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Introduction
Diabetes affects more than 30 million people in the United States (https://www.diabetes.org/resources/
statistics/statistics-about-diabetes) and is a major public health problem due to morbidity and mortality 
associated with end-organ complications. One of  the most devastating complications, diabetic kidney dis-
ease (DKD), affects as many as 1 in 3 people with diabetes. DKD from type 2 diabetes is by far the most 
common cause of  end-stage renal disease (1), which is only treatable with dialysis or kidney transplanta-
tion. Blood pressure and glucose control are important interventions to slow DKD progression but neither 
is sufficient to extinguish diabetic complications (2–7), emphasizing that the pathophysiology is incom-
pletely understood and other factors are required.

Of  many DKD biomarkers that have been tested, tubular atrophy and interstitial fibrosis are among the 
most reliable predictors of  progression to end-stage renal disease (8). There are many inducible and genetic 
mouse models of  type 2 diabetes, but few exhibit both the histologic and the functional features of  DKD. 
Streptozotocin (STZ) has commonly been used to induce type 1 diabetes in rodents, but high doses of  STZ 
may inflict tubular toxicity (9). However, low-dose STZ combined with a second hit, such as high-fat diet 
(HFD), mimics type 2 diabetes and DKD while avoiding the direct nephrotoxic effects (9–11). Leprdb/db 
eNOS–/– mice also faithfully phenocopy type 2 diabetes and DKD, with decreased glomerular filtration rate 
(GFR), increased albuminuria, and histologic lesions that include glomerulosclerosis, tubular atrophy due 
to apoptosis, interstitial fibrosis, and proximal tubule cytoplasmic lipid droplets (12, 13).

The increased proximal tubule cytosolic fat content in DKD has led to the hypothesis that tubular 
atrophy and progressive kidney failure are due to lipotoxicity (13–15). Increases in both proximal tubule 
epithelial cell fatty acid synthesis and uptake have been implicated in DKD pathogenesis (16–18). Lipo-
toxicity due to enhanced proximal tubule fatty acid uptake is particularly relevant in DKD accompanied 

Kidney disease is one of the most devastating complications of diabetes, and tubular atrophy 
predicts diabetic kidney disease (DKD) progression to end-stage renal disease. We have proposed 
that fatty acids bound to albumin contribute to tubular atrophy by inducing lipotoxicity, after 
filtration across damaged glomeruli, and subsequent proximal tubule reabsorption by a fatty 
acid transport protein-2–dependent (FATP2-dependent) mechanism. To address this possibility, 
genetic (Leprdb/db eNOS–/–) and induced (high-fat diet plus low-dose streptozotocin) mouse 
models of obesity and DKD were bred with global FATP2 gene–deleted mice (Slc27a2) and then 
phenotyped. DKD-prone mice with the Slc27a2–/– genotype demonstrated normalization of 
glomerular filtration rate, reduced albuminuria, improved kidney histopathology, and longer 
life span compared with diabetic Slc27a2+/+ mice. Genetic and induced DKD-prone Slc27a2–/– 
mice also exhibited markedly reduced fasting plasma glucose, with mean values approaching 
euglycemia, despite increased obesity and decreased physical activity. Glucose lowering in DKD-
prone Slc27a2–/– mice was accompanied by β cell hyperplasia and sustained insulin secretion. 
Together, our data indicate that FATP2 regulates DKD pathogenesis by a combined lipotoxicity and 
glucotoxicity (glucolipotoxicity) mechanism.
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by albuminuria, which is associated with high risk of  progression to end-stage renal disease. In this con-
text, circulating albumin-bound fatty acids cross the injured glomerular filtration barrier, and downstream 
tubules are then exposed to the filtered fatty acids.

Fatty acid uptake is achieved through transport by a family of  evolutionarily conserved fatty acid trans-
port proteins (FATPs) (19). The most abundant FATP in kidney is FATP2 (encoded by the Slc27a2 gene), 
which is expressed predominately on the apical proximal tubule membrane (20–22). FATP2-dependent 
fatty acid uptake leads to apoptosis in proximal tubule cells in vitro (21), consistent with lipotoxicity as a 
mechanism of  tubular atrophy. FATP2 inhibition has also been shown to have a modest glucose-lowering 
effect (23), which could be relevant to DKD pathogenesis by limiting glucotoxicity (24).

To test the impact of  FATP2 on diabetes and DKD in vivo, we crossed genetic (Leprdb/db eNOS–/–) 
and induced (HFD plus low-dose STZ) mouse models of  obesity, type 2 diabetes, and DKD with global 
Slc27a2–/– mice. FATP2 deletion in both DKD models resulted in improved renal function and histopathol-
ogy as well as markedly improved glycemic control, suggesting that FATP2 regulates DKD by glucolipo-
toxicity, the combined effect of  proximal tubule lipotoxicity and glucotoxicity mechanisms.

Results
FATP2 gene deletion rescues DKD pathology. Mice were genotyped by PCR as described in Methods, and repre-
sentative gels for each allele (Lepr, eNOS, and Slc27a2) are shown in Supplemental Figure 1 A–C (supplemen-
tal material available online with this article; https://doi.org/10.1172/jci.insight.136845DS1). FATP2 is 
expressed most prominently in the kidney and liver (19), and within the kidney, in the apical proximal tubule 
membrane (Supplemental Figure 2) (21). To test the effect of  FATP2 on DKD progression, global Slc27a2–/– 
mice, which have no overt phenotype (25), were crossed with mice prone to develop DKD. Histopathology 
was compared between age-matched, congenic Slc27a2+/+ Leprdb/db eNOS+/+ (phenocopies type 2 diabetes, but 
not progressive DKD) (12), Slc27a2+/+Leprdb/db eNOS–/– (phenocopies progressive DKD) (12, 13), Slc27a2–/– 
Leprdb/db eNOS–/– (experimental group), and Slc27a2+/+ Lepr+/+ eNOS+/+ (WT) mice.

Masson’s trichrome–stained sections, which reveal more prominent interstitial fibrosis and fibro-
blasts, tubular vacuoles, and glomerulosclerosis in Slc27a2+/+ Leprdb/db eNOS–/– compared with Slc27a2–/– 
Leprdb/db eNOS–/– kidneys, are shown in Figure 1, A–I. Oil Red O–stained lipid droplets, which were 
also more evident in tubules and glomeruli from Slc27a2+/+ Leprdb/db eNOS–/– compared with Slc27a2–/– 
Leprdb/db eNOS–/– kidneys, are shown in Figure 1, J–O. Histologic data were analyzed by quantitative 
morphometry and revealed significant tubular atrophy, interstitial fibrosis, and glomerulosclerosis in 
Slc27a2+/+ Leprdb/db eNOS–/– kidneys, which was improved in kidneys from Slc27a2–/– Leprdb/db eNOS–/– 
mice (Figure 1, P and Q). Proximal tubule apoptosis is a mechanism of  tubular atrophy in mouse 
models of  diabetic and nondiabetic kidney diseases (26). Figure 1R reveals increased apoptosis in 
Slc27a2+/+ Leprdb/db eNOS–/– mouse kidneys, which was significantly decreased in Slc27a2–/– Leprdb/db 
eNOS–/– kidneys. Inflammation has been implicated in DKD pathogenesis (27). IHC screening for mac-
rophage infiltration revealed no significant difference between Slc27a2+/+Leprdb/db eNOS–/– and Slc27a2–/– 
Leprdb/db eNOS–/– kidneys (Supplemental Figure 3).

We then examined the effect of  FATP2 deletion in a nongenetic model of  type 2 diabetes and DKD, 
which was induced with HFD plus low-dose STZ. Figure 2 shows that glomerulosclerosis, tubular atrophy, 
and interstitial fibrosis were also less prominent in HFD plus STZ Slc27a2–/– kidneys. Taken together, the 
data in Figures 1 and 2 indicate that renal pathology in 2 heterogeneous models of  DKD was ameliorated 
by deletion of  the FATP2 gene.

A parsimonious explanation for the pathogenesis of  tubular atrophy and interstitial fibrosis is epitheli-
al-mesenchymal transition (EMT) (28), though fate tracing studies have cast doubt about this mechanism 
(29). To investigate whether tubular atrophy may be caused by fatty acid–induced EMT, human proximal 
tubule cells in culture were incubated with palmitate and screened for expression of  mesenchymal markers, 
α-smooth muscle actin and heat shock protein-47 (HSP47). Supplemental Figure 4 reveals no effect of  pal-
mitate on the expression of  either mesenchymal marker, suggesting that fatty acids do not cause EMT, as a 
mechanism of  tubular atrophy.

FATP2 gene deletion rescues renal function in DKD. To assess the effect of  FATP2 on kidney function, 
GFR was compared between Slc27a2+/+ Leprdb/db eNOS–/– mice and Slc27a2–/– Leprdb/db eNOS–/– mice. Figure 
3A shows slight hyperfiltration in Slc27a2+/+ Leprdb/db eNOS+/+ mice, whereas GFR in Slc27a2+/+ Leprdb/db 
eNOS–/– was significantly decreased, consistent with prior reports (12). Importantly, mean GFR was normal 

https://doi.org/10.1172/jci.insight.136845
https://insight.jci.org/articles/view/136845#sd
https://doi.org/10.1172/jci.insight.136845DS1
https://insight.jci.org/articles/view/136845#sd
https://insight.jci.org/articles/view/136845#sd
https://insight.jci.org/articles/view/136845#sd


3insight.jci.org   https://doi.org/10.1172/jci.insight.136845

R E S E A R C H  A R T I C L E

in Slc27a2–/– Leprdb/db eNOS–/– mice, and partially improved in Slc27a2+/– Leprdb/db eNOS–/– mice. There was a 
linear relationship between GFR and Slc27a2 null allele number in Leprdb/db eNOS–/– mice (R2 = 0.98), and 
the difference in slope from zero approached statistical significance (P = 0.09, Supplemental Figure 5), 
suggesting a FATP2 gene dose effect on GFR.

In WT mice fed a HFD for 6 months, baseline GFR was decreased compared with mice on a normal 
chow diet (compare Figure 3A with Figure 3B), a finding which has been previously described (10, 11). 
More importantly, GFR was significantly lower in the HFD plus low-dose STZ group and normalized in 
the HFD plus STZ-treated Slc27a2–/– mice (Figure 3B).

An alternative measure of  renal function in DKD is albuminuria, which reflects a combination of  
glomerular filtration barrier and tubular dysfunction, and is commonly employed as a biomarker for DKD 
progression. Urine albumin/creatinine ratios were increased in the genetic (Figure 4A) and induced (Fig-
ure 4B) models of  DKD. Albuminuria was significantly lower in mice with the Slc27a2–/– genotype. 
There was a modest inverse correlation between albuminuria and GFR in each model, though neither was 
statistically significant (Supplemental Figure 6). The data in Figures 3 and 4 data indicate that deletion of  
FATP2 ameliorated renal function in 2 different mouse models of  type 2 diabetes and DKD.

Compensatory expression of  FATP family members in Slc27a2–/– kidneys. There are 6 FATP family mem-
bers, and in WT kidneys, baseline expression of  FATP2 is much greater than that of  other FATP family 
members (data not shown) (19). To screen for whether renal manifestations in Slc27a2–/– mice might be 

Figure 1. FATP2 gene deletion rescues pathology in a genetic DKD model. Masson’s trichrome stain in WT (A–C), Slc27a2+/+ Leprdb/db eNOS–/– (D–F), and 
Slc27a2–/– Leprdb/db eNOS–/– (G–I) kidneys. Oil Red O staining in frozen section from WT tubulointerstitium (J) and glomerulus (K), Slc27a2+/+ Leprdb/db eNOS–/– 
(L and M), and Slc27a2–/– Leprdb/db eNOS–/– (N and O) kidneys. Original magnification, ×600. Quantitative histomorphometry to depict tubular atrophy and 
interstitial fibrosis (P) and glomerulosclerosis (Q). (R) Proximal tubule apoptosis by TUNEL assay. *P < 0.001 compared with other groups by ANOVA and 
Tukey’s multiple comparisons test. **P = 0.05 compared with Slc27a2+/+ Leprdb/db eNOS–/– group by ANOVA and Tukey’s multiple comparisons test. FATP2, 
fatty acid transport protein-2; DKD, diabetic kidney disease.
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attributable to other fatty acid transporters, we cataloged mRNA expression of  all FATPs from Slc27a2–/– 
kidneys by quantitative RT-PCR. Supplemental Figure 7 demonstrates that of  the 6 FATP family mem-
bers, the mRNA expression of  FATP1, FATP3, FATP5, and FATP6 is increased by less than 1-fold in 
Slc27a2–/– mice. These data indicate that FATP2 gene deletion, rather than compensatory FATP expres-
sion, explains the renal phenotype rescue observed in the genetic and induced DKD models.

FATP2 deletion regulates glycemic control. Because Slc27a2–/– mice are a global knockout, we next inves-
tigated the impact of  extrarenal FATP2 on DKD. Hyperglycemia and glucotoxicity are critical to DKD 
pathogenesis (24), and fatty acid metabolism is intimately linked with glycemic control. We therefore tested 
fasting glucose levels in DKD mice harboring WT and FATP2 knockout alleles. Figure 5A reveals that, 
as expected, Slc27a2+/+ Leprdb/db eNOS+/+ and Slc27a2+/+ Leprdb/db eNOS–/– mice, which were untreated with 
insulin, had elevated plasma glucose concentrations. Hyperglycemia, which often exceeded the upper limits 
of  detectability (600 mg/dL), was noted as early as 2 months of  age (Supplemental Figure 8). The mean 
plasma glucose concentration was significantly lower in Slc27a2–/– Leprdb/db eNOS–/– mice, with many values 
in the normal range. Intermediate plasma glucose values were observed in Slc27a2+/– Leprdb/db eNOS–/– mice, 
again suggesting a FATP2 gene dose effect. There was a linear relationship between plasma glucose and 
Slc27a2 null allele number in Leprdb/db eNOS–/– mice (R2 = 0.996), and the difference in slope from zero was 
statistically significant (P = 0.04, Supplemental Figure 9). Glycosuria was not detected in Slc27a2–/– Leprdb/db 
eNOS–/– mice with plasma glucose less than 200 mg/dL (data not shown), indicating that enhanced urinary 
glucose excretion is not the mechanism of  improved glycemic control.

In WT HFD plus STZ-treated mice, fasting plasma glucose was also elevated, but the magnitude was 
not as great as in Leprdb/db mice (Figure 5B). Of  note, the mean plasma glucose concentrations were signifi-
cantly lower in the HFD plus STZ Slc27a2–/– compared with the HFD plus STZ WT groups. Collectively, 
the data in Figure 5 raise the possibility that DKD pathogenesis may be due to glucolipotoxicity — the 
effect of  both FATP2-regulated glucotoxicity and proximal tubule lipotoxicity.

A modest inverse correlation was noted between plasma glucose and GFR in the genetic model of  
DKD (Supplemental Figure 10A). Conversely, a stronger and positive correlation was observed between 
glucose and GFR in the inducible DKD model (Supplemental Figure 10B).

Mice with FATP2 gene deletion remain obese and sedentary. Slc27a2+/+ Leprdb/db eNOS+/+ and Slc27a2+/+ Leprdb/db 
eNOS–/– mice were obese (Figure 6A). Despite the improved glucose control, Slc27a2–/– Leprdb/db eNOS–/– 
mice were super obese, with body weights that were routinely twice as great as WT littermates (Figure 6A). 
Slc27a2–/– Leprdb/db eNOS–/– mice also consumed more chow (Figure 6B) and were less active (Figure 6C) 
compared with other groups. These data demonstrate that exercise and weight reduction were not mecha-
nisms of  improved glycemic control in Slc27a2–/– Leprdb/db eNOS–/– mice.

FATP2 deletion does not alter hepatosteatosis. Hepatic FATP2 is robustly expressed (Figure 7) and has 
been implicated in glucose metabolism (23). Furthermore, liver dysfunction due to hepatosteatosis is asso-
ciated with insulin resistance and glucose intolerance (30). We therefore examined the effect of  FATP2 

Figure 2. FATP2 gene deletion rescues pathology in an inducible DKD model. (A–H) Masson’s trichrome stain in kidneys from WT and Slc27a2–/– mice 
fed HFD for 6 months with or without low-dose streptozotocin at 3 months, as described in Methods. Original magnification, ×200 (top), ×400 (bottom). 
Quantitative histomorphometry for tubular atrophy (I) and interstitial fibrosis (J) for each genotype. *P < 0.05 compared with other 3 groups by ANOVA 
and Tukey’s test for multiple comparisons. FATP2, fatty acid transport protein-2; DKD, diabetic kidney disease; HFD, high-fat diet.
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gene deletion on hepatosteatosis. Supplemental Figure 11A demonstrates modest steatosis scores in liv-
ers from Slc27a2+/+ Leprdb/db eNOS+/+ and Slc27a2+/+ Leprdb/db eNOS–/– mice, which were not improved in 
Slc27a2–/– Leprdb/db eNOS–/– mice. These data were corroborated by quantitative analysis of  Oil Red O stain-
ing of  triacylglycerol-containing lipid droplets (Supplemental Figure 11B). Although the cytoplasmic area 
comprised by lipid droplets was small, it was greater in liver from Slc27a2–/– Leprdb/db eNOS–/– compared 
with Slc27a2+/+ Leprdb/db eNOS–/–Slc27a2+/+ or Slc27a2+/+ Lepr+/+ eNOS+/+ mice (Supplemental Figure 11B). 
We therefore concluded that improved glycemic control in Slc27a2–/– Leprdb/db eNOS–/– mice was unlikely to 
be mediated by liver FATP2 deletion.

FATP2 deletion preserves plasma insulin levels. FATP2 expression is most abundant in kidney and liver (19), 
though expression in other glucose-sensitive tissues has not been extensively investigated. As demonstrated in 
Figure 7, A and B, FATP2 mRNA was also expressed in heart, hypothalamus, small intestine, and pancreas. 
Because FATP2 mRNA was detected in pancreas, we next examined FATP2 effects on plasma insulin levels. 
Fasting insulin concentrations were significantly higher in 5-month-old Slc27a2–/– Leprdb/db eNOS–/– compared 
with age-matched Slc27a2+/+ Leprdb/db eNOS–/– mice (Figure 8A). This difference was largely driven by a subset 
of  mice with very high insulin levels, suggesting that despite improved glycemic control, many Slc27a2–/– 
Leprdb/db eNOS–/– mice still developed insulin resistance. Indeed, Figure 8B demonstrates the interdependence 
and inverse relationship between fasting plasma glucose and insulin. In kinetic experiments, we observed 
similar but increased insulin levels in Slc27a2+/+ Leprdb/db eNOS+/+, Slc27a2+/+ Leprdb/db eNOS–/–, and Slc27a2–/– 
Leprdb/db eNOS–/– mice at 6 weeks (Figure 8C). At 3 and 6 months of  age, insulin levels decreased markedly in 
Slc27a2+/+ Leprdb/db eNOS+/+ and Slc27a2+/+ Leprdb/db eNOS–/– mice but remained sustained in Slc27a2–/– Leprdb/db 
eNOS–/– mice, which corresponded with the plasma glucose differences between these groups.

Figure 3. FATP2 gene deletion rescues GFR in DKD. (A) GFR was calculated by FITC-inulin decay, as described in 
Methods, in 5-month-old mice with indicated genotypes. *P < 0.005 compared with all groups except Slc27a2+/– 
Leprdb/db eNOS–/–. (B) GFR in 6-month-old mice with indicated genotypes on high-fat diets with or without 
low-dose streptozotocin (STZ). *P = 0.04 compared with STZ-treated, Slc27a2–/– group. All statistical analyses 
by ANOVA and Tukey’s test for multiple comparisons. FATP2, fatty acid transport protein-2; DKD, diabetic kidney 
disease; GFR, glomerular filtration rate; STZ, streptozotocin.

Figure 4. FATP2 gene deletion rescues albuminuria in DKD. (A) Urine albumin to creatinine ratios were determined by 
ELISA and colorimetric assays, respectively, as described in Methods. *P < 0.05 compared with other groups by ANOVA 
and Tukey’s test for multiple comparisons. (B) Albuminuria in 6-month-old mice with indicated genotypes on high-fat 
diets with or without low-dose streptozotocin. *P < 0.005 compared with other groups by ANOVA and Tukey’s test for 
multiple comparisons. FATP2, fatty acid transport protein-2; DKD, diabetic kidney disease.
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In WT mice fed a HFD, insulin levels were increased (Figure 8D), although this group remained eug-
lycemic (Figure 5B). Mice on a HFD treated with low-dose STZ had significantly lower insulin levels, 
consistent with coincident hyperglycemia. Importantly, Slc27a2–/– mice on a HFD with or without STZ 
maintained normal insulin levels, which was reflected by improved glycemic control. Taken together, these 
data indicate that in both the genetic and the inducible DKD models, FATP2 gene deletion prevented insu-
lin insufficiency, resulting in lower plasma glucose concentrations.

FATP2 deletion is associated with pancreatic islet hypertrophy. Pancreas histology in 6-month-old Slc27a2+/+ 
Leprdb/db eNOS–/– mice demonstrated small islet size, with relatively few β cells, prominent fibrosis, and 
hyaline cysts (Figure 9 and Supplemental Figure 12). Slc27a2–/– Leprdb/db eNOS–/– islets were significantly 
larger and comprised predominantly of  β cells. Islet area in younger (2-months-old) Slc27a2–/– Leprdb/db 
eNOS–/– mice (21,916 ± 2,187 μm2) was 50% smaller than that in 6-month-old mice, and β cells were posi-
tive for Ki-67 staining (Supplemental Figure 12, B–D, undetectable in other genotypes [data not shown]), 
indicating islet hypertrophy due to β cell hyperplasia over time.

Mice on a HFD had significantly increased islet area (Supplemental Figure 13), consistent with 
observed hyperinsulinemia. In mice with inducible DKD from HFD plus low-dose STZ, FATP2 gene dele-
tion was associated with a 46% increase in pancreatic islet area. Collectively, our data demonstrate that 
significantly lower plasma glucose concentrations in the genetic and inducible Slc27a2–/– mouse models of  
DKD are due to β cell hyperplasia and preserved insulin secretion.

Attenuated mortality in Slc27a2–/– Leprdb/db eNOS–/– mice. Leprdb/db eNOS–/– mice on a C57BLKS/J genetic 
background have a reduced life span, and generally die before 26 weeks of  age (12, 31), though mean 
survival rates as long as 9 months have been described (26, 32). Consistent with these reports, Figure 10 
shows decreased survival in Slc27a2+/+ Leprdb/db eNOS–/– compared with WT and Slc27a2+/+ Leprdb/db eNOS+/+ 

Figure 5. FATP2 deletion regulates glycemic control. (A) Fasting whole blood glucose was assayed in 5-month-old 
mice by glucometer from tail blood samples. *P < 0.001 compared with Slc27a2+/+ Leprdb/db eNOS–/– group by ANOVA 
and Tukey’s test for multiple comparisons. (B) Blood glucose in 6-month-old mice with indicated Slc27a2 genotypes on 
high-fat diets with or without low-dose STZ. P = 0.03 compared with Slc27a2+/+ plus STZ group by ANOVA and Tukey’s 
test for multiple comparisons. FATP2, fatty acid transport protein-2; STZ, streptozotocin.

Figure 6. Diabetes-prone FATP2-knockout mice are persistently obese, hyperphagic, and sedentary. (A) Mean weekly body weights in 5-month-old mice 
with indicated gender and genotypes. *P < 0.001 compared with other groups. (B) Mean daily chow consumption in 5-month-old mice. *P < 0.01 compared 
with other groups. (C) Physical activity, as determined by distance traveled over 10 minutes by videography, as described in Methods. P = 0.03 compared 
with WT. All statistical analyses by ANOVA and Tukey’s test for multiple comparisons. FATP2, fatty acid transport protein-2.
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mice. Importantly, Slc27a2–/– Leprdb/db eNOS–/– mice survived significantly longer than Slc27a2+/+ Leprdb/db 
eNOS–/– mice. Necropsy findings revealed grossly normal organs and histologic evidence for kidney and 
liver disease as well as mild cardiac fibrosis in some Slc27a2+/+ Leprdb/db eNOS–/– mice (data not shown), but 
a definitive cause of  death was not established.

Discussion
Lipids and lipid metabolites accumulate in tubules from humans and animal models of  CKD, suggesting that 
lipotoxicity contributes to CKD pathogenesis (14, 15, 24). Potential mechanisms include enhanced fatty acid 
uptake and synthesis as well as decreased utilization (16, 21, 24, 33). We tested the effect of  FATP2-mediated 
fatty acid uptake in DKD pathogenesis using genetic (Leprdb/db eNOS–/–) and acquired (HFD plus low-dose 
STZ) mouse models of  DKD with Slc27a2 deletion. We discovered that the Slc27a2–/– genotype improved 
renal function and histology, glucose control, and mortality (summarized in Supplemental Table 1).

The major finding in this report is that FATP2 gene deletion prevented DKD progression, as defined by 
histology, GFR, and albuminuria. This is significant because state-of-the-art treatments in humans merely 
slow but do not halt DKD (2–6), suggesting that therapeutic strategies directed against additional, bio-
logically diverse targets may be fruitful. Clinical evidence to support a role for renal lipotoxicity includes 
reports that treatment with the PPAR-α agonist fenofibrate, which promotes fatty acid utilization, slowed 
the rate of  eGFR decline and albuminuria in DKD cohorts (34, 35). However, fenofibrate has not been 
widely adopted due to initial decreases in eGFR.

Resistance to tubular insults is likely to be important for preservation of  kidney function, as evi-
denced by the association of  sustained tubular injury with glomerulosclerosis and GFR decline (8, 36). 
Because FATP2 is localized predominately to the apical proximal tubule membrane in kidney (21), 
we have hypothesized that amelioration of  renal function in FATP2-knockout mice would result from 
inhibited reabsorption of  aberrantly filtered albumin-bound fatty acids, thereby limiting the combined 
impact of  fatty acid uptake from the apical and basolateral surfaces. Indeed, mice prone to DKD 
with the Slc27a2–/– genotype derived significant protection against tubular atrophy and GFR reduction. 
Mouse models of  calcineurin inhibitor and bisphosphonate toxicity demonstrated increased proximal 
tubule FATP2 expression, which was associated with accumulation of  lipid droplets, interstitial fibro-
sis, and tubular epithelial cell apoptosis (37, 38). Furthermore, FATP2-knockout mice were resistant 
to bisphosphonate toxicity, similar to our data with DKD (38). Results from these animal models are 
consistent with in vitro data, which demonstrate that FATP2-dependent palmitate uptake causes apop-
tosis in multiple epithelial cell lines (21, 39). The biochemical mechanisms leading to lipoapoptosis 
are incompletely defined, but possibilities include impaired phospholipid–protein interaction, protein 
lipid modification, ceramide accumulation, endoplasmic reticulum stress, mitochondrial dysfunction, 
and reactive oxygen species generation (13, 40).

FATP2 deletion resulted in a near-complete reversal of  the DKD phenotype, suggesting that FATP2 is 
the major fatty acid transporter regulating kidney glucolipotoxicity. These data are congruent with a para-
digm whereby apical proximal tubule FATP2 serves as a scavenger receptor, to reclaim small amounts of  
filtered fatty acids under normal circumstances. In the context of  glomerular damage, FATP2 participates in 

Figure 7. Tissue screen of FATP2 mRNA expression. (A) Representative gel after 30 cycles RT-PCR. Slc27a2–/– kid-
ney was used as a negative control. (B) Quantitative RT-PCR for FATP2 in tissues with most prominent expres-
sion. Data are normalized to kidney FATP2 expression, which is defined as 1.00 on the nonlinear y axis. FATP2, 
fatty acid transport protein-2.
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DKD pathophysiology by reabsorbing large quantities of  albumin-bound, filtered fatty acids, leading to lipo-
toxicity and apoptosis. However, approximately half  of  apical fatty acid uptake is attributable to other trans-
port mechanisms (21), suggesting that other FATPs may also contribute to kidney lipotoxicity. We showed 
that multiple fatty acid transporters are expressed in the proximal tubule. Although this is consistent with 
fatty acids serving as a major substrate for ATP generation in metabolically demanding proximal tubules (41, 
42), like FATP2, some transporters may be co-opted to transmit pathobiologic signals. Among candidates 
that might be additive to FATP2-induced lipotoxicity, FATP1 and FATP5 have been implicated in glucose 
intolerance and hepatosteatosis (43, 44). The G protein–coupled fatty acid receptors GP40 (also known as 
FFA1) and GP84 (also known as FFA4) are expressed in renal tubular epithelial cell lines (45) and most 
prominently in the glomerular epithelial cell (podocyte) in vivo (21). GP40- and GP84-knockout mice were 
more susceptible and resistant, respectively, to nondiabetic models of  kidney fibrosis (45). Leprdb/db eNOS–/– 
mice treated with a combined GP40 activator and GP84 inhibitor demonstrated improved mortality, renal 
histology, GFR, and glycemic control (31, 45), similar to results we observed with FATP2 gene deletion. On 
the other hand, tubule-specific CD36-transgenic mice demonstrated no susceptibility to DKD, suggesting 
that downstream fatty acid channeling and metabolism may be transporter-specific (33).

The use of  global knockout mice, to define the role of  FATP2 in DKD, permitted the assessment of  
extrarenal FATP2 in DKD pathogenesis and potentially simulates the effect of  a systemically adminis-
tered FATP2 inhibitor. The most striking finding was markedly improved glycemic control in diabetic 
Slc27a2–/– mice, which may confer indirect benefit to the kidney through optimization of  metabolism 
(24). We observed a remarkable reduction in fasting glucose (by >360 mg/dL in Slc27a2–/– Leprdb/db 
eNOS–/– mice and >105 mg/dL in Slc27a2–/– mice on a HFD plus low-dose STZ). Because FATP2 was 
deleted in all tissues, it is not possible to definitively state whether improved GFR in Slc27a2–/– mice is 
due to improved glycemic control or absence of  proximal tubule FATP2-dependent fatty acid uptake 
and lipotoxicity. However, the lack of  significant correlation between plasma glucose and GFR in the 
genetic or inducible models of  DKD, as well as the divergent relationship between glucose and GFR in 
the 2 models (Supplemental Figure 10), suggest that glycemia is not the sole factor.

Figure 8. Plasma insulin levels are preserved in mice with FATP2 gene deletion. (A) Plasma insulin was measured 
by ELISA, as described in Methods, in DKD mice with or without FATP2 gene deletion. *P = 0.001 by unpaired t test. 
(B) Relationship between plasma glucose and corresponding insulin concentrations. R2 = 0.682, P = 0.0009 by linear 
regression and Pearson’s correlation. (C) Effect of FATP2 gene deletion on mean plasma insulin concentration over time. 
n = 4–6 samples per group per time point. Error bars were omitted for clarity. *P < 0.02 compared with other groups by 
ANOVA and Tukey’s test for multiple comparisons. (D) Insulin levels in 6-month-old WT and Slc27a2–/– mice treated with 
or without HFD with or without low-dose STZ. *P < 0.05 compared with other groups by ANOVA and Tukey’s test for 
multiple comparisons. FATP2, fatty acid transport protein-2; DKD, diabetic kidney disease; STZ, streptozotocin.
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Previous studies have shown that FATP2 shRNA administration to mice on a HFD improved mild 
hyperglycemia, as well as hepatosteatosis (23). In contrast to this report, we observed no significant effect 
of  FATP2 deletion on hepatosteatosis, perhaps reflecting the relatively modest liver disease in Slc27a2+/+ 
Leprdb/db eNOS–/– mice, differences in genetic background, and/or differences between acute shRNA knock-
down versus chronic gene deletion. On the other hand, Slc27a2–/– mice on normal chow demonstrated 
increased liver fatty acid content and lipid droplets (46), which is consistent with our data (Supplemental 
Figure 11B). Of  other possible extrarenal FATP2 effects, a recent report demonstrates that FATP2-de-
pendent arachidonic acid uptake activates a subset of  neutrophils involved in cancer pathophysiology 
(47). The relevance of  this intriguing pathway to DKD has not been studied, although inflammation and 
immune-mediated mechanisms have been implicated in DKD pathophysiology (27, 48).

The pathogenesis of  type 1 and type 2 diabetes differs, but a final common pathway is loss of  β 
cells and insulin secretion. There are no available therapies that preserve β cell function. Improved 
glycemia in Slc27a2–/– Leprdb/db eNOS–/– mice was achieved through β cell hyperplasia and islet hypertro-
phy, resulting in sustained insulin levels and obesity. Islet hypertrophy and preserved insulin secretion 
were also observed in Slc27a2–/– mice on a HFD and treated with low-dose STZ. Because both sets of  
mice were sacrificed at 6 months, we cannot conclude whether FATP2 gene deletion prevents or mere-
ly delays hyperglycemia and DKD. Current diabetes investigation is intensely focused on strategies to 
replenish β cells, including identification of  the optimum cell source (stem cells vs. existing β cells) 
(49–51) as well as factors that stimulate β cell proliferation (52). The striking islet hypertrophy and β 
cell Ki-67 staining in Slc27a2–/– Leprdb/db eNOS–/– mice support the possibility that FATP2 inhibition 
stimulates proliferation of  existing β cells and is consistent with pancreatic lipotoxicity to β cells in 
the pathophysiology of  type 2 diabetes (53). Single-cell RNA-seq studies have identified low FATP2 
transcript copy number in β cells (54), but FATP2 protein was not detected in β cells from normal or 
diabetic pancreas by IHC (S. Khan and J.R. Schelling, unpublished observations), indicating that the 
FATP2 effect on β cells may be indirect. The mechanism by which FATP2 gene deletion prevents insu-
lin insufficiency will require further investigation.

In addition to faithfully mimicking progressive DKD (12, 13), Slc27a2+/+ Leprdb/db eNOS–/– mice expe-
rience premature mortality, which is also an important hallmark of  DKD in humans (55). The normal 
mouse life span is approximately 2 years, and mean survival rates of  Slc27a2+/+ Leprdb/db eNOS–/– mice 
have ranged from 24 to 36 weeks (26, 31, 32), with 100% mortality as early as 26 weeks (31). These data 
are consistent with the 85% mortality we observed at 26 weeks. Mortality was significantly attenuated 
in Slc27a2–/– Leprdb/db eNOS–/– mice. The mechanism of  Slc27a2–/– protection remains unclear, though 
improved renal function and reduced glucotoxicity are undoubtedly factors.

Figure 9. FATP2 deletion causes pancreatic islet hypertrophy. (A–I) Mouse pancreas frozen sections were labeled for β cells with insulin antibodies 
and α cells with glucagon antibodies. (J–L) Mouse pancreas paraffin sections were stained with Masson’s trichrome reagent. (A–C and J) WT mice. 
(D–F and K) Slc27a2+/+ Leprdb/db eNOS–/– mice. (G–I and L) Slc27a2–/– Leprdb/db eNOS–/– mice. (M) islet area was measured as described in Methods. Each 
symbol represents mean area of all islets from one section per mouse. FATP2, fatty acid transport protein-2. *P <0.01 compared with other groups by 
ANOVA and Tukey’s test for multiple comparisons.
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Diabetes has become a worldwide epidemic and DKD is one of  the most serious end-organ compli-
cations. In this report, we show that global deletion of  the FATP2 gene confers a substantial kidney func-
tion benefit in heterogeneous murine models of  progressive DKD. Although improved glycemic control in 
FATP2-knockout mice was anticipated, the magnitude of  glucose reduction and the proportion of  mice 
that achieved euglycemia, despite persistent hyperphagia and obesity, was unexpected. However, because 
glycemic control alone does not cure DKD (7), we speculate that FATP2 gene deletion improved renal 
function from a combination of  direct proximal tubule and indirect metabolic effects, and establishing the 
relative contributions will require further investigation. There have been few significant DKD innovations 
over the past 40 years, but because of  the impressive effects of  FATP2 gene deletion on glycemic control 
and DKD progression, we are cautiously optimistic that FATP2 represents a promising, druggable target 
for the prevention of  diabetes and its complications (56).

Methods
Animals. BKS.Cg-Leprdb Nos3tm1Unc/RhrsJ (Leprdb/db eNOS–/–) and 129S-Slc27a2tm1Kds/J (Slc27a2–/–) 
mice were purchased from Jackson Laboratory. Slc27a2–/– mice were backcrossed for 10 generations with 
C57BLKS/J mice to create a congenic strain. Leprdb/+ eNOS+/– and Slc27a2–/– mice on C57BLKS/J genetic 
backgrounds were intercrossed to generate experimental groups. Mice were genotyped by PCR, as shown in 
Supplemental Figure 1. Age-matched male mice were slightly bigger than females (Figure 4A), but no gender 
differences were noted in any other experiments, consistent with observations by others in Leprdb/db eNOS–/– 
mice (57). Combined data from male and female mice are therefore presented for all other experiments.

Methods to induce type 2 diabetes and DKD were modified from refs. 58 and 59. Mice were fed a HFD 
(Teklad TD.06414, 60.3% fat, 21.3% carbohydrate, 18.4% protein; Harlan Laboratories) for 6 months. At 3 
months of  age, mice were administered i.p. STZ (65 μg/g daily for 3 days). Diabetes was defined by fasting 
glucose greater than 200 mg/dL.

Histology. Kidneys fixed in 4% paraformaldehyde were embedded in paraffin blocks, and 10 μm microtome 
sections were stained with Masson’s trichrome, according to the guidelines from MilliporeSigma (HT15), as 
previously described (60). To assess for tubular atrophy and interstitial fibrosis, quantitative histomorphom-
etry was conducted on images (original magnification, ×400) that were overlaid with a 16 × 22 grid within 
Adobe Photoshop, as previously described (13). Coincidence of  intersecting grid lines with tubule (nucle-
us, cytoplasm, or brush border) or Masson’s trichrome–stained interstitium was counted; glomeruli, tubule 
lumens and blood vessels were omitted from calculations. The total of  tubule cells plus fibrosed interstitium 
was defined as 100. Cytoplasmic lipid droplets were labeled with Oil Red O (0.5% in isopropanol, 5 minutes, 
room temperature), followed by hematoxylin counterstaining, as previously described (13). Stained sections 
were viewed by light microscopy (original magnification, ×400). Glomerulosclerosis was scored using ImageJ 
software (NIH). Briefly, glomeruli were identified from Masson’s trichrome–stained sections, with total glo-
merular area excluding Bowman’s space and parietal epithelial cells. Thresholds were established to identify 
only blue-stained extracellular matrix. Data are expressed as the ratio of  matrix/total glomerular area. Liver 
hepatosteatosis was scored from hematoxylin and eosin-stained sections according to methods adapted for 
mouse (61). The percentage of  liver area that comprised lipid droplets was calculated using ImageJ software 
(NIH). Apoptosis was assessed by TUNEL assays, and results were quantified, as previously described (62).

IHC. Kidney IHC methods have been previously described in detail (60). FATP2 was labeled with 
rabbit anti–FATP2 IgG (GTX115526, GeneTex; 1:50, 16 hours, 4°C). Proximal tubules were counter-
stained with goat anti–Glut5 IgG (SC-14844, Santa Cruz Biotechnology; 1:200, 16 hours, 4°C) or mouse 

Figure 10. Attenuated mortality in Slc27a2–/– Leprdb/db eNOS–/– 
mice. Kaplan-Meier survival curves. Results were derived from 
Slc27a2+/+ Lepr+/+ eNOS+/+ (n = 8), Slc27a2+/+ Leprdb/db eNOS+/+ (n 
= 11), Slc27a2+/+ Leprdb/db eNOS–/– (n = 20), and Slc27a2–/– Leprdb/db 
eNOS–/– (n = 18) mice. *P < 0.001 by χ2 and Mantel-Cox log-rank 
test compared with other groups.
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anti–γ-glutamyltransferase-1 IgG (ST1551, Calbiochem; 1:200, 16 hours, 4°C). Macrophages were 
labeled with rat F4/80 IgG (CL8940AP, Cedarlane; 1:200, 16 hours, 4oC) or rabbit anti–CSF-1 recep-
tor (TA300025, Origene; 1:50, 16 hours, 4o C) from 4% paraformaldehyde-fixed paraffin sections and 
quantified from 4 random fields per section. Secondary Alexa Fluor 488 and 568 antibodies were used 
(Invitrogen Life technologies, 1:200, room temperature, 1 hour).

Mouse pancreas was frozen at –80°C. Samples were sectioned to 5 μm by cryostat, fixed in para-
formaldehyde (4%, 10 minutes, room temperature), rinsed in PBS, and permeabilized with Triton X-100 
(MilliporeSigma; 0.2% in PBS, 10 minutes, room temperature). Sections were blocked with serum (5% in 
PBS, 1 hour, room temperature). Antibodies were AF488-conjugated rabbit anti–insulin IgG (9016, Cell 
Signaling; 1:200, 16 hours, 4°C), eFluor 570-conjugated mouse monoclonal anti–glucagon IgG (ICACLS, 
Invitrogen Thermo Fisher Scientific; 10 μg/mL, 16 hours, 4°C), and AF594-conjugated rat anti–Ki-67 
IgG (151214, BioLegend; 1:100, 16 hours, 4°C). Sections were mounted in SlowFade Diamond Antifade 
Mountant with DAPI (Invitrogen) and viewed by confocal microscopy (Leica).

Immunoblot analysis. Immunoblot methods have been previously described (63). Briefly, samples (20 μg pro-
tein per lane) were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes. Blots were 
blocked in 5% nonfat dried milk and probed with anti–α-smooth muscle actin (A2547, MilliporeSigma; 1:1000, 
16 hours, 4°C) or anti-HSP47 (SC-8352, Santa Cruz; 1:1000, overnight, 4°C) IgG and then HRP-conjugated 
IgG (1:10,000, 1 hour, room temperature). Band intensity was detected by enhanced chemiluminescence. Blots 
were exposed to stripping buffer (Thermo Scientific; 10 minutes, room temperature) and then reprobed with 
anti-GAPDH IgG (2118, Cell Signaling; 1:3,000, 1 hour, room temperature) as a loading control.

GFR measurement. FITC-labeled inulin clearance was measured in mice as previously described (64), 
with minor modifications. FITC-inulin (5% in PBS) was dialyzed against 0.9% saline overnight using a 
1.0 kDa cutoff  dialysis membrane (Spectra/Pro 6, Spectrum Labs) to remove residual FITC not bound to 
inulin. FITC-inulin (3.74 μL/g body weight) was injected into the retro-orbital vein of  mice that were anes-
thetized with isoflurane. Blood samples were collected in heparinized capillary tubes from the tail vein at 3, 
7, 10, 15, 35, 55, and 75 minutes after the FITC-inulin injection. Plasma samples were centrifuged, loaded 
into black-walled, 96-well microplates (Greiner Bio-One). Fluorescence readings were measured at 485 nm 
excitation/538 nm emission using an EnSpire 2300 Multilabel plate reader (PerkinElmer). Fluorescence 
values were fitted to a 2-phase exponential decay curve using nonlinear regression (GraphPad Prism 7), and 
GFR was calculated as previously described (65).

Albuminuria measurement. Spot urine samples were obtained from conscious mice in afternoons and 
at the time of  sacrifice. Urine albumin was assayed by ELISA according to the manufacturer instructions 
(Albuwell M, Exocell). Urine creatinine concentration was measured using a picric acid method according 
to manufacturer instructions (Creatinine Companion, Exocell).

Reverse transcriptase PCR. Total RNA was extracted from whole mouse organs using RNeasy Mini Kit 
(QIAGEN) in accordance with the protocol described by the manufacturer. RNA concentrations were deter-
mined using the NanoDrop 2000 Spectrophotometer (Thermo Scientific). Reverse transcription (RT) was 
performed using 5 μg total RNA, which was processed with the SuperScript III First-Strand Synthesis Sys-
tem for RT-PCR kit (Invitrogen) according to the manufacturer’s protocols. PCR reactions were conducted 
in 20 μl volume using EmeraldAmp Max PCR Master Mix 2X premix (Takara Bio Inc.) according to rec-
ommended protocol and PCR cycling conditions. PCR products underwent 2% agarose gel electrophoresis 
and bands were identified by ethidium bromide staining and photographed. FATP2 primer sequences were 
5′-TGTGCCAGGTCATGAGGGTCG-3′ (forward) and 5′-CTCAATGGTATCTTGTATCCTCAGGAA-3′ 
(reverse), yielding a 151 bp amplicon. GAPDH primer sequences were 5′-GTGGAAGGGCTCATGACCA-
CAG-3′ (forward) and 5′-ATACTTGGCAGGTTTCTCCAGGC-3′ (reverse), yielding a 255 bp product.

Quantitative RT-PCR was conducted as follows. Total RNA (10 ng per well) was reverse-transcribed as 
described above, and cDNA was QPCR-amplified using the Applied Biosystems TaqMan Gene Expression 
System. cDNA samples were diluted to a concentration of  10 ng/9 μL and aliquoted into 2 wells, to which 
10 μL of  TaqMan Gene Expression Master Mix and 1 μL of  either human FATP isoform or human GAP-
DH primers was added. Analysis was performed on an Applied Biosystems 7500 Real-time PCR System 
running 7500 Real Time Software v2.3.

Blood glucose assays. Blood samples (2–3 μl) were obtained by tail nick with a 25-gauge needle in unre-
strained mice maintained in a quiet environment for 5 minutes. Blood glucose was measured in mice 
between the ages of  6 weeks to 6 months using a TRUE METRIX glucometer (Trividia).
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Food consumption. Food intake was determined in 3- to 4-month-old mice by weighing chow daily for 1 
week, and recording daily differences as chow consumption in g/d.

Physical activity tracking. A solitary mouse in one cage was removed from the animal care facility. A 5 
mm adhesive cursor was placed on the posterior neck, and the mouse remained undisturbed for 10 minutes. 
Mouse activity was then recorded with a Logitech C270 webcam attached to an HP ProBook 4540s laptop 
computer, and the cursor distance traveled was analyzed by Tracker 5.1.1 (Douglas Brown, Open Source 
Physics, https://www.compadre.org/osp) software. Recordings were made for three 10-minute intervals, 
and data are expressed as the mean from the triplicate recordings.

Plasma insulin assays. Plasma insulin was measured as previously described (66) using a mouse insulin 
ELISA kit according to manufacturer instructions (Crystal Chem).

Statistics. Graphical data are presented as mean ± SEM. Data from multiple groups were statistically 
analyzed by 1-way ANOVA and Tukey’s test for multiple testing of  nonparametric data (GraphPad Prism 7). 
Data from 2 groups were analyzed by unpaired 2-tailed t test (GraphPad Prism 7). The relationship between 
phenotypes and Slc27a2 null allele number was determined by linear regression using GraphPad Prism 7. 
Statistical significance for all analyses is defined as a P value of  less than 0.05. For statistical analyses of  
plasma glucose, readings exceeding the maximum threshold of  the glucometer (600 mg/dL) were arbitrarily 
assigned a value of  700 mg/dL but graphed as greater than 600 mg/dL.

Study approval. All protocols and procedures were approved by the Institutional Animal Care and Use 
Committee of  Case Western Reserve University and conducted in accordance with the Guide for the Care 
and Use of  Laboratory Animals (National Academies Press, 2011).
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