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Introduction
Diabetic nephropathy (DN) is the most common cause of
end-stage renal disease (de Boer et al., 2011) and the single
strongest predictor of mortality from cardiovascular disease in
patients with type 2 diabetes (T2D) (Stratton et al., 2000;
Valmadrid et al., 2000). Clinically, DN is characterized by the
onset of glomerular lesions, progressive loss of glomerular
filtration rate, albuminuria, and hypertension (Tervaert et al.,
2010). Intervention trials have demonstrated that intensive
glycemic and hypertension control for DN has limited therapeutic effectiveness (Parving et al., 2012; Fried et al., 2013;
Gentile et al., 2014; Hajhosseiny et al., 2014). Thus, given the
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mice, including reductions in tubule lipid droplets, podocyte
(POD) effacement, endothelial cell collapse, mesangial expansion, and glomerular basement membrane thickening. Mesangial and tubule interstitial expression of the myofibroblast
markers a-smooth muscle actin (a-SMA) and type IV collagen
(Col-IV) was lower in HFD 1 AC261–treated mice compared with
HFD alone. Ultrastructural and immunohistochemistry analyses
showed that, compared with HFD-fed mice, HFD 1 AC261–treated
mice showed preservation of POD foot process and slit-diaphragm
morphology, an increase in the levels of slit-diagram protein
podocin, and the transcription factor Wilms tumor-suppressor
gene 1 in PODs. Given the need for novel DN therapies, our
results warrant further studies of the therapeutic properties of
AC261 in DN.

limitations of current DN therapies, there is an urgent need to
identify molecules that can therapeutically modulate relevant
kidney cell types and pathways central to the pathogenesis of
DN (Gentile et al., 2014).
Vitamin A (VA, retinol) is an essential micronutrient that,
acting primarily through its biologically active metabolite alltrans-retinoic acid (RA) and RA receptors (RAR a, b, and g),
regulates the expression of genes that are vital to reproduction, organogenesis, and adult human health (Chambon, 1996;
Gudas, 2012). Normal kidney development is highly dependent
on RA signaling (Gilbert, 2002), as the severe renal malformations and reduced numbers of nephrons that occur in
VA-deficient newborn mice can be reversed with exogenous
RA (Lelièvre-Pégorier et al., 1998). In developing kidney
rudiments, RA is synthesized locally (Rosselot et al., 2010;
Gudas, 2012) and, acting through RARa and RARb2, modulates the expression of the receptor tyrosine kinase and c-ret
(Ret) (Batourina et al., 2001, 2002; Rosselot et al., 2010), which
directs nephron differentiation and branching of the ureteric

ABBREVIATIONS: a-SMA, a-smooth muscle actin; AC261, AC261066, a retinoic acid receptor b2 selective agonist; ACR, albumin-to-creatinine
ratio; Aldh1a2, aldehyde dehydrogenase, member 1a2; BW, body weight; CKD, chronic kidney disease; Crbp1, cellular retinol binding protein 1;
Cyp26a1, cytochrome P450, member 2a1; DMSO, dimethylsulfoxide; DN, diabetic nephropathy; EC, endothelial cell; GBM, glomerular basement
membrane; GFB, glomerular filtration barrier; HFD, high-fat diet; HPLC, high-performance liquid chromatogtaphy; IHC, immunohistochemistry; LD,
lipid droplet; PAS, periodic acid-Schiff; POD, podocyte; qPCR, quantitative polymerase chain reaction; RA, retinoic acid; RAR, retinoic acid
receptor; RBP4, retinol binding protein-4; RC, renal cancer; ROL, retinol; STRA6, stimulated by retinoic acid 6; T2D, type 2 diabetes; TEC, tubule
epithelial cell; TEM, transmission electron microscopy; VA, vitamin A; WT, wild-type; WT1, Wilms tumor-suppressor gene 1.
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ABSTRACT
Vitamin A (VA) and its derivatives, known as retinoids, play critical
roles in renal development through retinoic acid receptor b2
(RARb2). Disruptions in VA signaling pathways are associated
with the onset of diabetic nephropathy (DN). Despite the known
role of RARb2 in renal development, the effects of selective
agonists for RARb2 in a high-fat diet (HFD) model of DN are
unknown. Here we examined whether AC261066 (AC261), a
highly selective agonist for RARb2, exhibited therapeutic effects
in a HFD model of DN in C57BL/6 mice. Twelve weeks of AC261
administration to HFD-fed mice was well tolerated with no
observable side effects. Compared with HFD-fed mice, HFD 1
AC261–treated mice had improved glycemic control and reductions in proteinuria and urine albumin-to-creatinine ratio. Several
cellular hallmarks of DN were mitigated in HFD 1 AC261–treated
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Materials and Methods
HFD Model of DN and Drug Treatments. All animal experiments were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by the U.S.
National Institutes of Health and the Institutional Animal Care and
Use Committee guidelines at Weill Cornell Medical College. A HFDfed C57BL/6 mouse model of DN was used for this study, as this model
results in obesity, insulin resistance, and renal injury; the renal injury
exhibits several features of human DN, including microalbuminuria,
podocytopenia, glomerular hypertrophy, basement membrane thickening, mesangial expansion, and renal lipid accumulation (Brosius
et al., 2009; Deji et al., 2009).
Wild-type (WT), 10-week-old, male C57BL/6 mice fed a standard
laboratory chow (13% kcal fat, no. 5053; Pico Diet, St. Louis, MO) were
randomized to either remain on a laboratory chow (control, n 5 4) or a
high-fat, DN diet (HFD, n 5 8) (45% kcal fat, no. 58125; Test Diets, St.
Louis, MO) for 16 weeks. Four weeks after beginning HFD treatment,
HFD groups were further randomized to: 1) remain on the HFD diet,
plus drinking water containing 0.2% DMSO (HFD, n 5 4) or 2) the
HFD diet, plus drinking water containing 3.0 mg/100 ml of AC261066
(AC261) [in 0.2% DMSO (HFD 1 AC261, n 5 4)], a highly selective,
orally bioavailable RARb2 agonist (Lund et al., 2005) for 12 weeks.
At the end of the study, mice from all groups were subjected to
intraperitoneal glucose tolerance testing as previously described
(Trasino et al., 2016b) and spot urine analysis (Kurien and Scofield,
1999); then mice were sacrificed for tissue harvesting and analysis.
Renal Histology Analysis from BKS-db/db Mice. Renal tissue
samples from 16-week-old male C57Bl/6 BKS-db/db mice Cg-Dock7m1/1
Leprdb/J (BKS-db, stock no. 000642) mice (Jackson Laboratories, Bar
Harbor, ME) were evaluated to determine the effects of AC261 on renal
histologic markers of DN. BKS-db/db mice spontaneously develop severe
insulin resistance by 4 to 5 weeks of age (Hummel et al., 1966) and are
frequently used as a DN model because they develop a numerous renal
histologic features of DN, including glomerulosclerosis, podocytepenia,
and mesangial expansion (Sharma et al., 2003). Fourteen-week-old male
BKS-db/db mice were maintained on standard laboratory chow (Con)
with 13% kcal fat (no. 5053; Pico Diet) and randomized to receive 1)
drinking water containing 0.2% DMSO or 2) drinking water containing
3.0 mg/100 ml of AC261 (in 0.2% DMSO) for 14 days.
Morning Spot Urine Analysis. For determination of albuminuria, morning urine samples were obtained as previously described
(Kurien and Scofield, 1999) on a single urine collection from two
experimental cohorts of control mice (n 5 5), HFD-fed mice (n 5 5), and
HFD-fed mice treated with AC261 (n 5 3) as described above. Urine
samples were centrifuged at 10,000g for 3 minutes at 4°C to remove
cellular debris and stored at 270°C until analysis. Urine samples were
analyzed for albumin and creatinine using mouse albumin enzymelinked immunosorbent assay (Molecular Innovations, Novi, MI) and
mouse creatinine enzyme-linked immunosorbent assay kits (BioAssay
Systems, Hayward, CA) respectively, according to the manufacturer’s
instructions. To ensure that differences in urine volumes would not
affect the albuminuria analyses, we compared creatinine normalization of urine albumin levels with urine-specific gravity (osmolality,
mOsm) and normalized urine albumin levels and had similar findings.
Immunohistochemistry. Renal tissue samples were fixed and
processed for immunohistochemistry (IHC) as previously described
(Trasino et al., 2016b). Deparaffinized kidney tissue sections were
incubated with the following antibodies overnight at 4°C: podocin
(goat anti-mouse, IgG 1:200, sc-22298; Santa Cruz, Dallas, TX), WT1
(rabbit anti-mouse, IgG 1:100, sc-192; Santa Cruz), smooth muscle
actin-a (a-SMA) (mouse anti-mouse, monoclonal IgG1, 1:500, clone
1A4; Dako, Santa Clara, CA), and collagen IV (rabbit anti-mouse, IgG
1:200, NB120-6586; Novus Biologicals, Littleton, CO). After incubation with secondary antibodies (Super Picture polymer detection kit;
Invitrogen Corp., Carlsbad, CA), signals were visualized based on a
peroxidase detection mechanism with a 3,3-diaminobenzidine (DAB)
substrate.
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bud (Batourina et al., 2001). Through a highly conserved
retinoic acid responsive element, RA-RARb2 also regulates
expression of Wilms tumor-suppressor gene 1 (WT1) (Bollig
et al., 2009), a master transcriptional regulator of glomerular
cell development (Kreidberg et al., 1993; Palmer et al., 2001).
Mice that lack RARb2 or RARa exhibit severe renal malformations and reduced kidney mass and nephron numbers
(Mendelsohn et al., 1999).
In the adult kidney, cells in the glomerulus and tubule
epithelial cells are responsible for VA-retinol binding protein-4
(RBP4) recycling (Blomhoff et al., 1990; Raila et al., 2005);
as such, perturbations in VA-RBP4 homeostasis have been
observed in DN (Smith and Goodman, 1971; Raila et al.,
2007; Frey et al., 2008). Despite the well established role of
the kidney in maintenance of whole body VA homeostasis
(Blomhoff et al., 1990; Raila et al., 2005), the molecular
actions of VA, RA, and the RARs on renal parenchymal cell
functions are still emerging. However, a convincing body
of data demonstrates that VA, acting through RA, shows
protective properties in several renal diseases (Lazzeri
et al., 2014; Mallipattu and He, 2015), such as experimental glomerulonephritis (Wagner et al., 2000; Schaier et al.,
2001; Lehrke et al., 2002; Perez et al., 2004; Chiba et al.,
2016), HIV-associated nephropathy (Lu et al., 2008;
Ratnam et al., 2011), and DN (Han et al., 2004; Kim
et al., 2015).
Perturbations in renal VA metabolism and RA signaling
appear to be involved in the onset of DN, as reductions in renal
VA metabolism and RA signaling occur in mouse and human
T2D-DN (Raila et al., 2007; Frey et al., 2008; Starkey et al.,
2010; Trasino et al., 2015; Jing et al., 2016), and albuminuria
promotes progression of renal injury by inhibiting RA-mediated
differentiation of podocyte progenitors (Peired et al., 2013). It
is well established that RA favorably modulates the functions
of several cell types vital to the glomerular filtration barrier
(Anderson et al., 1998; Vaughan et al., 2005; Su et al., 2012;
Zhang et al., 2012), and as such, pharmacological approaches
that increase podocyte responsiveness to RA signaling mitigate progression of experimental renal injury (Sagrinati et al.,
2006; Lasagni et al., 2015). Given the aberrant renal metabolism of VA and RA in T2D and DN (Trasino et al., 2015), a
novel approach for development of retinoid-mediated DN
therapies is the use of synthetic agonists for RARs, as they
are not as likely to be affected by altered VA metabolism that
occurs in T2D-DN (Starkey et al., 2010; Trasino et al., 2015;
Jing et al., 2016). RARb is expressed predominantly in
glomerular cells in the adult kidney (Manzano et al., 2000;
Zhong et al., 2011; Uhlén et al., 2015), and RARb2 is the most
relevant RARb isotype in renal development (Batourina
et al., 2001). Thus, we tested the anti-DN properties of an
orally available agonist selective for RARb2 (AC261066)
(Lund et al., 2005, 2009), which we previously demonstrated
possesses antidiabetic properties in murine models of obesity
and T2D (Trasino et al., 2016a,b). To date, studies of the
renal protective properties of RA- or RAR-specific agonists
have not used high-fat dietary (HFD) models of DN (Wei
et al., 2004; Brosius et al., 2009; Deji et al., 2009); therefore,
in light of our previous work demonstrating the anti-T2D
properties of AC261066 in HFD-models of T2D (Trasino
et al., 2016a,b), in the current study we examined whether
AC261066 possesses renal protective properties in a HFD
model of DN.
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drinking water containing 3.0 mg/100 ml of AC261066 (AC261) (in
0.2% dimethylsulfoxide, DMSO) (HFD 1 AC261, n 5 4) for 5 weeks.
Total RNA (1 mg) was used to synthesize cDNA using the Revert Aid
First Strand cDNA Synthesis Kit (Thermo Scientific, Inc.). We performed
quantitative RT-PCR (q-PCR) as previously described (Trasino et al.,
2016b) using SYBR Green PCR master mix on an Agilent Mx3000P realtime PCR system (Agilent Technology, Inc., Waltham, MA). We used
gene-specific primers (Supplemental Table 1) to amplify mRNAs that
were then normalized to the internal control gene, hypoxanthine
phosphoribosyltransferase (Hprt). cDNA from four mice (n 5 4) per
experimental group was analyzed for relative mRNA fold changes. We
calculated relative gene expression fold changes using the D, D Ct
method (Livak and Schmittgen, 2001).
High-Performance Liquid Chromatography of Renal and
Serum Vitamin A (Retinol). Retinol (ROL) was extracted from
renal and serum samples using acetonitrile:butanol (50:50, v/v), 0.1%
butylated hydroxytoluene, and saturated K2HPO4 and analyzed by
high-performance liquid chromatography (HPLC) as previously described (Trasino et al., 2015). ROL was identified in tissue samples
based an exact match of the retention times of peaks of pure ROL
standards and its UV absorption spectrum. The concentration of the
ROL standard was used to calculate ROL concentrations normalized
to milligrams of wet renal tissue weight or volume for serum.
Statistics. All data means were tested and passed normality
testing using Shapiro-Wilk normality test (GraphPad Software, Inc.,
San Didego, CA). Group means for data in Fig. 1, E and F (spot urine
analysis and ACR, IHC for a-SMA and collagen IV) were computed
using analysis of variance and Bonferroni’s multiple comparison test,
with group means treated as independent variables owing to having
fewer than n 5 4 per experimental group. Means testing from all other
figures were analyzed using repeated measures analysis of variance
and Bonferroni’s multiple comparison test. Group means for all figures
are reported as mean 6 S.D. The number of mice used for each
analysis is indicated in the relevant methods sections and figure
legends. Significant differences were defined as P values with an
a , 0.05, and all use of the term significant throughout this article
refers to means differences with a P , 0.05. All statistical analyses
were performed using GraphPad Prism 7.0 statistical software
(GraphPad Software, Inc.).

Results
Treatment with an RARb2 Agonist Improves Renal
Injury and Urine Albumin Excretion in HFD-Fed
Mice. Sixteen weeks of HFD feeding led to a 50% increase
in body weights (BW) (Fig. 1A) and resulted in impaired
glucose tolerance compared with chow-fed (control) mice (Fig.
1, B–D). Treatment with AC261 had no effect on BW (Fig. 1A)
but, as previously reported, partially restored euglycemia in
the HFD 1 AC261 mice (Fig. 1, B–D) (Trasino et al., 2016b).
Sixteen weeks of HFD feeding resulted in an increase of
∼522% in urine albumin excretion and ∼187% increase in
urine albumin-to-creatinine ratio (ACR) (Fig. 1, E and F). HFD 1
AC261-treated mice showed 50% and ∼40% lower levels
of urine albumin and ACR, respectively, compared with HFD
alone (Fig. 1, E and F). As previously reported, AC261
treatment did not affect water or food intake (not shown)
(Trasino et al., 2016b).
RARb2 Agonist Treatment Results in Less Tubule
Vacuolization and Glomerular Hypertrophy. The patterns of renal lipid accumulation in the HFD-fed cohort
(Fig. 2A, b, yellow arrows) agree with those observed in human
DN (Bobulescu et al., 2014; Herman-Edelstein et al., 2014)
and murine diet-induced models of T2D (Bobulescu, 2010),
with the appearance of tubule epithelial cell (TEC) vacuolization,
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Quantitation of DAB IHC. For quantitation of IHC of renal
podocin, WT1, a-SMA, and collagen IV, analysis was performed using
four to five DAB-positive fields per slide, with three to four slides per
mouse (7 mm between each slide sections), and three to four mice per
group, for a total of 40 to 50 DAB-positive fields per experimental
group. DAB-positive slide fields were photographed using a Nikon
TE2000-inverted light microscope and digital images were analyzed
for DAB densitometry by color deconvolution using Fiji, ImageJ software
as described (Schindelin et al., 2012).
Glomerular Area Studies. We stained paraffin-embedded kidney sections with H&E and periodic acid-Schiff (PAS) using standard
histology protocols for histopathology evaluation (Tervaert et al.,
2010). We performed glomerular area studies as described (Krendel
et al., 2009). Digital images of H&E-, PAS-stained kidney sections
were analyzed for mean glomerular area and PAS densitometry using
Fiji ImageJ software (Schindelin et al., 2012), 50–60 glomeruli per
animal (with four animals per experimental group), were used to
determine mean glomerular area in the HFD-DN and BKS-db/db DN
mouse cohorts.
Renal Histopathology. Renal sections were separately analyzed
by a pathologist and nephrologist in a blinded manner and classified
according to DN histopathologic classification (Tervaert et al., 2010).
For each kidney sample, 40–50 H&E- and PAS-stained cross-sections
of glomeruli were analyzed and scored using the following scoring
system: 0, normal glomerulus; 11, mesangial matrix expansion
of the glomerulus; 12, severe mesangial matrix expansion; 13, severe
mesangial matrix expansion and/or segmental glomerulosclerosis;
and 14, global glomerulosclerosis (.50% of the glomerulus). The
mean glomerular score for each mouse was averaged for each
treatment group. Interstitial damage was assessed with respect to
interstitial fibrosis as described (Sastre et al., 2013).
Transmission Electron Microscopy Analysis of Glomerular
Ultramorphologic Lesions. We processed fresh kidney samples for
transmission electron microscopy (TEM) as described (Szeto et al.,
2017). Freshly isolated renal tissue was fixed in 4% paraformaldehyde, followed by postfixation in 1% osmium tetroxide, dehydration
in graded alcohols, and embedding in Epon. Ultrathin sections
(200–400 Å) were cut on nickel grids, stained with uranyl acetate and
lead citrate, and examined in the Weill Cornell Microscopy Core using
a digital transmission electron microscope (JEM-1400; JEOL, Ltd.,
Akishima, Japan).
We evaluated renal TEM sections for the following ultramorphologic changes: 1) diffuse glomerular basement membrane (GBM)
thickening, 2) mesangial expansion, 3) podocytopenia, 4) diffuse foot
process effacement, 5) electron‐dense areas of hyalinosis in sclerotic
nodules, 6) cellular lipid droplets (LDs), and 7) diabetic fibrillosis. We
performed quantitative analysis of GBM thickening using the orthogonal intercept method of Jensen (Jensen et al., 1979). Briefly, 10 digital
images were captured per animal (five capillary loops per glomerulus,
five glomeruli per animal). A grid mask with intercepts was applied
to each image, and GBM thickness was measured in pixels at each
intercept from the basal endothelial to the basal podocyte plasma
membranes and converted to nanometers using the image processing
software iTEM (Olympus-SiS, Münster, Germany). Quantitative
analysis of mesangial expansion (volume density of mesangium and
mesangial matrix) was conducted as described in Guo et al. (2005),
podocyte number as in Weibel and Gomez (1962), and diffuse foot
process effacement according to Deegens et al. (2008). We evaluated
and quantitated ultramorphologic changes to renal TEM sections in a
blinded manner as described (Weibel and Gomez, 1962; Jensen et al.,
1979; Guo et al., 2005; Deegens et al., 2008).
RNA Isolation and Quantitative RT-PCR. We extracted total
RNA from renal cortex tissue preserved in RNA later (Thermo
Scientific, Inc.) using the TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA.) from 6- to 8-week-old WT male C57BL/6 mice fed
either a standard laboratory chow (control, 13% kcal fat, no. 5053; Pico
Diet, n 5 4); a HFD, 45% kcal fat, no. 58125; Test Diets, n 5 4) for
∼14 weeks; or a HFD diet for 9 weeks, followed by a HFD but with
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a marker of cytosolic LDs and impaired TEC lipid metabolism
(Tervaert et al., 2010; Kang et al., 2015). We detected a 2.5- to
3.0-degree higher TEC vacuolization in HFD-fed mice compared with controls (Fig. 2A, b vs. a, yellow arrows; Fig. 2B,
**P , 0.01) and a significant reduction in tubule vacuolization
in HFD 1 AC261–treated mice compared with HFD-fed mice
(Fig. 2A, c vs. b, yellow arrows; Fig. 2B, *P , 0.05). Consistent
with the renal pathology in early human DN (Alsaad and
Herzenberg, 2007), PAS- and H&E-stained renal sections of
HFD-fed mice compared with controls showed mild, diffuse
expansion of glomerular mesangial matrix (Fig. 2C, PAS,
b vs. a; Fig. 2D ∼2.0-fold, ***P , 0.001) extending into
capillary loop membranes (Fig. 2C, PAS, b vs. a, yellow arrows).
HFD-fed mice had marked glomerular hypertrophy (Fig. 2C,
H&E, d vs. e) and a significantly increased mean glomerular
area compared with controls (Fig. 2E, ***P , 0.001).
Compared with HFD-fed mice, HFD 1 AC261–treated mice
showed less accumulation of PAS-positive material in the
mesangium (Fig. 2C; PAS, c vs. b; Fig. 2D, **P , 0.01) and in
capillary loop membranes (Fig. 2C, PAS, c vs. b, yellow
arrows); consistent with this, there was less glomerular
hypertrophy and a lower mean glomerular area (Fig. 2C,
H&E, f vs. e; Fig. 2E, *P , 0.05).

Lower Expression of a-Smooth Muscle Actin and
Collagen IV with the RARb2 Agonist Treatment.
Mesangial cells secrete extracellular matrix proteins, including type IV collagen, laminins, fibronectin, and various proteoglycans, which provide the functional and structural integrity of
the glomerular tuft, including its capillary network (Couchman
et al., 1994). In DN and chronic kidney disease, in response to
injury glomerular and interstitial mesangial cells dedifferentiate to “mesangiocytes” and synthesize a-SMA and other
contractile proteins that contribute to glomerulosclerosis
and DN progression (Cook, 2010). Our previous studies have
demonstrated that AC261 treatments can reduce liver myofibroblast activation and expression of a-SMA in a murine HFD
model of nonalcoholic fatty liver disease (Trasino et al.,
2016a). Therefore, we determined the effects of AC261 on
renal a-SMA protein expression by IHC.
In kidneys from control mice, TEC interstitial and glomerular a-SMA protein staining was very weak (Fig. 3A, a, red
arrow, inset), but, as expected, staining was prominent
around arterioles (Fig. 3A, a, black arrow, inset). In contrast,
in HFD-fed mice, compared with controls, we detected
a-SMA protein within glomeruli (Fig. 3A ,b vs. a; Fig. 3B,
***P , 0.001) and in the tubule interstitium (Fig. 3A, b vs. a,
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Fig. 1. Effects of AC261066 (AC261), a RARb2 agonist, on glucose tolerance and urine albumin excretion in a HFD model of diabetic nephropathy. (A)
Body weights of C57BL/6 WT male mice after 16 weeks of being fed either a standard control chow (13% kcal fat) diet (Con, n = 4), a HFD (45% kcal fat) (n
= 4), or a HFD with the RARb2 agonist AC261066 (HFD + AC261, n = 4) in their drinking water from week 5 to week 16. (B) Fasting glucose levels in mice
from (A). (C) Glucose tolerance tests (GTT) and (D) area under the curve (AUC) glucose in mice from (A). (E) Spot morning urine albumin concentration
(mg/ml) and (F) spot morning (ACR) in mice as described in Materials and Methods, with control mice (n = 5); (HFD, n = 5) and (HFD + AC261, n = 3).
Error bars represent 6 S.D. of the mean with *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
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red arrows, inset). Compared with HFD-fed mice, the interstitial a-SMA protein level in HFD 1 AC261 mice was
lower (Fig. 3A, c vs. b, red arrows, inset), and intraglomerular a-SMA protein was also lower (Fig. 3A, c vs. b; Fig. 3B,
***P , 0.001). Despite the increased expression of a-SMA
in HFD-fed mice (Fig. 3A, b) and consistent with murine
models DN (Brosius et al., 2009), our HFD experiments did
not result in glomerular or tubulointerstitial fibrosis (not
shown).
We also measured the levels of collagen IV protein, a major
contributor to glomerular expansion in DN and renal disease
(Couchman et al., 1994), and found, consistent with the
mesangial expansion (Fig. 2D) and the increased glomerular
and interstitial a-SMA (Fig. 3A, b), that HFD-fed mice
exhibited a 0.5-fold increase in renal collagen IV (Fig. 3C,
****P , 0.0001) compared with control mice, in both
glomerular (Fig. 3D, b vs. a, black arrows) and interstitial
(Fig. 3D, b vs. a, red arrows) regions. In contrast, collagen IV
protein levels in HFD 1 AC261–treated mice were lower
than those in HFD-fed mice (Fig. 3D, c vs. b; Fig. 3C,
****P , 0.0001).

RARb2 Agonist–Treated Mice Exhibit Less Glomerular Basement Membrane Thickening. Thickening of
glomerular basement membrane (GBM) is associated with
easy stages of DN and strongly correlates with impaired renal
function and albuminuria.
Using transmission electron microscopy (TEM), we next
measured the mean GBM thickness in all groups, and we
found an approximate 51% increase in GBM thickness in
HFD versus control mice (Fig. 4D; TEM, b vs. a, black cross;
Fig. 4E). By PAS stain, capillary loops in HFD 1 AC261 mice
were visually well defined, with less diffuse mesangial expansion into the GBM compared with HFD-fed mice (Fig. 2C, c vs. b,
yellow arrows). GBM thickening in HFD 1 AC261 mice was
not as pronounced as in HFD-fed mice and was visually more
consistent with what we observed in controls (Fig. 2C, PAS,
c vs. b and a, yellow arrows). By TEM ultrastructural analyses,
we determined that AC261 treatment of HFD-fed mice
resulted in approximately 22% less GBM thickening compared with non-drug-treated HFD mice (Fig. 4D, TEM, c vs. b,
black cross; Fig. 4E). Taken together, these data show that
the histologic changes in TEC vacuolization and glomerular
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Fig. 2. RARb2 agonist results in less
tubule lipid droplet (LD), mesangial expansion, and glomerular hypertrophy. (A) (a–c)
Representative images of H&E-stained
renal tissue analyzed by light microscopy
showing glomeruli and tubule LD vacuolization [b and c, yellow arrows], in mice
described in Fig. 1A and analyzed with
control mice (n = 4); (HFD, n = 4); and
(HFD + AC261, n = 4). Original magnification, 100; scale bar, 50 mm. (B) Tubule
vacuolization histology score of all mice
from (A) and as described in Materials
and Methods (ND = not detected). (C)
Representative images of PAS [a–c; yellow
arrows, a–c; capillary GBM thickening,
and H&E-stained (d–f) glomeruli] in all
mice from (A). (Original magnification,
400; scale bar, 100 mm. (D) Mesangial
expansion histology score of all mice
from (A) and as described in Materials
and Methods. (E) Mean glomerular area
(2103 mm2) of all mice from (A) and as
described in Materials and Methods. Histogram individual data points represent the
score of each slide analyzed per mouse as
described in Materials and Methods.
Errors bars represent 6 S.D. of the
mean of each group with *P , 0.05;
**P , 0.01; ***P , 0.001.

Retinoic Acid Receptor b2 Diminishes Diabetic Nephropathy

87

hypertrophy are consistent with the reductions in proteinuria
(Fig. 1, E and F), and thus an anti-DN effect of AC261 in
HFD-fed mice.
TEM Renal Ultrastructural Analysis. Analysis of TEM
images of renal sections showed that, compared with control
mice that exhibited normal glomerular filtration barrier (GFB)
morphology (i.e., numerous interdigitating podocyte foot processes; Fig. 4A, red arrows, separated by filtration slits, Fig. 4A, black
asterisks), HFD-fed mice had clear evidence of podocyte injury
marked by podocyte foot process collapse and effacement
(Fig. 4B vs. Fig. 4A, TEM, red arrows; Fig. 4D, TEM, b, red
arrow), a reduction in podocyte foot process density (Fig. 4F,
***P , 0.001), and a clear decrease in filtration slits across the
GFB (Fig. 4B, black asterisks). HFD-fed mice exhibited lipid
vacuoles in both podocyte foot processes and endothelial cells
(ECs) (Fig. 4, yellow arrows), prominent EC injury with evidence
of detachment and collapse from the basement membrane
(Fig. 4B, white arrows), and reductions in EC fenestrations in the
GFB (Fig. 4B vs. Fig. 4A, black arrows). By TEM ultrastructural
renal evaluation, we found that, compared with kidneys of
HFD-fed mice, the kidneys of HFD 1 AC261–treated mice showed
diminished podocyte injury, with less foot process effacement
(Fig. 4C vs. Fig. 4B, red arrows), a 1.0-fold increase in podocyte foot
process density (Fig. 4F, ***P , 0.001), and filtration slits that
more closely resembled those in the controls (Fig. 4C vs. Fig. 4A,
black asterisks). By TEM analysis we also showed that, compared
with HFD-fed mice, HFD 1 AC261–treated mice showed diminished EC injury indicated by decreased identification of EC
collapse (Fig. 4C vs. Fig. 4B, white arrows), increased EC

fenestrations (Fig. 4C vs. Fig. 4B, black arrows), and fewer
EC lipid vacuoles (Fig. 4C vs. Fig. 4B, yellow arrows).
RARb2 Agonist Preserves Podocytes in HFD-Fed
Mice. Podocytes form a portion of the GFB (Abrahamson,
2012; Nagata, 2016), and podocyte injury and effacement
occur in the progression of DN (Nakamura et al., 2000;
Nagata, 2016). Given the evidence from our TEM ultrastructural analysis that AC261 mitigated podocyte foot process
effacement and increased podocyte density in the GFB of
HFD-fed mice (Fig. 4B vs. Fig. 4, C and F), we next asked
whether AC261 treatment affected the expression of podocin,
a key protein in the foot process slit diaphragm structure
where it is part of a scaffold complex that is essential in
maintaining GFB function (Kawachi et al., 2006) and in
preventing foot process effacement and loss (Kawachi et al.,
2006; Nagata, 2016). Podocin and other slit-diaphragm
proteins were reduced in animal DN models (Nakamura
et al., 2000), human DN (Dronavalli et al., 2008), and other
nephropathies (Johnstone and Holzman, 2006). Control mice
showed prominent GBM podocin-positive areas, with some
podocin expression observed in the mesangium membrane
outlines (Fig. 5A, a, red arrows; Fig. 5B). Consistent with
the presence of proteinuria (Fig. 1, E and F), GBM and
mesangial podocin staining was thinner and fainter in
HFD-fed mice (Fig. 5A, b, red arrows; Fig. 5B, ****P ,
0.001). HFD 1 AC261–treated mice had immunopositive
podocin regions in the GBM and mesangium that were
similar to those observed in control mice (Fig. 5A, c, red
arrows; Fig. 5B, ****P , 0.001).
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Fig. 3. RARb2 agonist-treated mice show lower renal a-SMA
and type IV collagen resulting from a HFD. (A) (a–c)
Representative images of a-SMA IHC performed on renal
sections from mice described in Fig. 1A with control mice
(n = 3), (HFD, n = 3) and (HFD + AC261, n = 3). Original
magnification, 100; scale bar, 50 mm; inset dotted field,
magnification, 400, Scale bar, 100 mm. (B) a-SMA IHC
staining optical density (OD) determined in all mice from
(A) and as described in Materials and Methods. (C) Collagen
IV IHC staining OD score in all mice from (A) and as
described in Materials and Methods. (D) Representative
images of collagen IV IHC performed on renal sections from
all mice described (A). Original magnification, 200; scale
bar, 50 mm. Histogram individual data points represent the
score of each slide analyzed per mouse as described in
Materials and Methods. Error bars represent 6 S.D. of the
mean of each group with ****P , 0.0001.
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We also measured expression of WT1, a key transcription
factor for renal development (Kreidberg et al., 1993), that in
the adult kidney is not only detected in mature podocytes
(Palmer et al., 2001) but is also expressed in podocyte
progenitors as major regulator of podocyte development during
renal organogenesis (Kreidberg et al., 1993). We detected WT1immunopositive nuclei in podocytes of control mice (Fig. 5A, d,
red arrows; Fig. 5C) and, similar to the observed podocin staining
pattern, we observed a smaller proportion of WT1-positive nuclei
in HFD-fed mice compared with controls (Fig. 5A, e vs. day, red
arrows; Fig. 5C, ***P , 0.001). In contrast, WT1 protein in HFD
1 AC261–treated mice was similar to that detected in controls
(Fig. 5A, f vs. day, red arrows; Fig. 5C), with an increased number
of WT1-positive nuclei compared with HFD mice (Fig. 5A, f vs. e,
red arrows; Fig. 5C, **P , 0.001).
RARb2 Agonist Modulation of Renal and PodocyteSpecific Gene Expression in HFD-Fed Mice. We next
measured relative mRNA levels of WT1, podocin, and three other
podocyte-specific genes nephrin, podocalyxin, and synaptopodin,
in renal cortex tissue from a HFD-DN cohort of mice using
gene-specific primers (Supplemental Table 1) and q-PCR. We
found that, similar to our IHC results, relative renal mRNA

levels of WT1 and podocin in HFD-fed mice were reduced
compared with control mice (Fig. 6A, ***P , 0.001; Fig. 6B,
**P , 0.01), but in comparison with HFD-fed mice, HFD 1
AC261–treated mice had 2.6-fold (*P , 0.05) and 2.7-fold
higher (*P , 0.05) renal mRNA levels of WT1 and podocin,
respectively (Fig. 6, A and B). Transcript levels of two other
podocyte-specific genes, nephrin and podocalyxin, were unchanged across all treatments groups (Fig. 6, C and D). We
did, however, detect a reduction in renal mRNA levels of the
WT1-regulated gene and podocyte basement membrane
anchorage-associated protein synaptopodin in HFD-fed mice
compared with control mice (Fig. 6E, *P , 0.05) and 2.0-fold
higher mRNA levels of synaptopodin in HFD 1 AC261–treated
compared with HFD-fed mice (Fig. 6E, *P , 0.05).
We next measured renal mRNA levels of key mediators of
the renal renin-angiotensin system, including renin, and
angiotensin I–converting enzymes 1 and 2 (Ace1 and Ace2) to
examine if the anti-DN effects of AC261 involve any renal
hemostatic changes. Increases in renal transcripts of Ace have
been reported in cases of human DN (Konoshita et al., 2006);
however, consistent with a previously published rat HFD
model of DN (Tain et al., 2017), we did not detect significant
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Fig. 4. Less podocyte effacement, glomerular basement membrane thickening, and
ultrastructural renal lesions in retinoic acid
receptor b2 (RARb2) agonist-treated mice.
(A–C) Representative transmission electronic microscopic (TEM) images of glomeruli from mice described in Fig. 1A with
control mice (n = 3), (HFD, n = 3), and
(HFD+AC261, n = 3). Original magnification, 20,000; Scale bar, 1mm; Indicators:
[black arrows = capillary endothelial cell
(EC) fenestrations; red arrows = podocyte
foot process effacement and collapse;
yellow arrows = podocyte and EC lipid
droplets (LDs); white arrows = EC collapse;
*(asterisks) = podocyte foot process slit
diaphragm; + (black cross) = capillary
glomerular basement membrane]. (D) Representative TEM images of GBM from mice
described in Fig. 1A. Original magnification,
20,000; scale bar, 1 mm; Indicators: black
cross = GBM; red arrow = podocyte foot
process effacement and collapse. (E and F)
Quantitation of GBM thickness and podocyte foot process density as described in
Materials and Methods. Histogram individual data points represent the score of each
slide analyzed per mouse as described in
Materials and Methods. Errors bars represent 6 S.D. of the mean of each group with
**P , 0.01; ****P , 0.0001.
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changes in renal mRNA transcript levels of Ren, Ace1, and
Ace2 in HFD-fed or HFD 1 AC261–treated mice compared
with control mice (Fig. 6, F–H).
There is some evidence that in the adult kidney, renal
developmental pathways regulated by WT1 and RA may
contribute preservation and maintenance of mature podocytes and podocyte progenitors in the healthy kidney and in
response to renal injury (Sagrinati et al., 2006; Dong et al.,
2015; Lasagni et al., 2015). Therefore, we next measured
renal transcript mRNA levels of BMP7, Pax2, and MafB,
three direct transcriptional targets of WT1 in podocyte
progenitors during renal development (Hartwig et al., 2010),
and Ret, a retinoid regulated gene critical to nephrogenesis
(Batourina et al., 2001), to determine whether the anti-DN
effect of AC261 involves modulation of WT1 or retinoidmediated podocyte progenitor or renal developmental
pathways. Our q-PCR analysis showed that relative mRNA
levels of BMP7, Pax2, MafB, and Ret were unchanged across
all experimental groups (Fig. 6, I–L). These q-PCR data
demonstrate that the anti-DN properties of AC261 do not
involve activation of regenerative, or fetal retinoid-mediated
developmental pathways.
RARb2 Agonist Modulation of Renal Vitamin A-Specific
Genes in HFD-Fed Mice. To examine changes to retinoidmediated pathways, we next measured renal transcript levels
of retinoid relevant genes, including RARa, RARb2, RARg,
cellular retinoid binding protein 1 (CRBP1), aldehyde dehydrogenase, member 1a2 (ALDH1A2) and cytochrome P-450

enzyme (CYP26A1). RARb2 (Gillespie and Gudas, 2007),
CRBP1 (Smith et al., 1991) and Cyp26a1 (Ray et al., 1997)
have retinoic acid responsive elements (RAREs) in their
promoters, and therefore transcript levels of these genes
provide a reliable indicator of tissue retinoid signaling.
Our q-PCR analyses showed that renal transcript levels of
RARa were unchanged across all groups (Fig. 6M); however,
transcripts of RARb2, RARg, and CRBP1 were reduced in
HFD-fed mice compared with controls (Fig. 6, N–P, *P , 0.05).
Renal transcripts of ALDH1A2 were unchanged across all
groups (Fig. 6Q), and, compared with control mice, mean
renal levels of CYP26A1 mRNA were ∼2.0-fold lower in
HFD-fed mice; however, these differences were not statistically significant (Fig. 6R, ns, P . 0.05).
In HFD 1 AC261–treated mice, renal transcripts of
RARb2 were also reduced compare with controls (Fig. 6N,
*P , 0.05) but higher (∼2.5-fold) (Fig. 6N, *P , 0.05) than
renal RARb2 transcript levels of HFD-fed mice. Compared
with controls, renal transcript levels of RARg and CRBP1
were unchanged in HFD 1 AC261–treated mice (Fig. 6, O
and P) but, similar to RARb2, RARg, and CRBP1, transcript
levels were significantly higher (∼1.8- and ∼2.3-fold respectively) than the levels of these genes detected in HFD-fed
mice (Fig. 6, O and P, *P , 0.05). Similarly, renal transcript
levels of CYP26A1 in HFD 1 AC261–treated mice were ∼2.3fold higher than in HFD-fed mice; however, these differences
did not reach the level of statistical significance (Fig. 6R, ns,
P . 0.05).
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Fig. 5. Effects of RARb2 agonist on podocin and WT1 protein
expression. (A) Representative images of podocin (membranous positivity) (a–c), and WT1 (nuclear positivity) (d–f) IHC
performed on renal sections from mice described in Fig. 1A
with control mice (n = 4), (HFD, n = 4) and (HFD + AC261,
n = 4). Original magnification, 400; scale bar, 100 mm.
(B and C) Podocin and WT1 IHC staining optical density
(OD) and positive glomerular cell quantitation of all mice
from (A) and as described in Materials and Methods.
Histogram individual data points represent the score of
each slide analyzed per mouse as described in Materials
and Methods. Errors bars represent 6 S.D. of the mean of
each group with ****P , 0.0001.

90

Trasino et al.

We next measured renal retinol (ROL) levels by HPLC.
We found that, relative to control mice, HFD and HFD 1
AC261–treated mice showed approximately 23% and 44%
reductions in renal ROL levels, respectively; however, these
changes were not statistically significant (Supplemental Fig.
1A, ns, P . 0.05), nor were renal ROL levels between HFD
and HFD 1 AC261–treated mice (Supplemental Fig. 1A, ns,
P . 0.05). The trends are consistent with our previous research
demonstrating that HFD-driven obesity is associated with
tissue reductions in retinoids (Trasino et al., 2015). We also
measured serum ROL by HPLC. These analyses showed that
HFD and HFD 1 AC261–treated mice had elevations in serum
retinol compared with control mice (Supplemental Fig. 1B,
*P , 0.05), but, as expected, and as we observed with renal ROL
levels, no differences in serum ROL was detected between HFD
and HFD 1 AC261–treated mice (Supplemental Fig. 1B, ns,
P . 0.05).
RARb2 Agonist Improves Renal Lesions in BKS-db/
db Mice. Next, we examined whether AC261 affected histologic markers of DN in renal tissue from 16-week-old BKS-db/
db (BKS-db) mice treated with AC261 for 14 days. BKS-db
mice spontaneously develop obesity and severe insulin resistance and recapitulate many of the renal histologic changes
observed in human DN (Sharma et al., 2003; Brosius et al.,
2009). BKS-db mice had significantly elevated BW and severe
glucose intolerance compared with WT controls (Supplemental
Fig. 2, A–C, ***P , 0.001). BWs from BKS-db mice treated with

AC261 for 14 days were similar to the BW of untreated
BKS-db mice (Supplemental Fig. 2A), but AC261 treatments
did improve random glucose levels (Supplemental Fig. 2B,
**P , 0.01), glucose tolerance, and area under the curve
glucose levels (Supplemental Fig. 2, C and D, *P , 0.05). Our
analyses of the pharmacokinetics of AC261 after a single dose
show that this drug has excellent properties in terms of
half-life and blood levels (Supplemental Fig. 3).
Compared with WT controls, BKS-db had 3.0-fold increased
mean glomerular area (Fig. 7A, H&E, b vs. a; Fig. 7B, ****P ,
0.0001), evidence of moderate to severe thickening of the
GBM, and prominent PAS-positive staining in the GBM of the
capillary loops (Fig. 7A, PAS, e vs. day, red arrows; Fig. 7C,
*P , 0.05). Similar to our findings in the HFD-DN cohort, by
renal histology evaluation of BKS-db 1 AC261–treated mice,
we found a mitigation of DN lesions compared with untreated
BKS-db/db mice; BKS-db 1 AC261 treated mice showed
∼1.4-fold smaller mean glomerular area (Fig. 7A, H&E, c vs. b;
Fig. 7B, ****P , 0.0001) and less mesangial cellularity and
expansion, marked by diminished PAS-positive material in
the mesangium (Fig. 7A, PAS, f vs. e, red arrows; Fig. 7C *P ,
0.05) and capillary loop GBM (Fig. 7A, PAS, f vs. e, red arrows).
Consistent with this, GBM thickness in BKS-db 1 AC261 mice
was less pronounced than in untreated BKS-db mice and more
closely resembled that seen in wt controls (Fig. 7A, PAS, f vs.
e and d, red arrows). We next measured renal podocin protein
by IHC and found that, compared with WT controls, untreated
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Fig. 6. Modulation of renal, podocyte, and vitamin A-specific genes by a HFD and RARb2 agonist. Quantitative RT-PCR measurements of relative renal
cortex tissue transcript levels of podocyte-specific genes from Wt C57BL/6 male mice fed either chow or HFD diets with and without the RARb agonist
(control mice, n = 4), (HFD, n = 4), and (HFD + AC261, n = 4) as described in the Materials and Methods. Relative renal mRNA levels of: (A) WT-1, (B)
podocin (Nphs2), (C) nephrin (Nphs1), (D) podocalyxin (Podxl), (E) synaptopodin (Synpo), (F) renin (Ren), (G) Ace1, (H) Ace2), (I) bone morphogenetic
protein 7 (BMP7), (J) paired box protein Pax-2 (Pax2), (K) MAF BZIP transcription factor B (MafB), (L) ret proto-oncogene (Ret), (M) RARa, (N) RARb2,
(O) RARg), (P) cellular retinoid binding protein 1 (CRBP1), (Q) aldehyde dehydrogenase, member 1a2 (ALDH1A2), (R) cytochrome P-450 enzyme
(Cyp26a1). Relative fold mRNA levels were normalized to transcript levels of hypoxanthine guanine phosphoribosyl transferase (Hprt) and analyzed by
the D,D CT method as described in Materials and Methods. Histogram individual data points represent the mean of each mouse. Errors bars represent 6
S.D. of the mean of (n = 4) animals for each experimental group, with *P , 0.05; **P , 0.01; ***P , 0.001; and ns = not significant.
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BKS-db/db mice showed reduced podocin staining within
the glomerular loops, mesangium, and GBM (Fig. 7, D and
E, ***P , 0.001). In contrast to untreated BKS-db mice,
BKS-db1AC261 mice had increased glomerular podocin protein (Fig. 7, D and E, **P , 0.01). Taken together, these data
demonstrate that AC261 possesses therapeutic properties in a
HFD-DN model and can inhibit development of DN histologic
lesions in the BKS-db genetic model of DN.

Discussion
RARb has four known isoforms (1–4) (Zelent et al., 1991;
Gudas, 2011), with RARb2 considered the most prominent
during kidney and vertebrate development (Zelent et al.,
1991). We previously reported that AC261066, a highly
selective agonist for RARb2 (Lund et al., 2005), possesses
glucose-lowering properties in dietary and genetic models of
obesity and T2D (Trasino et al., 2016a,b). In this study, we
confirmed those findings and now report that AC261 diminishes the severity of urine albumin excretion and improves
several structural and pathologic hallmarks of DN (Brosius
et al., 2009; Deji et al., 2009) in HFD-fed mice, including
glomerular hypertrophy, mesangial expansion, GBM thickening,
and podocyte effacement.
To date, no studies have examined the renal protective
effects of RA or RAR agonists in a HFD-driven model of DN
or in BKS-db mice (Hummel et al., 1966), a frequently used
genetic DN model that closely recapitulates a number of
features of human DN (Sharma et al., 2003). Still, our findings

are consistent with two published rodent DN studies by Kim
et al. (2015) and Han et al. (2004), demonstrating that RA, a
pan-RAR agonist, can mitigate DN progression, proteinuria,
and podocyte expression of inflammatory markers in an
inbred, genetic rat model of T2D (Kim et al., 2015), and a
streptozotocin-induced model of DN (Han et al., 2004), respectively. Our findings elaborate on these RA-DN studies and
collectively demonstrate that the therapeutic properties of
AC261 are multimodal, affecting a numerous pathways
relevant to DN. Of these, the podocyte-preserving effect of
AC261 may be the most relevant given the central role of
podocyte injury in the pathogenesis of DN and several chronic
kidney diseases (CKDs) (Johnstone and Holzman, 2006;
Dronavalli et al., 2008). Furthermore, as we detected anti-DN
effects of AC261 in both a dietary HFD and a genetic (chow-fed
BKS-db mice) obesity model of DN, the renal protective
properties of AC261 appear to be independent of diet (i.e.,
BKS-db mice develop DN on chow), which may have particular
therapeutic relevance as DN cases disproportionally occur in
adults with poorly controlled obesity owing to complex interaction of multiple causes, including genetic, dietary, and
other environmental factors (Stenvinkel et al., 2013).
In the larger context of retinoid-CKD research, our findings
highlight for the first time a potential role for RARb2 in CKD,
whereas most retinoid-CKD research has focused on a role for
RARa and the renal protective properties of RARa agonists
(Lehrke et al., 2002; Ratnam et al., 2011; Zhong et al., 2011;
Mallipattu and He, 2015; Dai et al., 2017). In our HFD-DN
study, we did not detect changes to renal transcript levels of
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Fig. 7. RARb2 agonist–treated BKS-db/db
mice show fewer DN lesions. (A) Representative images of H&E (a–c), and PAS
(d–f, red arrows = capillary glomerular
basement membrane thickening] stained
renal sections from male Wt C57BL/6
(control, n = 4) and 14-week-old BKS-db/
db (BKS-db, n = 3) mice fed chow with and
without the RARb2 agonist AC261066
(BKS-db + AC261, n = 3) for 14 days. (B)
Mean glomerular area (2103 mm2) of mice
from (A), as described in Materials and
Methods. (C) Mesangial expansion histology score of mice from (A) and as described
in Materials and Methods. (D) Representative images of podocin IHC performed on
renal sections from mice from (A). Original
magnification, 400; scale bar, 100 mm. (E)
Podocin IHC staining optical density (OD)
quantitation of mice from (A) and as
described in Materials and Methods.
Histogram individual data points represent the score of each slide analyzed per
mouse as described in Materials and
Methods. Errors bars represent 6 S.D. of
the mean of each group with *P , 0.05;
**P , 0.01; ***P , 0.001; ****P , 0.0001.
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in DN and CKD, our data demonstrating significantly
higher renal mRNA levels of RARb2, RARg, CRBP1 in
HFD 1 AC261–treated mice compared with HFD-fed mice are
noteworthy and collectively suggest that AC261 treatment
engages retinoid pathways and prevents or reverses the reductions of renal retinoid signaling in HFD-fed mice. Compared
with HFD-fed mice, we did not detect changes to renal or serum
ROL in HFD 1 AC261–treated mice, suggesting that AC261
may facilitate the utilization of existing renal VA pools or
directly transduce retinoid signaling as a RARb2-selective
agonist without raising tissue levels of VA or affected wholebody retinoid status. This may be one of the mechanisms by
which AC261 discharges its podocyte-preserving effect, as
podocytes are highly dependent on and sensitive to maintaining endogenous retinoid signaling for function and in response
to injury (Suzuki et al., 2003; Peired et al., 2013). These data
warrant further studies to determine whether AC261 can
potentiate the effects of exogenous retinoids and selective
RARa agonists on podocyte function and responses in DN and
other CKDs. In the current study, we did not measure renal
protein expression of RARb or RARb2, as validation studies of
commercially available anti-mouse RARb and RARb2 antibodies performed in our laboratory demonstrated a lack of
specificity (unpublished reults).
We previously demonstrated that AC261 possesses lipidlowering properties in the kidney and other tissues in a HFDinduced T2D mouse model (Trasino et al., 2016a), and the
current study expands on those findings and demonstrates
that AC261 treatment results in less renal lipid droplet (LD)
accumulation in podocytes and endothelial cells (EC), two cell
types central to renal function and renal pathology in DN
(Johnstone and Holzman, 2006; Dronavalli et al., 2008).
Excessive renal LDs have been reported in human obesity,
DN, and other renal disease (Bobulescu et al., 2014; HermanEdelstein et al., 2014); as such, the “lipotoxicity” hypothesis of
DN (reviewed in Bobulescu, 2010; Herman-Edelstein et al.,
2014)) is supported by convincing evidence that ectopic renal
LDs can initiate renal inflammatory and fibrotic responses
that contribute to podocyte injury and loss (Bobulescu, 2010;
Herman-Edelstein et al., 2014). Thus, the concomitant lower
LD accumulation and decreases in effacement and injury in
podocytes and ECs in HFD 1 AC261–treated mice compared
with HFD-fed mice may be mechanistically related as podocytes and ECs synthesize and maintain components of the
protein meshwork of the glomerular basement membrane
(Abrahamson, 2012).
As the molecular pathogenesis of T2D and DN is intimately intertwined, and as podocytes are insulin-sensitive
and hyperglycemia can induce podocyte injury (Coward and
Saleem, 2011; Jain et al., 2011), we recognize that additional
studies using mouse models with tissue and/or cell-specific
RARb and RARb2 ablation are warranted to determine
whether the therapeutic effects of AC261 in the kidney result
from direct drug actions on several renal cell types or via
indirect effects related to AC261’s glucose-lowering properties. Clinical data, however, show that intensive glycemic and
hypertension control has limited therapeutic effectiveness for
DN (Parving et al., 2012; Fried et al., 2013; Gentile et al., 2014;
Hajhosseiny et al., 2014). Additional studies are also needed to
determine whether AC261 can reverse renal damage associated with DN since in this work we measured the ability of the
drug to inhibit the development of DN.
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RARa across all experimental groups, but we did measure
significant reductions in RARb2, RARg, and CRBP1 renal
mRNA levels in HFD-fed mice. The trends of these findings
are in agreement with a study by Ratnam et al. (2011), which
demonstrated that renal levels of RARb, but not RARa, are
reduced in the CKD HIV-associated nephropathy, despite
evidence that RARa and RARa agonists are relevant to both
the pathogenesis and treatment of HIV-associated nephropathy (Ratnam et al., 2011; Dai et al., 2017) and other CKDs
(Ratnam et al., 2011; Zhong et al., 2011; Mallipattu and He,
2015). Our data, coupled to the Ratnam et al. (2011) study,
suggest that RARb and its major isoform RARb2 potentially
have an unappreciated role in CKD. Further support for this
comes from a study demonstrating that the anti-CKD and
podocyte-preserving effect of highly selective RARa agonists
correlates with an increase in podocyte expression of RARb
only (Zhong et al., 2011). Thus, it is our view that, not unlike
during nephrogenesis (Batourina et al., 2001), where only
mice lacking both RARb2 and RARa develop postnatal renal
malformations similar to those observed in VA-deficient adult
mice (Batourina et al., 2001), a more nuanced, complex
involvement of both RARb2 and RARa likely occurs in adult
renal biology and possibly in DN and other CKDs.
In this study, we detected a significantly elevated serum
ROL, with concomitant reductions to renal retinol (ROL)
levels and to RARb2 mRNA in HFD-fed mice compared with
control mice. These findings are consistent with multiple lines
of evidence of aberrant renal retinoid homeostasis in DN
(Raila et al., 2007; Frey et al., 2008; Starkey et al., 2010; Jing
et al., 2016) and our previous research (Trasino et al., 2015), in
which we demonstrated that, even with sufficient dietary VA
and elevated serum ROL, renal and numerous tissues have
marked reductions in retinoid levels and retinoid signaling
(Trasino et al., 2015), suggesting that obesity and its related
disorders such as DN may lead to a state of tissue retinoid
resistance (Trasino et al., 2015). It is noteworthy to highlight
that renal retinoid resistance has been previously documented
by our laboratory and others in human renal cancer (RC) (Guo
et al., 2001), which show a distinct resistance to the therapeutic effects of retinoids owing to loss of RARb2 expression
(reviewed in Tang and Gudas, 2011) and that reestablishing
RARb2 expression in RC (Touma et al., 2005) restores sensitivity to the antitumor effects of retinoids (Touma et al., 2005;
Tang and Gudas, 2011). As RARb2-associated retinoid resistance has been documented in numerous cancers (Tang and
Gudas, 2011), these data collectively suggest that RARb2 may
be necessary for potentiation of global retinoid responsiveness
in the kidney and other tissues. This hypothesis is further
supported by studies of individuals with nonfunctional variants of RARb that develop Matthew-Wood syndrome (Srour
et al., 2013), a rare genetic disorder that manifests as a severe
VA-deficient state, also seen in individuals with mutations
to STRA6, the receptor for RBP4 (Pasutto et al., 2007); it
manifests as multiple organ malformations, including renal
dysplasia (Pasutto et al., 2007) and resistance to the effects of
exogenous RA and retinoids (Srour et al., 2013).
Whether RARb2 is involved in the altered retinoid metabolism in DN and CKD remains unclear, as is the mechanism by
which renal ROL, retinoid homeostasis, and RAR signaling
are altered in obesity and DN (Raila et al., 2007; Frey et al.,
2008; Starkey et al., 2010; Jing et al., 2016). Nevertheless, if,
as in RC, RARb is necessary for cellular RA responsiveness
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Although these results are promising, we recognize that one
of the limitations of this preclinical study is the number of mice
used. Future studies using larger cohorts of mice to measure the
effects of AC261 on clinical and molecular pathways related to
DN are planned. Nevertheless, given the lack of Food and
Drug Administration–approved DN therapies, from a drugdevelopment perspective, these proof-of-concept preclinical
studies of the therapeutic properties of the RARb2 agonist
AC261 are promising, as AC261 is orally bioavailable (Lund
et al., 2005; Trasino et al., 2016b), does not result in unwanted
weight gain in the mouse models, and does not show any
observable adverse effects in acute or long-term administration in rodents (Trasino et al., 2016a,b).
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