

Whether the effect of silencing APOC3 is related to the direct effects of APOC3 enrichment on TRL 

particles or the lipids from said particles is unclear at this point. Lipid-free, but not lipid-bound, APOC3 has 

been shown to induce monocyte inflammasome activation (45, 46). Although very little lipid-free APOC3 

can be found in circulation (46), perhaps, locally, especially in the kidney, which is known to contribute to 

the clearance of APOC3, lipid-free APOC3 could be found. Others have demonstrated that TRLs can directly 

induce inflammatory changes in endothelial cells, including upregulating adhesion molecules (47, 48). Some 

studies suggest that APOC3 mediates these effects, whereas others do not (47, 48). Additionally, altering 

TRL may affect other cells, which in turn affect the kidney. 
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Finally, we demonstrate, similar to a model of type 1 diabetes (9), that silencing APOC3 reduces 

atherosclerosis associated with diabetes, even in the presence of kidney disease. Together, this suggests that 

lowering plasma APOC3 might be a way to target both atherosclerotic cardiovascular disease and diabetic 

kidney disease. 
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Methods 

Additional methods can be found in the supplemental material. Key reagents are listed in Supplemental 

Table 8.  

 

Sex as a biological variable 

The Veterans Affairs Diabetes Trial includes mainly males. Thus, sex was not addressed as a biological 

variable. Both male and female mice were used in this study (see Supplemental Tables). No differences were 

noted between the sexes, and the data was therefore combined. 

 

Plasma APOC3 and renal disease progression in VADT  

Plasma APOC3 concentrations were measured in 1,722 available baseline plasma samples from the Veterans 

Affairs Diabetes Trial (VADT, NCT00000620). A detailed description of the VADT has been previously 

published (19). VADT enrolled a total of 1,791 U.S. veterans with poorly controlled type 2 diabetes. The 

primary treatment goal of the VADT was to achieve a 1.5% difference in HbA1c between those randomized 

to intensive versus standard therapy while achieving optimal levels of other conventional cardiovascular risk 

factors. In the VADT, intensive glycemic control was not associated with a reduction in macrovascular or 

microvascular events compared with standard glycemic therapy (18). Serum and urine creatinine and urine 

albumin were measured annually by the VADT central laboratory at Tufts University. Plasma hemoglobin 

A1c, glucose, cholesterol, triglycerides, and HDL cholesterol concentrations were measured using standard 

enzymatic methods on a Hitachi 911 analyzer, with reagents obtained from Roche Diagnostics (Indianapolis, 

IN). Glomerular filtration rate (eGFR) was calculated by the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation (49). Urine albumin excretion was estimated by albumin-to-creatinine 

reaction (ACR). Participants with eGFR ≥ 120 mL/min/1.73 m2, indicating glomerular hyperfiltration, and 

those with plasma triglycerides > 500 mg/dl, indicating hypertriglyceridemia, were excluded from the 

analyses. Total plasma APOC3 concentrations were measured by immunoturbidimetric method (Kamiya 
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Inc., Seattle, WA) on the Abbott Architect c8000 automatic analyzer (Abbott, Abbott Park, IL). The primary 

outcome was the first occurrence of significant renal function loss (RFL), defined as a 40% or greater decline 

in eGFR from baseline, sustained through at least two subsequent visits. Large meta-analyses showed that 

40% RFL is an excellent surrogate for progression into end-stage renal disease and fatal kidney disease and 

has been recommended as an endpoint in cohorts with relatively preserved kidney function and a limited 

number of serious events over the follow-up period (50, 51).  

 

Analysis of APOB and perilipin 2 staining in diabetic nephropathy 

Renal biopsies were obtained from pathology-verified healthy non-diabetic controls and people with diabetic 

nephropathy. The stage of diabetic glomerular disease in the biopsy was assessed by a practicing renal 

pathologist (S.A.) using a published scheme (52). APOB and perilipin 2 staining were carried out as 

described below.  

 

Mouse model of kidney disease and atherosclerosis 

Male and female BTBR (black and tan, brachyury) wildtype (WT) and BTBR mice homozygous for the 

leptin-deficiency mutation (Lepob; OB) were used in this study. The study was initiated when the mice were 

4-5 weeks of age.  

14-week study: At that point, they were placed on a semi-purified high-fat diet containing 40% calories from 

fat (high in saturated fatty acids from milk fat and cocoa fat), 40 % calories from carbohydrates, and 1.25% 

added cholesterol and maintained for 5 or 14 weeks. Based on baseline glucose and weights, the mice were 

allocated into different experimental groups. The LDLR ASO (GalNAc-modified to increased hepatic 

targeting) and a scrambled ASO control were injected intraperitoneally once a week for the duration of the 

study at 5 mg/kg/week to induce human-like dyslipidemia (53). To test the role of APOC3, a subset of mice 

was injected with APOC3 ASO at 50 mg/kg/week (not GalNAc-modified) for the duration of the study. All 

ASOs were from Ionis Pharmaceuticals (Carlsbad, CA). Mice were monitored weekly for body weight, and 
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blood glucose, cholesterol, and triglycerides were measured at 0, 2, 4, 8, and 14 weeks. Urine was measured 

in modified cages for urine collection at weeks 8 and 14. 

4-week study: Mice were treated as above, except all mice were treated with the LDLR ASO and maintained 

for four weeks. Fifteen minutes before euthanasia, mice were sedated and injected with biotinylated-

Lycopersicon esculentum-derived lectin (Vector Laboratories, B-1175) to labeled endothelial cells. Kidney 

cortices were digested with collagenase 1 (Worthington, #LS004196, 2 mg/ml) in the presence of the 

Polymerase 2 inhibitor Flavopiridol (final concentration 1µM) for 2x 15 minutes. Biotin-positive cells were 

then isolated using the EasySep Biotin Positive selection kit II (Stem cell technologies), and the isolated cells 

were washed and lysed for RNA extraction. One piece of one kidney was used to determine the specificity of 

the in vivo labeling. These were processed, sectioned, and stained for the presence of biotin. Body weight, 

blood glucose, plasma cholesterol, and triglycerides can be found in Supplemental Table 5. 

LFA1 blocking study:  To address whether blocking LFA1 affects diabetic kidney disease, we carried out a 

4-week study where WT and OB BTBR mice were maintained on a high-fat diet and LDLR ASO while 

treated with a blocking antibody to LFA1 (clone M17/4) or an isotype control antibody targeting 

trinitrophenol (a protein not expressed in mice) at 0.9 mg/mouse/week. The blood glucose, plasma 

cholesterol, and triglycerides were measured at 0 and 4 weeks (Supplemental Table 6). Urine was measured 

in modified cages for urine collection at four weeks. At the end of the study, kidneys were isolated and 

processed as described below.  

12-week study on a low-fat diet: To rule out that the results were specific to the high-fat diet, we carried out 

a study where WT and OB BTBR mice were fed a semi-purified low-fat diet (10% of calories from fat; (32)) 

for 12 weeks while treated with a GalNac-modified APOC3 ASO or control ASO (10 mg/kg/week)  and the 

LDLR ASO. Body weights, blood glucose, triglycerides, and cholesterol can be found in Supplemental 

Table 7. 

Mouse model of T1DM and kidney disease The T cell-induced Ldlr–/– GpTg mouse model of T1DM-

accelerated atherosclerosis has been described previously in (32). These mice express the lymphocytic 
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choriomeningitis virus (LCMV) glycoprotein (GP) under the control of the insulin promoter. After the virus 

is injected, CD8+ T cells destroy β cells of the pancreas, inducing diabetes. At the onset of diabetes, the mice 

(all male) were switched to the same semi-purified diet as the BTBR mice and maintained for eight weeks. 

At the end of the study, kidneys were isolated and processed as described below.  

 

Analysis of plasma and FPLC fractions 

Blood glucose was measured in the saphenous vein blood by stick tests (OneTouch Ultra). As the glucometer 

does not go beyond 600 mg/dl, higher values were set to 600 mg/dl. Plasma cholesterol levels were 

determined by the Cholesterol Liquicolor (EKF Diagnostics, TX), and plasma TGs were determined by 

Triglyceride Liquiocolor. Plasma lipoprotein profiles were analyzed by size-exclusion FPLC, as described 

previously in (32). Plasma APOC3 and FPLC fractional APOC3 levels were measured using an APOC3 

ELISA from Abcam. Plasma IL-18, IL-6, TNF-a, TGF-b1, and IL-10 were measured using ELISAs from 

Invitrogen. 

 

Flow cytometry of blood leukocytes 

Mice were bled from the retro-orbital plexus under isoflurane sedation after 12 weeks of diabetes. EDTA 

was the anti-coagulant. Total leukocytes were measured using an automated cell counter for mouse blood 

samples (Hemavet; Drew Scientific, Oxford, CT). For flow cytometric analysis, erythrocytes were lysed with 

an ammonium-chloride-potassium buffer and discarded. Leukocytes were stained using a fixable viability 

dye, CD45, CD115, and GR1 (clone 30-F11, AFS98, and RB6-8C5, respectively, eBioscience, now 

ThermoFisher). Monocytes were identified as CD115-positive cells, and neutrophils were identified as 

CD115-negative GR1hi cells. All analyses were performed with live, single, CD45-positive cells. The 

monocytes were further divided into GRhi (Ly6Chi) and GR1lo (Ly6Clo) subpopulations. The cells were 

analyzed on a BD FACS RUO flow cytometer (BD Bioscience, Franklin Lakes, NJ). Flow cytometric 
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analysis was normalized to total white blood cell counts (WBC) and expressed as cells/mL of blood, 

assuming all WBCs are CD45-positive. 

 

Real-time PCR 

Gene expression in the liver and isolated renal cortex endothelial cells were quantified by real-time PCR. 

RNA isolation and the real-time PCR protocol were performed as described previously (54). RNA was 

isolated using Qiagen (Valencia, CA) RNeasy or Macherey-Nagel (Bethlehem, PA) Nucleospin RNA Plus 

kits according to the manufacturer’s protocols. Real-time PCR was performed using the SYBR Green 1 

detection method (ThermoScientific).  Cycle threshold (Ct) values were normalized to Rn18s and presented 

as fold-over control. Primer sequences are listed in Supplemental Table 9. 

 

Measurement of diabetic kidney disease 

Similar to what we have done previously (21), urine was collected during a 4-hour fast. Urinary albumin was 

measured using a mouse albumin ELISA and normalized to urinary creatinine levels (Albuwell and 

Creatinine Companion, Exocell). Urinary volumes and total 24-hour urine and albumin secretion were 

calculated and presented in Supplemental Table 4. At the end of the study, the kidneys were cut 

longitudinally, embedded, and sectioned, similar to what we have done previously (21). One piece was fixed 

and embedded in paraffin; another was fixed and embedded in optimal cutting temperature (OCT) for oil red 

o staining. Mac-2 immunostaining was performed after sodium citrate/tween antigen retrieval (rat anti-mouse 

Mac-2 antibody: CL8942AP; Cedarlane) (21, 55). Mac-2-positive glomeruli were counted in a minimum of 

10 glomerular cross-sections and expressed as the average number of cells per glomerulus. Lipid-loaded 

macrophages were identified as those mac-2-positive cells that were also perilipin 2-positive. Perilipin 2 

staining was also quantified in the tubules surrounding the glomeruli. Podocytes were identified using p57 

immunoreactivity (SC8298; Santa Cruz Biotechnology). Glomerular podocytes were counted, and their 

nuclear diameter was measured to estimate the total number of podocytes per glomerulus, as described by 
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Venkatareddy et al. (56). Periodic acid-Schiff (PAS) and silver methenamine stains were used to quantify 

mesangial expansion. Negative isotype controls (or serum controls) of the same concentrations or dilutions 

were used as controls. Examples of uncropped positive and negative control stains can be found in Figure 

S4.  

Circulating monocytes were labeled four days before euthanasia by injecting mice with Fluoresbrite 

green fluorescent (YG) plain microspheres (Polysciences Inc.) diluted 1:4 in sterile PBS. These microspheres 

were primarily taken up by Ly6Clow monocytes, and YG beads were counted per glomeruli. For all analyses, 

15-20 glomeruli were analyzed by an investigator blinded to the experimental groups. When possible, image 

analysis was standardized using thresholding within areas of interest using ImageJ.  

 

Quantifying atherosclerosis and apolipoprotein staining 

The aortic sinus was analyzed at two separate sites (90 μm apart), beginning when all three aortic valve 

leaflets appeared (57). Lesion macrophages were visualized by Mac-2 immunohistochemistry using a 

monoclonal rat anti-mouse Mac-2 antibody (CL8942AP at 1 μg/mL; Cedarlane). APOC3 

immunohistochemistry was carried out with a rabbit polyclonal anti-APOC3 antibody generated by Ionis 

Pharmaceuticals (1:1000 dilution). Immunohistochemistry for APOB and APOE was performed using a 

biotinylated goat anti-APOB antibody (R&D Systems, BAF3556; at 1:50), a rabbit monoclonal anti-APOE 

antibody (Abcam, ab183597; at 1:2000), respectively. αSMA immunohistochemistry was performed using a 

rabbit anti-αSMA antibody (Abcam, ab5694; at 1:1000). For the APOB staining, the signal was enhanced by 

using Tyramide-AlexaFluor488 after incubation with streptavidin-HRP. All analyses were carried out by an 

investigator blinded to the experimental groups. 

 

Statistical analysis 

Statistical analyses of the mouse data were performed using GraphPad Prism 9.4 (La Jolla, CA).  We used 

two-tailed unpaired Student’s t-tests to compare differences when only two groups were compared. To 
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compare more groups, we used a two-way ANOVA. If there were 2 subgroups, a Bonferroni post hoc test 

was used, whereas Tukey’s post hoc test was used for subgroups of 4, as indicated in each Figure legend. 

The overall statistical significance is listed below each graph (results of the two-way ANOVA), whereas the 

lines represent the post hoc test results. D'Agostino-Pearson omnibus normality tests were performed to 

evaluate if the data were normally distributed. Statistical outliers were identified by the ROUT (Q=1%) 

method. Statistical outliers are indicated in the Figure legends. Data not normally distributed were analyzed 

by Kruskal-Wallis tests followed by Dunn’s multiple comparison tests (multiple groups) or Mann-Whitney 

tests (two groups).  

Statistical analyses of the plasma APOC3 in the VADT study were conducted using SAS v9.4 (SAS 

Institute, Cary, NC). All non-normally distributed continuous variables were natural log-transformed. Cox 

proportional hazard regression models assessed the association between baseline APOC3 measures RFL. 

Proportional hazard assumptions were assessed by inspecting Kaplan-Meier curves for extreme quartiles of 

exposure measures and formally tested by cumulative sums of Martingale residuals with p-values of the 

Kolmogorov-type supremum test. All models were first run adjusted for glucose-lowering group assignment 

(Model 1) and then adjusted for age, sex, race/ethnicity, diabetes duration, baseline hemoglobin A1c, history 

of hypertension, systolic blood pressure, eGFR and proteinuria category (Model 2), and then Model 2 

variables and plasma triglycerides (Model 3). A p-value of <0.05 was considered statistically significant.  

 

Study approval 

All mouse experiments were performed in accordance with an approved University of Washington 

Institutional Animal Care and Use Committee protocol (protocol 3154-01). In adherence to the Declaration 

of Helsinki, all patients provided written, informed consent for the collection of personal data prior to 

inclusion in the study with approval from the University of Washington (ethics review board no. 9950). The 

institutional review board approved all protocols and consent forms at each of the 20 participating sites for 

the VADT (18). All samples were deidentified and analyzed in a blinded manner. 
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Author contributions 

JEK designed and directed the study. FK and JC performed experiments and analyzed data. SA provided the 

human kidney sections. AEM provided advice and reagents. CEA provided reagents and advice. PR designed 

and directed the VADT study. JK directed the APOC3 assay and analyzed data in the VADT. All authors 

reviewed the manuscript and provided final approval for submission. 

 

Acknowledgment 

This study was supported by NIH grants (R01 DK121756-05 to JEK), American Diabetes Association grant 

11-22-IBSPM-09 (to JEK), American Heart Association grant 15GRNT2580007 (to JK), and the University 

of Washington Nutrition Diabetes Research Center at the University of Washington (NIH grant 

P30DK017047). VADT was supported by the Veterans Affairs Cooperative Studies Program, Department of 

Veterans Affairs Office of Research and Development. The authors acknowledge the contributions of the 

Hines VA Cooperative Studies Program Coordinating Centre and The Massachusetts Veterans Epidemiology 

Research and Information Center (MAVERIC) core laboratory. The contents do not represent the views of 

the U.S. Department of Veteran Affairs or the United States Government. We want to thank Ms. Shari Wang 

for her assistance with FPLC and SAA measurements and Ms. Marcia Green for assistance with APOC3 

measurement in VADT.  

 

  

 

 



 25 

 

 

  



 26 

Reference 

1. Fox CS, Matsushita K, Woodward M, Bilo HJ, Chalmers J, Heerspink HJ, et al. Associations of 
kidney disease measures with mortality and end-stage renal disease in individuals with and without 
diabetes: a meta-analysis. Lancet. 2012;380(9854):1662-73. 

2. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR, Jafar TH, Heerspink HJ, Mann JF, et al. Chronic 
kidney disease and cardiovascular risk: epidemiology, mechanisms, and prevention. Lancet. 
2013;382(9889):339-52. 

3. Ooi EM, Chan DT, Watts GF, Chan DC, Ng TW, Dogra GK, et al. Plasma apolipoprotein C-III 
metabolism in patients with chronic kidney disease. J Lipid Res. 2011;52(4):794-800. 

4. Attman PO, Samuelsson O, and Alaupovic P. The effect of decreasing renal function on lipoprotein 
profiles. Nephrol Dial Transplant. 2011;26(8):2572-5. 

5. Gordts PL, Nock R, Son NH, Ramms B, Lew I, Gonzales JC, et al. ApoC-III inhibits clearance of 
triglyceride-rich lipoproteins through LDL family receptors. J Clin Invest. 2016;126(8):2855-66. 

6. Hsu CC, Kanter JE, Kothari V, and Bornfeldt KE. Quartet of APOCs and the Different Roles They 
Play in Diabetes. Arterioscler Thromb Vasc Biol. 2023;43(7):1124-33. 

7. Klein RL, McHenry MB, Lok KH, Hunter SJ, Le NA, Jenkins AJ, et al. Apolipoprotein C-III protein 
concentrations and gene polymorphisms in Type 1 diabetes: associations with microvascular disease 
complications in the DCCT/EDIC cohort. J Diabetes Complications. 2005;19(1):18-25. 

8. Jansson Sigfrids F, Stechemesser L, Dahlstrom EH, Forsblom CM, Harjutsalo V, Weitgasser R, et al. 
Apolipoprotein C-III predicts cardiovascular events and mortality in individuals with type 1 diabetes 
and albuminuria. J Intern Med. 2022;291(3):338-49. 

9. Kanter JE, Shao B, Kramer F, Barnhart S, Shimizu-Albergine M, Vaisar T, et al. Increased 
apolipoprotein C3 drives cardiovascular risk in type 1 diabetes. J Clin Invest. 2019;130:4165-79. 

10. Basu A, Bebu I, Jenkins AJ, Stoner JA, Zhang Y, Klein RL, et al. Serum apolipoproteins and 
apolipoprotein-defined lipoprotein subclasses: a hypothesis-generating prospective study of 
cardiovascular events in T1D. J Lipid Res. 2019;60(8):1432-9. 

11. Shimizu-Albergine M, Basu D, Kanter JE, Kramer F, Kothari V, Barnhart S, et al. CREBH 
normalizes dyslipidemia and halts atherosclerosis in diabetes by decreasing circulating remnant 
lipoproteins. J Clin Invest. 2021;131(22). 

12. Herman-Edelstein M, Scherzer P, Tobar A, Levi M, and Gafter U. Altered renal lipid metabolism and 
renal lipid accumulation in human diabetic nephropathy. J Lipid Res. 2014;55(3):561-72. 

13. Ducasa GM, Mitrofanova A, Mallela SK, Liu X, Molina J, Sloan A, et al. ATP-binding cassette A1 
deficiency causes cardiolipin-driven mitochondrial dysfunction in podocytes. J Clin Invest. 
2019;129(8):3387-400. 

14. Qin X, Dong H, Fang K, and Lu F. The effect of statins on renal outcomes in patients with diabetic 
kidney disease: A systematic review and meta-analysis. Diabetes Metab Res Rev. 2017;33(6). 

15. Group AS, Ginsberg HN, Elam MB, Lovato LC, Crouse JR, 3rd, Leiter LA, et al. Effects of 
combination lipid therapy in type 2 diabetes mellitus. N Engl J Med. 2010;362(17):1563-74. 

16. Davis TM, Ting R, Best JD, Donoghoe MW, Drury PL, Sullivan DR, et al. Effects of fenofibrate on 
renal function in patients with type 2 diabetes mellitus: the Fenofibrate Intervention and Event 
Lowering in Diabetes (FIELD) Study. Diabetologia. 2011;54(2):280-90. 

17. Jun M, Zhu B, Tonelli M, Jardine MJ, Patel A, Neal B, et al. Effects of fibrates in kidney disease: a 
systematic review and meta-analysis. J Am Coll Cardiol. 2012;60(20):2061-71. 

18. Duckworth W, Abraira C, Moritz T, Reda D, Emanuele N, Reaven PD, et al. Glucose control and 
vascular complications in veterans with type 2 diabetes. N Engl J Med. 2009;360(2):129-39. 

19. Abraira C, Duckworth W, McCarren M, Emanuele N, Arca D, Reda D, et al. Design of the 
cooperative study on glycemic control and complications in diabetes mellitus type 2: Veterans Affairs 
Diabetes Trial. J Diabetes Complications. 2003;17(6):314-22. 



 27 

20. Hudkins KL, Pichaiwong W, Wietecha T, Kowalewska J, Banas MC, Spencer MW, et al. BTBR 
Ob/Ob mutant mice model progressive diabetic nephropathy. J Am Soc Nephrol. 2010;21(9):1533-42. 

21. Bornfeldt KE, Kramer F, Batorsky A, Choi J, Hudkins KL, Tontonoz P, et al. A Novel Type 2 
Diabetes Mouse Model of Combined Diabetic Kidney Disease and Atherosclerosis. Am J Pathol. 
2018;188(2):343-52. 

22. Attie AD, Schueler KM, Keller MP, Mitok KA, Simonett SP, Hudkins KL, et al. Reversal of 
hypertriglyceridemia in diabetic BTBR ob/ob mice does not prevent nephropathy. Lab Invest. 
2021;101(7):935-41. 

23. Adiels M, Taskinen MR, Bjornson E, Andersson L, Matikainen N, Soderlund S, et al. Role of 
apolipoprotein C-III overproduction in diabetic dyslipidaemia. Diabetes Obes Metab. 
2019;21(8):1861-70. 

24. Graham MJ, Lee RG, Bell TA, 3rd, Fu W, Mullick AE, Alexander VJ, et al. Antisense 
oligonucleotide inhibition of apolipoprotein C-III reduces plasma triglycerides in rodents, nonhuman 
primates, and humans. Circ Res. 2013;112(11):1479-90. 

25. Tacke F, Alvarez D, Kaplan TJ, Jakubzick C, Spanbroek R, Llodra J, et al. Monocyte subsets 
differentially employ CCR2, CCR5, and CX3CR1 to accumulate within atherosclerotic plaques. J 
Clin Invest. 2007;117(1):185-94. 

26. Jackson WD, Weinrich TW, and Woollard KJ. Very-low and low-density lipoproteins induce neutral 
lipid accumulation and impair migration in monocyte subsets. Sci Rep. 2016;6:20038. 

27. Gerhardt T, and Ley K. Monocyte trafficking across the vessel wall. Cardiovasc Res. 
2015;107(3):321-30. 

28. Robertson RT, Levine ST, Haynes SM, Gutierrez P, Baratta JL, Tan Z, et al. Use of labeled tomato 
lectin for imaging vasculature structures. Histochem Cell Biol. 2015;143(2):225-34. 

29. Rubio-Guerra AF, Vargas-Robles H, Ayala GV, and Escalante-Acosta BA. Correlation between 
circulating adhesion molecule levels and albuminuria in type 2 diabetic normotensive patients. Med 
Sci Monit. 2007;13(8):CR349-52. 

30. Okada S, Shikata K, Matsuda M, Ogawa D, Usui H, Kido Y, et al. Intercellular adhesion molecule-1-
deficient mice are resistant against renal injury after induction of diabetes. Diabetes. 
2003;52(10):2586-93. 

31. Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, and Tesch GH. Intercellular adhesion molecule-
1 deficiency is protective against nephropathy in type 2 diabetic db/db mice. J Am Soc Nephrol. 
2005;16(6):1711-22. 

32. Renard CB, Kramer F, Johansson F, Lamharzi N, Tannock LR, von Herrath MG, et al. Diabetes and 
diabetes-associated lipid abnormalities have distinct effects on initiation and progression of 
atherosclerotic lesions. J Clin Invest. 2004;114(5):659-68. 

33. Weldegiorgis M, and Woodward M. Elevated triglycerides and reduced high-density lipoprotein 
cholesterol are independently associated with the onset of advanced chronic kidney disease: a cohort 
study of 911,360 individuals from the United Kingdom. BMC Nephrol. 2022;23(1):312. 

34. Curtiss LK, and Boisvert WA. Apolipoprotein E and atherosclerosis. Curr Opin Lipidol. 
2000;11(3):243-51. 

35. Aalto-Setala K, Fisher EA, Chen X, Chajek-Shaul T, Hayek T, Zechner R, et al. Mechanism of 
hypertriglyceridemia in human apolipoprotein (apo) CIII transgenic mice. Diminished very low 
density lipoprotein fractional catabolic rate associated with increased apo CIII and reduced apo E on 
the particles. J Clin Invest. 1992;90(5):1889-900. 

36. Wang H, Huang X, Xu P, Liu X, Zhou Z, Wang F, et al. Apolipoprotein C3 aggravates diabetic 
nephropathy in type 1 diabetes by activating the renal TLR2/NF-kappaB pathway. Metabolism. 
2021;119:154740. 

37. Abu Seman N, Anderstam B, Wan Mohamud WN, Ostenson CG, Brismar K, and Gu HF. Genetic, 
epigenetic and protein analyses of intercellular adhesion molecule 1 in Malaysian subjects with type 
2 diabetes and diabetic nephropathy. J Diabetes Complications. 2015;29(8):1234-9. 



 28 

38. Zhang X, Seman NA, Falhammar H, Brismar K, and Gu HF. Genetic and Biological Effects of 
ICAM-1 E469K Polymorphism in Diabetic Kidney Disease. J Diabetes Res. 2020;2020:8305460. 

39. Kang HM, Ahn SH, Choi P, Ko YA, Han SH, Chinga F, et al. Defective fatty acid oxidation in renal 
tubular epithelial cells has a key role in kidney fibrosis development. Nat Med. 2015;21(1):37-46. 

40. Mitrofanova A, Merscher S, and Fornoni A. Kidney lipid dysmetabolism and lipid droplet 
accumulation in chronic kidney disease. Nat Rev Nephrol. 2023;19(10):629-45. 

41. Digenio A, Dunbar RL, Alexander VJ, Hompesch M, Morrow L, Lee RG, et al. Antisense-Mediated 
Lowering of Plasma Apolipoprotein C-III by Volanesorsen Improves Dyslipidemia and Insulin 
Sensitivity in Type 2 Diabetes. Diabetes Care. 2016;39(8):1408-15. 

42. Agrawal L, Azad N, Bahn GD, Ge L, Reaven PD, Hayward RA, et al. Long-term follow-up of 
intensive glycaemic control on renal outcomes in the Veterans Affairs Diabetes Trial (VADT). 
Diabetologia. 2018;61(2):295-9. 

43. Wong MG, Perkovic V, Chalmers J, Woodward M, Li Q, Cooper ME, et al. Long-term Benefits of 
Intensive Glucose Control for Preventing End-Stage Kidney Disease: ADVANCE-ON. Diabetes 
Care. 2016;39(5):694-700. 

44. Effect of intensive therapy on the development and progression of diabetic nephropathy in the 
Diabetes Control and Complications Trial. The Diabetes Control and Complications (DCCT) 
Research Group. Kidney Int. 1995;47(6):1703-20. 

45. Zewinger S, Reiser J, Jankowski V, Alansary D, Hahm E, Triem S, et al. Apolipoprotein C3 induces 
inflammation and organ damage by alternative inflammasome activation. Nat Immunol. 
2020;21(1):30-41. 

46. Hsu CC, Shao B, Kanter JE, He Y, Vaisar T, Witztum JL, et al. Apolipoprotein C3 induces 
inflammasome activation only in its delipidated form. Nat Immunol. 2023;24(3):408-11. 

47. Yingchun H, Yahong M, Jiangping W, Xiaokui H, and Xiaohong Z. Increased inflammation, 
endoplasmic reticulum stress and oxidative stress in endothelial and macrophage cells exacerbate 
atherosclerosis in ApoCIII transgenic mice. Lipids Health Dis. 2018;17(1):220. 

48. Li H, Han Y, Qi R, Wang Y, Zhang X, Yu M, et al. Aggravated restenosis and atherogenesis in 
ApoCIII transgenic mice but lack of protection in ApoCIII knockouts: the effect of authentic 
triglyceride-rich lipoproteins with and without ApoCIII. Cardiovasc Res. 2015;107(4):579-89. 

49. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, 3rd, Feldman HI, et al. A new equation 
to estimate glomerular filtration rate. Ann Intern Med. 2009;150(9):604-12. 

50. Coresh J, Turin TC, Matsushita K, Sang Y, Ballew SH, Appel LJ, et al. Decline in estimated 
glomerular filtration rate and subsequent risk of end-stage renal disease and mortality. JAMA. 
2014;311(24):2518-31. 

51. Badve SV, Palmer SC, Hawley CM, Pascoe EM, Strippoli GF, and Johnson DW. Glomerular 
filtration rate decline as a surrogate end point in kidney disease progression trials. Nephrol Dial 
Transplant. 2016;31(9):1425-36. 

52. Tervaert TW, Mooyaart AL, Amann K, Cohen AH, Cook HT, Drachenberg CB, et al. Pathologic 
classification of diabetic nephropathy. J Am Soc Nephrol. 2010;21(4):556-63. 

53. Josefs T, Basu D, Vaisar T, Arets B, Kanter JE, Huggins LA, et al. Atherosclerosis Regression and 
Cholesterol Efflux in Hypertriglyceridemic Mice. Circ Res. 2021;128(6):690-705. 

54. Kanter JE, Kramer F, Barnhart S, Averill MM, Vivekanandan-Giri A, Vickery T, et al. Diabetes 
promotes an inflammatory macrophage phenotype and atherosclerosis through acyl-CoA synthetase 
1. Proc Natl Acad Sci U S A. 2012;109(12):E715-24. 

55. Kanter JE, Kramer F, Barnhart S, Duggan JM, Shimizu-Albergine M, Kothari V, et al. A Novel 
Strategy to Prevent Advanced Atherosclerosis and Lower Blood Glucose in a Mouse Model of 
Metabolic Syndrome. Diabetes. 2018;67(5):946-59. 

56. Venkatareddy M, Wang S, Yang Y, Patel S, Wickman L, Nishizono R, et al. Estimating podocyte 
number and density using a single histologic section. J Am Soc Nephrol. 2014;25(5):1118-29. 



 29 

57. Daugherty A, Tall AR, Daemen M, Falk E, Fisher EA, Garcia-Cardena G, et al. Recommendation on 
Design, Execution, and Reporting of Animal Atherosclerosis Studies: A Scientific Statement From 
the American Heart Association. Arterioscler Thromb Vasc Biol. 2017;37(9):e131-e57. 

 

  



 30 

Table 1: Clinical and demographic characteristics at baseline by incident renal function loss (RFL) defined 

as a 40% confirmed decline in eGFR.  

Variable  Controls (n=1,296) RFL (n=198) p-value 

Time of follow-up (y) 5.2 ± 1.5 3.6 ± 1.4 - 

Intensive group 649 (50%) 100 (51%) 0.94 

Age (y)  60.6 ± 8.5 61.8 ± 8.2 0.052 

Men 1,258 (97%) 193 (97%) 1.00 

Non-Hispanic white 796 (61%) 129 (65%) 0.35 

Black 217 (17%) 32 (16%) 0.92 

Hispanic 218 (17%) 30 (15%) 0.61 

Current tobacco use 213 (16%) 26 (13%) 0.30 

BMI (kg/m2)  31.2 ± 4.5 31.8 ± 4.5 0.074 

Diabetes duration 11.5 ± 7.5 13.4 ± 8.2 0.0005 

Hemoglobin A1c (%) 9.3 ± 1.5 9.7 ± 1.5 0.0002 

Hemoglobin A1c (mmol/mol) 78 ± 16 83 ± 17 0.0003 

Hypertension 932 (72%) 151 (77%) 0.20 

Systolic BP (mmHg)  131 ± 17 136 ± 17 0.0002 

Diastolic BP (mmHg)  76 ± 10 76 ± 10 0.65 

Lipid-lowering drugs 862 (67%) 132 (67%) 1.00 

Triglycerides (mg/dl)  176 ± 93  204 ± 103 0.0002 

Total cholesterol (mg/dl)  178 ± 37 185 ± 41 0.025 

HDL-cholesterol (mg/dl) 36 ± 10 34 ± 8 0.017 

LDL-cholesterol (mg/dl)1  107 ± 32 111 ± 36 0.16 

eGFR (ml/min.1.73m2) 83 ± 17 82 ± 16 0.59 

Microalbuminuria2 374 (32%) 90 (61%) <0.0001 

Macroalbuminuria2 79 (9%) 43 (43%) <0.0001 
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APOC3 (mg/dl) 13.0 ± 7.9 15.1 ± 9.4 0.0008 

Data are means ± SD or n (%). Statistical differences were tested by Student’s t-test for continuous variables 

and Chi-square test for categories. Continuous data were natural log-transformed to approximate normal 

distribution. 1Calculated by Friedewald equation in n=1,237 participants with triglycerides ≤ 400 mg/dl. 

2Data on baseline ACR were available in n=1,440 participants 

 

 

 

 

 

  





  

Figure 1. The association between baseline APOC3 and risk of renal function loss (RFL) in VADT. A. 

Kaplan-Meier curves for high and low strata (defined by median, i.e.,11.6 mg/dl) of baseline plasma APOC3. 

Numbers at risk are as follows (Low/High APOC3): year 1: 741/744, year 2: 695/699, year 3: 648/653, year 

4: 587/587, year 5: 467/464 and year 6: 198/241. B. Cox proportional hazard regression models for incident 

RFL in all participants and by the glucose-lowering group. Models were adjusted for glucose-lowering group 

assignment (Model 1) and then adjusted for age, sex, race/ethnicity, diabetes duration, hemoglobin A1c, 

history of hypertension, systolic blood pressure, albuminuria category, and eGFR at baseline (Model 2), and 

then for Model 2 variables and baseline triglycerides (Model 3).   
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Figure 2. APOB-containing lipids accumulate in the glomerulus in the setting of diabetic nephropathy. 

A. Representative image of APOB stained kidney sections from histopathologically healthy controls (N=11) 

and pathology-verified diabetic nephropathy (N=19). B. Quantification of glomerular APOB staining. C. 

Quantification of glomerular perilipin-2 staining. D. Schematic of the study plan (14-week study). Briefly, 

WT and leptin-deficient OB mice were treated with either a control antisense oligonucleotide (cASO) or 

LDLR ASO. Within each group, a subset was treated with either a cASO or an ASO to APOC3. Mice were 

then placed on a high-fat diet for 14 weeks. E. Plasma APOC3 levels at 14 weeks (N=5, 7, 8, 11, 8, 11, 11). 

F. Plasma TG at 14 weeks. G. Plasma cholesterol at 14 weeks. H. Blood glucose at 14 weeks (ad lib fed 

morning glucose). Data expressed as mean ±  SEM. Data was analyzed by 2-WAY ANOVA followed by 

Tukey’s multiple comparisons test. The text under the graph indicates the overall significance between cASO 

and LDLR ASO groups. N as indicated in 2D, unless otherwise noted. For data on other time points, see 

Supplementary Table 3. 
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Figure 3. APOC3 ASO suppresses glomerular TRL accumulation. Mice were treated as in Figure 2. A. 

Glomerular oil red o-staining expressed as the overall % of positive glomeruli (independent of the extent of 

staining within a positive glomerulus; N=5, 4, 9, 11, 8, 6,12, 12). B. Extent of glomerular oil red o staining in 

positive glomeruli (N=12). C. Extent of glomerular perilipin 2 staining expressed as % of glomerular area 

(N=4, 4, 11, 12, 4, 4, 13, 11). D. Representative images from control antisense oligonucleotide (cASO) or 

LDLR ASO treated mice with or without the APOC3 ASO. WT displayed minimal staining for any of the 

lipid markers. See Figure S4 for negative controls. E. Glomerular APOC3 area (N=10, 5, 9, 10, 10, 5, 6, 10). 

F. Glomerular APOB area (N=4, 2, 4, 4, 3, 3, 4, 6, 5). G. Glomerular APOE area (N=4, 4, 8, 5, 8, 6, 10, 12). 

Data expressed as mean ±  SEM. Data was analyzed by 2-WAY ANOVA followed by Tukey’s multiple 

comparisons test. The text under the graph indicates the overall significance between cASO and LDLR ASO 

groups. The scale bar indicates 100 µm. 
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Figure 4. Silencing APOC3 hampers DKD progression. Mice were treated as in Figure 2, and urine was 

collected at 8 weeks (A) and 14 weeks (B). A. Urine albumin to creatinine ratio at 8 weeks. B. Urine albumin 

to creatinine ratio at 14 weeks. For N’s, urinary albumin, and creatinine values, please see Supplemental 

Table 3. C. Glomerular size based on period acid Schiff’s (PAS) staining. D. Representative images of PAS 

staining. E. Extent of PAS-positive glomerular area. F. Glomerular Mac-2 staining (N=5, 5, 10, 12, 5, 5, 13, 

11). G. Representative glomerular Mac-2 (green) and Perilipin-2 (red) staining images from mice treated 

with the LDLR ASO. H. Enumeration of Perilipin-2 positive glomerular macrophages (indicating lipid 

loading; N=same as F). I. Monocyte recruitment based on the number of yellow-green bead-labeled 

monocytes per glomerulus. For a representative image, please see Figure S5J. J. Side scatter (SSC) in 

Ly6Clo monocytes indicates lipid loading. Data expressed as mean ±  SEM. Data was analyzed by 2-WAY 

ANOVA followed by Tukey’s multiple comparisons test. The text under the graph indicates the overall 

significance between cASO and LDLR ASO groups. N as indicated in 2D, unless otherwise noted. The scale 

bar indicates 100 µm. 
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Figure 5. Blocking ICAM1-LFA1 interaction reduces DKD. A. Schematic of the study plan (4-week 

study). Briefly, WT and leptin-deficient OB mice were treated with LDLR ASO and either a cASO or an 

ASO to APOC3. Mice were then placed on a high-fat diet for 4 weeks. B. Representative staining of lectin-

labeling of endothelial cells in the kidney. C. Icam1 mRNA in isolated kidney cortex endothelial cells. D. 

Glomerular Mac-2 staining. E. Glomerular ICAM1 staining from the 14-week study (described in Figure 2). 

F. Representative ICAM1 staining. The white arrow indicates endothelial ICAM1 staining in the glomerulus. 

G. Schematic of the study plan to test the role of ICAM1/LFA1 interaction (LFA1 study). Briefly, WT and 

leptin-deficient OB mice were treated with LDLR ASO and either a control antibody or ICAM1 blocking 

antibody while on a high-fat diet for 4 weeks. H. Glomerular size based on PAS staining. I. Urine albumin to 

creatinine ratio from urine collected at week 4 (N=4, 5, 3, 4). Data expressed as mean ±  SEM. Data was 

analyzed by 2-WAY ANOVA followed by Tukey’s multiple comparisons test. The text under the graph 

indicates the overall significance between cASO and LDLR ASO groups. N as indicated in 5A and G, unless 

otherwise noted. The scale bar indicates 100 µm. 
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Figure 6. APOC3 inhibition in the absence of improvement in glycemia still reduces DKD.  A. 

Schematic of the study plan (LDLR-/- GP+ study). Briefly, male LDLR-/- GP+ were injected with saline (non-

diabetic: ND) or Lymphocytic choriomeningitis virus to induce diabetes (D) and treated either a cASO or an 

ASO to APOC3 for 10 weeks while on the high-fat diet. B. Blood glucose at 10 weeks. C. Plasma 

triglycerides (TG) at 10 weeks. D. Plasma cholesterol at 10 weeks. E. Glomerular size. F. Glomerular 

Perlilpin 2 staining. G. Glomerular Mac-2 staining. H. Enumeration of Perilipin-2 positive glomerular 

macrophages (indicating lipid loading). I. Representative images of Mac-2 (green) and Perilipin 2 staining 

(red) J. Urinary albumin excretion. Data expressed as mean ±  SEM. Data was analyzed by 2-WAY ANOVA 

followed by Tukey’s multiple comparisons test. The text under the graph indicates the overall significance 

between cASO and LDLR ASO groups. N, as indicated in 6A. The scale bar indicates 100 µm. 
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Figure 7. Silencing APOC3 reduces atherosclerosis. A-F (N=7, 3, 5, 5 for cASO group, N as indicated in 

Figure 2D for LDLR ASO). Atherosclerosis was analyzed at the aorta, aortic sinus, and the brachiocephalic 

artery (BCA) from the 14-week study on a high-fat diet (described in Figure 2). Examples of lesions can be 

found in Figure S8. A. En face aortic lesions as assessed by Sudan IV staining. B. Maximal lesion area in 

the BCA. C. Sinus lesion at the site where all three leaflets are first apparent. D. Sinus APOC3 staining. E. 

Sinus APOE staining. F. Sinus Perilipin 2 staining. G. Sinus Mac-2 staining. H. Sinus alpha-smooth muscle 

actin (SMC). I. En face aortic lesions as assessed by Sudan IV staining from the 12-week study with the 

GalNAc-modified APOC3 and the low-fat diet (N=4, 4, 3, 5). Data expressed as mean ±  SEM. Data was 

analyzed by 2-WAY ANOVA followed by Tukey’s multiple comparisons test. The text under the graph 

indicates the overall significance between cASO and LDLR ASO groups. 
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