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Abstract

The macro- and microvascular complications of type 1 and 2 diabetes lead to increased disease 

severity and mortality. The receptor for advanced glycation end products (RAGE) can bind AGEs 

and multiple proinflammatory ligands that accumulate in diabetic tissues. Preclinical studies 

indicate that RAGE antagonists have beneficial effects on numerous complications of diabetes. 

However, these antagonists target the extracellular domains of RAGE, which bind distinct RAGE 

ligands at diverse sites in the immunoglobulin-like variable domain and two constant domains. 

The cytoplasmic tail of RAGE (ctRAGE) binds to the formin, Diaphanous-1 (DIAPH1), and 

this interaction is important for RAGE signaling. To comprehensively capture the breadth of 

RAGE signaling, we developed small-molecule antagonists of ctRAGE-DIAPH1 interaction, 

termed RAGE229. We demonstrated that RAGE229 is effective in suppressing RAGE-DIAPH1 

binding, Förster resonance energy transfer, and biological activities in cellular assays. Using 

solution nuclear magnetic resonance spectroscopy, we defined the molecular underpinnings of 

the interaction of RAGE229 with RAGE. Through in vivo experimentation, we showed that 

RAGE229 assuaged short- and long-term complications of diabetes in both male and female 

mice, without lowering blood glucose concentrations. Last, the treatment with RAGE229 reduced 

plasma concentrations of TNF-α, IL-6, and CCL2/JE-MCP1 in diabetic mice, in parallel with 

reduced pathological and functional indices of diabetes-like kidney disease. Targeting ctRAGE-

DIAPH1 interaction with RAGE229 mitigated diabetic complications in rodents by attenuating 

inflammatory signaling.

INTRODUCTION

The receptor for advanced glycation end products (RAGE), a member of the 

immunoglobulin (Ig) superfamily, binds to and transduces the signals triggered by a diverse 

group of ligands. The protein encoded by AGER, RAGE, is composed of three extracellular 

domains: one Ig-like variable (V)–type domain followed by two Ig-like constant (C)–type 

domains, named C1 and C2; a single transmembrane–spanning domain; and a short, 

highly charged cytoplasmic tail (ct) domain or ctRAGE. The receptor is named for its 

ligand families, the advanced glycation end products (AGEs), which accumulate in obesity, 

diabetes, aging, and oxidative and inflammatory stresses (1–3). RAGE is also a receptor 

for the S100/calgranulins (such as S100A12 and S100B); amphoterin, also known as 

high mobility group box 1 (HMGB1); amyloid-beta peptide; phosphatidylserine (PS); and 

lysophosphatidic acid (LPA), as examples (4–9). Although it was earlier shown that RAGE 

ligands bound at the V-type domain (and/or to the V-C1 domain), numerous studies have 

demonstrated that certain RAGE ligands may bind on the C1- and C2-type extracellular 

domains that do not involve ligation of the Ig-like V-type domain (10, 11).

Given the evidence that the ctRAGE is required for RAGE ligand–stimulated signaling 

(12, 13), it was logical to probe the mechanisms by which this domain recruited signal 

transduction cascades to modulate gene expression and cellular properties. Toward this 

end, a yeast two-hybrid assay, used to discover ctRAGE binding molecules, identified 

Diaphanous-1 (DIAPH1) as a putative interacting partner (14). Immunoprecipitation 

experiments confirmed this interaction and identified that ctRAGE bound to the formin 

homology 1 (FH1) domain of DIAPH1; reduction of Diaph1 expression in cultured cells 
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through silencing RNA approaches blocked RAGE ligand–mediated activation of multiple 

signaling pathways (14). RAGE and DIAPH1 are highly expressed in the human and murine 

diabetic kidney, and recently, it was shown that deletion of Diaph1 in vivo imparted similar 

benefits to that of Ager deletion in murine models of vascular injury, cardiac ischemia, and 

diabetes-associated kidney disease (15–17).

Nuclear magnetic resonance (NMR) experiments revealed that the N terminus of ctRAGE 

domain (residues 2 to 15) is ordered, whereas residues 16 to 43 of the C terminus are 

disordered and without discrete structure (18). The structure of ctRAGE is dynamic and 

likely composed of multiple conformers. Accordingly, mutation of amino acid residues 

Arg5 and Gln6 to alanine (Ala) residues of the N terminus of ctRAGE eliminated critical 

electrostatic interactions between Arg5 and Glu10 and disrupted the tertiary structure. In 

distinct work, super-resolution stochastic optical reconstruction microscopy (STORM) and 

single-particle tracking (SPT) revealed that in the presence of mutation of these same amino 

acids in ctRAGE or reduction in DIAPH1 expression, cell membrane RAGE clusters and 

diffusion are modulated, thereby providing additional support for the ctRAGE-DIAPH1 

interactions (19).

The mutation of Arg5/Gln6 to Ala residues in ctRAGE limited the functional consequences 

of its interaction with the FH1 domain of DIAPH1 (18). When this mutation was introduced 

into primary murine aortic smooth muscle cells (SMCs), RAGE ligand S100B-stimulated 

phosphorylation of AKT (protein kinase B), migration, and proliferation were suppressed 

compared with cells transfected with control vector. However, these functional responses to 

non–RAGE ligand platelet-derived growth factor (PDGF) were not affected (18).

We previously screened a library of >58,000 known small molecules and identified 13 

small-molecule competitive inhibitors of ctRAGE interaction with DIAPH1; these molecules 

reduced RAGE ligand–mediated signaling and suppressed the acute inflammatory effects 

of RAGE ligands in vivo (20). In the current study, upon critical review of the properties 

of these 13 identified antagonists, we aimed to optimize structure-activity relationships 

(SARs) of one of the classes emerging from that screen, the 2-phenylquinoline scaffold, 

for testing in murine models of complications of diabetes. We report the discovery 

of RAGE229, N-(4-(7-cyano-4-(morpholin-4ylmethyl)quinolin-2-yl)phenyl)acet-amide, as 

a ctRAGE-DIAPH1 inhibitor. Compared to vehicle controls, RAGE229 blocked ctRAGE-

DIAPH1 interaction and reduced the consequences of in flammation, ischemia, and long-

term diabetes in mice with type 1– and/or type 2-like diabetes, as tested in in vivo models 

of cardiac ischemia, wound healing, and diabetes-associated kidney disease. Collectively, 

this work identifies a potent antagonist of ctRAGE-DIAPH1 interaction and identifies 

a potential approach for targeting the consequences of RAGE pathological activation in 

chronic diseases such as diabetic complications.
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RESULTS

Identification of small molecules that bind to ctRAGE derived from the phenylquinoline 
scaffold: RAGE203, RAGE208, and RAGE229

To identify highly potent antagonists of the ctRAGE-DIAPH1 interaction, the 

phenylquinoline scaffold (based on compound 11 in the original report) (20) was selected 

for further development on account of the multiple opportunities for molecule optimization 

from the 13 small-molecule antagonists of ctRAGE-DIAPH1 interaction. The medicinal 

chemistry strategy led to the identification of two early-stage molecules, RAGE203 and 

RAGE208, in which tryptophan fluorescence quenching assays illustrated the following 

affinity constants of the small molecules to the ctRAGE, KD of 30 ± 10 nM and 24 ± 6 nM, 

respectively (Fig. 1, A and B). Subsequent SAR studies revealed that improvements were 

achievable by adding substituents at the quinoline 7 positions, the acetamide and quinoline 

4-methylene amino groups, which led to the discovery of RAGE229, KD of 2 ± 1 nM (Fig. 

1C).

RAGE229: NMR spectroscopy and Förster resonance energy transfer

Solution NMR spectroscopy was used to gain structural understanding of the RAGE229-

ctRAGE complex. Adding 50 μM RAGE229 into the 50 μM solution of [U-15N] ctRAGE 

resulted in small but reproducible changes in the ctRAGE chemical shifts (Fig. 2A). The 

most affected residues were Gln3, Arg7, Arg8, and Gly9. These residues lie in the partially 

structured region of ctRAGE, amino acids 2 to 15, and overlap with the region that was 

shown to bind to DIAPH1 (18, 20). This result suggests that RAGE229 can directly compete 

with DIAPH1 for binding. The solution structure of the RAGE229-ctRAGE complex was 

determined with the precision of 0.5 Å based on the 384 distance constraints including 

13 intermolecular constraints and 268 dihedral constraints (Fig. 2B, fig. S1, and table S1). 

Major contacts in the complex are between the acetamide moiety of RAGE229 and Arg8 and 

Glu16 and between the cyano group of RAGE229 and the guanadino group of Arg12 (Fig. 

2C). The quinoline ring of RAGE229 is positioned against the ctRAGE surface formed by 

the methylene group of Arg4 and Arg5 (Fig. 2C). The morpholino group is facing the solvent 

and is likely to be important for RAGE229 solubility. The lack of the cyano group at the 7 

position on the quinolone ring is the likely reason for the lower affinities of RAGE203 and 

RAGE208 for the ctRAGE (Fig. 1).

Förster resonance energy transfer (FRET) between RAGE-eCFP and constitutively active 

DIAPH1 (DIAPH1-eYFP) (fig. S2) was used to demonstrate that RAGE229 directly 

competes with DIAPH1 for RAGE binding. Both RAGE-eCFP and DIAPH1-eYFP were 

transfected into human embryonic kidney 293T cells. RAGE-DIAPH1 interaction results 

in the increase in the RAGE-eCFP fluorescence, the FRET value of 12.1 ± 4.5%, after 

photobleaching DIAPH1-eYFP (21). Adding 100 nM or 5 μM RAGE229 decreased the 

FRET value to 9.1 ± 4.5% and 6.8 ± 4.8%, respectively (P < 0.0001) (Fig. 2D). The 

minimal value of FRET between a particular pair of interactors depends on a concentration 

of fluorescent proteins in the immediate proximity of a plasma membrane (10). Thus, 

RAGE229 antagonizes the RAGE-DIAPH1 complex in a dose-dependent manner. On the 
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basis of these findings, we sought to determine whether the small molecules described above 

exerted effects on functional consequences of RAGE ligands.

Effects of RAGE203, RAGE208, and RAGE229 on SMC migration

We previously developed an in vitro cell–based assay to test the effects of small-molecule 

antagonists on ctRAGE-DIAPH1 interaction. Murine aortic SMCs endogenously express 

RAGE and DIAPH1, and previous work has shown that the expression of RAGE and 

DIAPH1 in these cells affects RAGE ligand–stimulated migration in vitro (20) and affects 

the in vivo response to denudation of the femoral artery in mice, which is a potent stimulus 

for SMC migration (15, 22). In this assay, RAGE ligand carboxymethyllysine (CML)–AGE 

is used to stimulate cultured SMCs in the presence of a scratch wound. Escalating doses of 

small-molecule antagonist are incubated with the SMCs for 1.5 hours (and then removed), 

followed by addition of CML-AGE and the scratch wounding for 4 hours, after which time 

the percent inhibition is measured at each dose. As illustrated in Fig. 3 (A to C) and fig. 

S3, the IC50 for inhibition of SMC migration was 950 ± 80 nM for RAGE203, 70 ± 20 

nM for RAGE208, and 26 ± 9 nM for RAGE229. To determine the specificity of the small 

molecules to the ctRAGE-DIAPH1 interaction, SMCs were treated with PDGF-BB, which 

is not a RAGE ligand. As illustrated in Fig. 3D and fig. S3, RAGE203, RAGE208, and 

RAGE229 exerted no effect on PDGFBB–stimulated SMC migration compared with vehicle 

treatment.

We probed the relevance of our findings to human RAGE and DIAPH1 by testing RAGE229 

in primary human aortic SMCs. The IC50 for inhibition of human SMC migration was 120 

± 60 nM (Fig. 3E). In human SMCs treated with PDGF-BB, RAGE229 had no effect on 

migration (Fig. 3F and fig. S4).

Effects of RAGE203, RAGE208, and RAGE229 on short-term models of inflammation, 
cardiac ischemia, and diabetes in mice

Previous work illustrated that RAGE is a receptor for damage-associated molecular pattern 

(DAMP) molecules; among them are the S100/calgranulins and amphoterin (HMGB1) (5, 

23). In our precedent studies, we showed that a soluble receptor decoy of RAGE (soluble 

or sRAGE), or blocking antibodies to RAGE, suppressed inflammation in nondiabetic mice 

subjected to a delayed-type hypersensitivity (DTH) test using immunization followed by 

challenge (foot pad) with methylated bovine serum albumin (mBSA) 3 weeks later (5). 

Here, we tested whether treatment with the small molecules affected inflammation responses 

in mice undergoing the DTH study. The small-molecule antagonists and equal volumes of 

vehicle, dimethyl sulfoxide (DMSO), were administered twice daily by oral gavage, 5 mg/kg 

per dose for a total of four doses. The last dose was administered 12 hours before the 

foot pad scoring. As shown in Fig. 4A, treatment with the small molecules significantly 

reduced inflammation score for RAGE203, RAGE208, and RAGE229 compared with 

vehicle (DMSO) administration (P < 0.01, P < 0.05, and P < 0.01, respectively).

In separate short-term experiments, we administered RAGE203, RAGE208, or RAGE229 

to male mice with diabetes undergoing 30 minutes of transient ligation and 48 hours of 

reperfusion of the left anterior descending coronary artery. Mice were rendered type 1–like 
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diabetic with streptozotocin (STZ) for 2 months and pretreated with RAGE203, RAGE208, 

or RAGE229 with twice daily oral gavage treatment at 5 mg/kg per dose for 4 days before 

the induction of infarction. Treatment was continued twice daily until euthanasia, 48 hours 

after the infarction. Mice were euthanized, and the hearts were retrieved for staining with 

triphenyl tetrachloride (TTC). As shown in Fig. 4B, although there were no differences in 

the area at risk (left) among the groups, when compared with vehicle treatment, the infarct 

area was significantly lower in mice treated with either RAGE208 or RAGE229 (P < 0.05). 

RAGE203 had no effect. There were no differences in serum glucose concentrations among 

the four groups of diabetic mice (table S2).

In addition, we probed the effects of RAGE229 in the ex vivo isolated perfused hearts of 

male type 1–like diabetic Akita mice (Ins2Akita/+) (24) subjected to 30 min of normoxia, 

followed by zero-flow ischemia (30 min) and then by 60 min of reoxygenation. RAGE229 

(1 μM) or vehicle incubation of the isolated heart was begun 10 min before zero low-flow 

ischemia and continued through the end of the experiment. Perfusion of the isolated heart 

with RAGE229 resulted in a significant attenuation of the infarct area (P < 0.05) (Fig. 

4C, left). The release of lactate dehydrogenase (LDH), a marker of tissue injury, was 

significantly lower in the RAGE229-treated compared with vehicle-treated diabetic hearts (P 
< 0.05) (Fig. 4C, right). There were no differences in serum glucose or body weight (table 

S3). Thus, small-molecule antagonism of ctRAGE-DIAPH1 interaction attenuates injury in 

ex vivo and in vivo models of cardiac ischemia-reperfusion injury in diabetic mice.

On the basis of the evidence that RAGE229 demonstrated superior properties when 

compared with RAGE203 or RAGE208, and in preparation for eventual long-term 

administration of RAGE229 in murine models of diabetic complications, we prepared 

RAGE229-containing chow. Pharmacokinetic studies verified the bioavailability of 

RAGE229 after either oral (gavage) or intravenous administration (table S4 and fig. S5). 

On the basis of these data, RAGE229 (>95% purity) was prepared in standard rodent chow. 

Three distinct concentrations of RAGE229-containing chow were prepared, 150, 50, and 

15 parts per million (ppm), to deliver about 30, 10, and 3 mg/kg of RAGE229-containing 

chow, respectively, per day per mouse. Male and female CF-1 mice were subjected to 

DTH; administration of RAGE229-containing chow was begun 7 days before the foot 

pad challenge and continued through euthanasia. In male mice, compared with vehicle, 

administration of RAGE229-containing chow at 150 or 50 ppm resulted in significant 

reduction in inflammation score (P < 0.01) (Fig. 4D, left). In contrast, administration 

of RAGE229-containing chow at 15 ppm had no effect on inflammation score (Fig. 

4D, left). In female mice, compared with vehicle treatment, administration of RAGE229-

containing chow at 150, 50, or 15 ppm significantly reduced foot pad score (P < 0.05) 

(Fig. 4D, right). There were no differences in body weight in male or female mice when 

comparing RAGE229-treated to vehicle-treated mice (table S5). The plasma concentrations 

of RAGE229 at euthanasia suggested increasing plasma concentrations of RAGE229 as the 

dose was escalated from 15 to 50 to 150 ppm in the RAGE229-containing chow in both 

male and female mice (table S5). Last, we tested RAGE229, administered by intraperitoneal 

injection, to female mice undergoing DTH. As shown in fig. S6, compared with vehicle, 

female mice receiving RAGE229 [5 mg/kg, intraperitoneally (ip)] every 12 hours for four 

Manigrasso et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2022 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



total doses displayed significantly lower inflammation score (P < 0.05). Thus, RAGE229 

was able to attenuate inflammation in mice.

Diabetic wound healing: Effects of topical administration of RAGE229

A major challenge was to test the effects of RAGE229 in long-term diabetes complications. 

First, we tested whether these small molecules accelerated wound closure in diabetes. In 

human subjects, diabetic foot ulcers are a major complication of type 1 and 2 diabetes, 

which may lead to limb/digit amputation (25). Food and Drug Administration–approved 

devices remain limited and include agents such as local cell-based matrices to stimulate 

wound healing (26) and ointments (27, 28). We tested these concepts in the BTBR ob/ob 
mice, a model of type 2–like diabetes, in which multiple previous studies illustrated 

impaired wound healing when compared with nondiabetic control mice (29–34). Full-

thickness excisional wounds (1.5 cm by 1.5 cm) were created on the backs of 8-week-old 

male and female BTBR ob/ob mice, and the wounds were covered with sterile plastic 

dressing (35). On days 3 to 10 after wounding, RAGE229 (5 mg/kg per mouse) or equal 

volumes of DMSO were injected topically underneath the dressing two times daily and 

directly onto the surface of the wound. Wounds were photographed on days 0, 7, 14, and 

21, and wound closure was determined. As shown in Fig. 5 (A and B), on day 21, the 

percent wound closure was significantly higher in male BTBR ob/ob mice treated with 

RAGE229 versus vehicle (P < 0.01); in female mice, no improvements in wound closure on 

day 21 with RAGE229 treatment were shown. We examined the rates of change of wound 

closure and the effects of RAGE229. In male mice, although there were no differences in 

percent wound closure between days 0 and 7, days 7 and 14, and days 14 and 21, significant 

improvements in percent wound closure were noted in RAGE229 versus vehicle treatment 

(P = 0.008 and P = 0.007, respectively) (Fig. 5C). In female BTBR ob/ob mice, there were 

no differences observed at any time point considered (P values are indicated in the figure) 

(Fig. 5D).

In addition, we used a scoring system to evaluate wound healing based on a maximum of 

12 points upon evaluation of hematoxylin and eosin–stained slides with analysis performed 

by investigators unaware of the experimental treatment (36). As shown in Fig. 5 (E and F), 

on day 21, in male and female BTBR ob/ob mice, topical treatment with RAGE229 resulted 

in significantly higher wound score versus vehicle-treated mice (P < 0.05 and P < 0.01, 

respectively) (Fig. 5F). In the figure, “WE” indicates wound edge. In male and female mice, 

there were no treatment-related differences in body weight or in the concentrations of blood 

glucose (table S6). Thus, topical administration of RAGE229 in type 2–like diabetic mice 

accelerated wound healing responses and set the stage for testing in long-term models of 

diabetic kidney complications.

RAGE229 and long-term type 1–like diabetes kidney complications

We tested the effects of RAGE229 in murine models of long-term diabetes–associated 

kidney disease. The leading cause of chronic kidney disease (CKD) is diabetes (37–40). 

CKD increases risk for all-cause mortality and cardiovascular disease in diabetic subjects 

(40). Even with optimal diabetes care, treatment with angiotensin-converting enzyme 

inhibitors or angiotensin receptor blockers does not eliminate diabetes-associated kidney 
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disease (41). Hence, antagonism of ctRAGE-DIAPH1 may address an important gap for the 

management of diabetic complications.

We began by probing the effects of RAGE229 in a type 1–like diabetes model, in which 

hyperglycemia was induced via STZ at age 8 weeks in C57BL/6J mice. After documentation 

of diabetes or the control state, diabetic male and female mice were treated for an 

additional 6 months with RAGE229-containing chow at 150, 50, or 15 ppm/day or control 

chow. Only mice that demonstrated serum glucose ≥250 mg/dl on at least two separate 

occasions before random allocation to treatment or vehicle groups were eligible for study 

participation. Multiple endpoints were studied. First, we examined mesangial sclerosis and 

tubular atrophy and interstitial fibrosis, which were determined by a renal pathologist naïve 

to the experimental conditions. In male and female mice, compared with the nondiabetic 

state, diabetes resulted in a significant increase in mesangial sclerosis score (P < 0.0001 and 

P < 0.01, respectively) (Fig. 6, A and E). In male diabetic mice, treatment with 150 or 50 

ppm resulted in significant reduction in mesangial sclerosis score (P < 0.05); treatment with 

15 ppm had no effect (Fig. 6, A and E). In female diabetic mice, treatment with 150, 50, or 

15 ppm resulted in a significant reduction in mesangial sclerosis score (P < 0.05) (Fig. 6, 

A and E). Tubular atrophy and interstitial fibrosis were examined in male and female mice. 

In both sexes, vehicle-treated diabetic mice displayed higher tubular atrophy and interstitial 

fibrosis (P < 0.01) (fig. S7). In male and female mice, compared with vehicle or RAGE229, 

15 ppm, the administration of 150 or 50 ppm resulted in significantly lower tubular atrophy 

and interstitial fibrosis (P < 0.05) (fig. S7).

Second, we examined podocyte effacement by electron microscopy. In both male and 

female mice, when comparing vehicle chow–treated diabetic mice with nondiabetic mice, 

a significant increase in podocyte effacement was observed (P < 0.01 and P < 0.0001, 

respectively) (Fig. 6, B and E). In diabetic male mice, treatment with RAGE229-containing 

chow at 50 ppm, but not 150 or 15 ppm, resulted in reduction in podocyte effacement (P < 

0.05) (Fig. 6, B and E). In female diabetic mice, treatment with RAGE229-containing chow 

at 150 and 50 ppm resulted in a significant attenuation of podocyte effacement (P < 0.05), 

whereas RAGE229 at 15 ppm had no effect (Fig. 6, B and E).

Third, by electron microscopy, we measured the thickness of the glomerular basement 

membrane (GBM). In both male and female mice, an increase in GBM thickness was 

observed in diabetic versus nondiabetic mice (P < 0.001 and P < 0.05, respectively) (Fig. 

6, C and E). In male diabetic mice, treatment with RAGE229-containing chow at 150 or 50 

ppm resulted in a significantly lower GBM thickness (P < 0.05) (Fig. 6, C and E). Treatment 

with RAGE229 at 15 ppm had no effect (Fig. 6, C and E). In female diabetic mice, treatment 

with RAGE229 at 150 and 50 ppm resulted in lower GBM thickness (P < 0.05) (Fig. 6, C 

and E). Treatment with RAGE229 at 15 ppm had no effect (Fig. 6, C and E).

Fourth, we examined urinary albumin excretion (UAE) over 24 hours. In both male and 

female mice, diabetes resulted in increased UAE compared with nondiabetic mice (P < 

0.0001) (Fig. 6D). In male diabetic mice, treatment with RAGE229 at 150, 50, and 15 ppm 

resulted in significantly lower UAE (P < 0.0001, P < 0.0001, and P < 0.05, respectively) 

(Fig. 6D). In female diabetic mice, treatment with RAGE229 at 150, 50, and 15 ppm 
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resulted in significantly lower UAE (P < 0.0001, P < 0.0001, and P < 0.01, respectively) 

(Fig. 6D).

Table S7 illustrates that there were no RAGE229 treatment effects on body weight or on 

blood glucose concentrations in male and female mice. Table S7 also displays the mean 

RAGE229 concentrations for each treatment group of male and female mice.

Collectively, these data indicate that in both male and female type 1–like diabetic mice, 

treatment with RAGE229 reduced pathological and functional (UAE) measures of diabetic 

kidney disease. Next, we evaluated the effects of RAGE229 on kidney complications in a 

murine model of type 2 diabetes.

RAGE229 and long-term type 2–like diabetes kidney complications

Previous studies have shown that BTBR ob/ob mice develop pathological and functional 

indices of diabetic kidney disease (42). The wild-type offspring were enrolled as the 

nondiabetic control mice, and the homozygous BTBR ob/ob obese mice were used as the 

diabetic model. We treated the diabetic mice with 150 ppm RAGE229-containing chow or 

vehicle chow from 8 weeks of age for 4 months. Table S8 illustrates the body weights 

and serum glucose concentrations. Statistical analyses revealed increased concentrations 

of blood glucose in male ob/ob mice treated with RAGE229 compared with controls. In 

female ob/ob mice, although there were no differences in blood glucose concentrations, the 

RAGE229-treated mice displayed significantly lower body weight compared with control 

animals.

In both male and female mice, diabetes was associated with a significant increase in 

mesangial score, podocyte effacement, GBM thickness, and UAE (P < 0.01) (Fig. 7, A to E). 

Mesangial sclerosis was reduced in male and female diabetic mice treated with RAGE229-

containing chow at 150 ppm (P < 0.01 and P < 0.001, respectively) (Fig. 7, A and E). Male 

diabetic mice showed significantly greater tubular atrophy and interstitial fibrosis compared 

with nondiabetic control mice (P < 0.001); this increase was significantly attenuated by 

RAGE229 at 150 ppm (P < 0.05) (fig. S8). In female mice, there were no diabetes-related 

changes in these endpoints and no difference in RAGE229 150 ppm–treated mice versus 

vehicle-treated mice (fig. S8). Treatment with RAGE229-containing chow significantly 

reduced podocyte effacement compared with vehicle-treated diabetic male and female mice 

(P < 0.01 and P < 0.05, respectively) (Fig. 7, B and E). The treatment also reduced GBM 

thickness in both male and female diabetic mice compared with vehicle-treated controls (P < 

0.01 and P < 0.05, respectively) (Fig. 7, C and E). Moreover, UAE was significantly reduced 

in female animals treated with RAGE229-containing chow (P < 0.01) (Fig. 7D). No effect 

of the treatment on UAE was observed in male diabetic mice (Fig. 7D). Overall, RAGE229 

treatment in type 2–like diabetic mice with long-term kidney complications reduced multiple 

pathological and functional parameters relevant to diabetic kidney disease, although with 

some sex-dependent differences.

Signaling pathways such as activation of AKT and ERK1/2 MAPK (extracellular-regulated 

mitogen-activated protein kinase) are important in processes linked to diabetic kidney 

disease (43). Human aortic SMCs were treated with the RAGE ligand CML-AGE. 
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Compared to treatment with serum-free medium (SFM), CML-AGE resulted in significant 

increases in phospho-Ser473 AKT/total AKT and phospho-Thr202/Tyr204 ERK1/2 MAPK 

(P < 0.01 and P < 0.0001, respectively) (fig. S9). Pretreatment with RAGE229 before CML-

AGE prevented the CML-AGE–mediated increase in phosphorylation of these signaling 

molecules (P < 0.01 and P < 0.0001, respectively) (fig. S9). These studies suggest that 

the findings in preclinical models might also apply to humans and highlight the ability of 

RAGE229 to suppress pathological signaling mediated by CML-AGE, which is relevant to 

diabetic kidney disease.

Biomarkers of treatment outcome with RAGE229-containing chow in diabetic mice

Last, a critical element of long-term studies in diabetic mice and, ultimately, in 

human subjects is the evidence of successful modulation of the disease process after 

pharmacological intervention. Recent studies in human subjects with type 1 and type 2 

diabetes probed for circulating inflammatory proteins that were associated with a 10-year 

risk of end-stage renal disease (44). It was reported that a highly robust “kidney risk 

inflammatory signature” consisted of 17 proteins highly enriched in tumor necrosis factor 

(TNF) receptor superfamily members that met these prognostic criteria. In other studies, 

elevated concentrations of TNF-α were observed in diabetic patients with evidence of 

kidney disease (45, 46). Accordingly, we tested the hypothesis that TNF-α concentrations 

were elevated in diabetic mice compared with nondiabetic mice and that treatment with 

RAGE229-containing chow might attenuate inflammation.

First, we used a cell-based model of human macrophage-like cells in which treatment with 

RAGE ligand CML-AGE was probed, along with the potential effects of the RAGE small-

molecule antagonists of ctRAGE-DIAPH1 interaction. As shown in Fig. 8A, treatment of 

human THP1 macrophage-like cells with RAGE ligand CML-AGE increased TNF mRNA 

compared with cells incubated with SFM (P < 0.0001). Preincubation with RAGE203, 

RAGE208, or RAGE229 at 1 μM resulted in a significant attenuation of TNF mRNA 

transcripts (P < 0.0001) (Fig. 8A). Having established that RAGE ligands up-regulated 

TNF mRNA in THP1 cells, we probed whether treatment of diabetic mice with RAGE229-

containing chow would affect plasma TNF-α concentrations.

In the type 1–like diabetic mice (STZ model), diabetes resulted in a significant increase in 

plasma TNF-α concentrations in both male and female mice (P < 0.05) (Fig. 8B). Treatment 

of the male diabetic mice with RAGE229-containing chow at 150, 50, or 15 ppm reduced 

plasma TNF-α versus vehicle treatment (P < 0.05, P < 0.01, and P < 0.05, respectively) (Fig. 

8B). No effects on TNF-α concentrations were found in the female diabetic mice treated 

with RAGE229-containing chow compared with vehicle-treated animals (Fig. 8B).

We also tested plasma concentrations of distinct inflammatory markers. In both male and 

female mice, plasma interleukin-6 (IL-6) was increased in vehicle-treated diabetic mice 

compared with non-diabetic mice (P < 0.0001) (Fig. 8C). In both male and female diabetic 

mice, treatment with RAGE229 at 150, 50, or 15 ppm resulted in significantly lower IL-6 

concentrations compared with vehicle-treated animals (Fig. 8C).
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In the male and female type 1–like diabetic mice, plasma C-C motif chemokine ligand 2 

(CCL2)/JE monocyte chemoattractant peptide-1 (JE/MCP1) (noted as “CCL2” in the figure) 

was significantly higher when compared with nondiabetic controls (P < 0.0001) (Fig. 8D). 

In male mice, treatment with RAGE229 at 150, 50, or 15 ppm resulted in significantly lower 

concentrations of plasma CCL2 compared with controls (P < 0.0001, P < 0.0001, and P < 

0.05, respectively) (Fig. 8D). In female mice, treatment with 150 or 50 ppm, but not 15 ppm, 

resulted in significant attenuation of CCL2 compared with control vehicle (P < 0.0001) (Fig. 

8D).

We tested the effects of diabetes and RAGE229-containing chow in the type 2–like diabetic 

BTBR ob/ob mice. In both the male and female mice, diabetic BTBR ob/ob mice displayed 

significantly higher plasma TNF-α concentrations compared with nondiabetic control mice 

(P < 0.001 and P < 0.01, respectively) (Fig. 8E). In both male and female BTBR ob/ob 
diabetic mice, treatment with RAGE229-containing chow (150 ppm) reduced plasma TNF-α 
concentrations compared with vehicle treatment (P < 0.05) (Fig. 8E). In the case of IL-6, 

male and female BTBR ob/ob mice demonstrated significantly higher IL-6 compared with 

nondiabetic control mice (P < 0.0001) (Fig. 8F). RAGE229 at 150 ppm reduced plasma IL-6 

in both male and female BTBR ob/ob mice (P < 0.01) (Fig. 8F).

Last, both diabetic male and female BTBR ob/ob mice showed higher plasma CCL2 

concentrations compared with nondiabetic control mice (P < 0.0001 and P < 0.001) (Fig. 

8G), and RAGE229 at 150 ppm reduced this increase in male and female animals (P < 0.01 

and P < 0.05, respectively) (Fig. 8G). Together, these data indicate that diabetes increases 

plasma concentrations of TNF-α and other inflammatory molecules in both type 1–like and 

type 2 murine diabetes models and that such elevations are reduced by RAGE229 in both 

models.

DISCUSSION

Elevated concentrations of blood glucose directly contribute to the complications of diabetes 

in human subjects, as deduced from landmark studies in which rigorous management of 

hyperglycemia with intensive glucose-lowering strategies reduced long-term complications 

in type 1 and 2 diabetes (47, 48). Recent studies have revealed that treatment with 

antidiabetes agents, such as the glucagon-like peptide 1 (GLP-1) agonists, dipeptidyl 

peptidase 4 (DPP4) inhibitors, and sodium glucose cotransporter 2 (SGLT2) inhibitors 

(49, 50), variably exerted effects on hyperglycemia, as well as on cardiovascular and renal 

sequelae (51–58). Some of these agents have caused complications, such as ketoacidosis, 

gastrointestinal upset, worsening of diabetic retinopathy, and urinary and other infections 

(59). Because these agents are largely recommended for patients with type 2 and not type 1 

diabetes, the lack of their generalizability for targeting diabetic complications may limit any 

potential benefits for patients with type 1 diabetes. Hence, there remain important gaps in 

the therapeutic armamentarium for diabetic complications.

The present work reveals that the benefits of small-molecule antagonism of ctRAGE-

DIAPH1 interaction with RAGE229 are not dependent on blood glucose–lowering effects. 

The only differences noted in these studies were observed in the male BTBR ob/ob mice 
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used in the RAGE-containing chow kidney disease studies. In that experimental model, 

the concentrations of blood glucose were higher in the RAGE229-treated compared with 

vehicle-treated male but not female mice. We speculate that the higher concentrations of 

blood glucose at age 6 months in mice treated with RAGE229 compared with vehicle 

reflected a beneficial effect on the attenuation of aging-associated general decline in 

blood glucose concentrations that is reported in these mice, and that parallels an overall 

reduced health and reduced survival; these aging effects were assuaged by RAGE229. 

Previous data reported that ob/ob mice are indistinguishable from their lean littermates at 

birth, but within 2 weeks, they become heavier and develop hyperinsulinemia, with overt 

hyperglycemia becoming manifest by the fourth week of life (60); concentrations of blood 

glucose have been shown to rise and reach a peak after 3 to 5 months of age; after that, 

these concentrations decrease and eventually become nearly normal in old animals. Thus, 

we speculate that RAGE229 improved the general health of the mice and prevented the 

aging-associated decline in blood glucose concentrations. It is essential to note that in 

the C57BL/6 type 1–like diabetes model, RAGE229 exerted no effect on blood glucose 

concentrations, and in the BTBR ob/ob mice subjected to wound healing and RAGE229, no 

differences in blood glucose were observed, likely because these mice were younger than 6 

months at the time of euthanasia, and hence, the vehicle-treated BTBR ob/ob mice had not 

yet begun the age-associated decline.

Beyond the direct effects of high concentrations of blood glucose, one of the downstream 

sequelae of hyperglycemia is the production of AGEs. AGEs, the first defined ligands of 

RAGE, exert maladaptive effects in the vasculature and end organs in diabetes (4, 61, 62). 

Type 1 and 2 diabetes cause stimulation of inflammatory mechanisms in sites such as 

the pancreatic islets and the adipose tissue, respectively, and set the stage for systemic 

inflammatory stress linked to the numerous macro- and microvascular complications 

that target nearly every organ in the body. Specifically, beyond advanced glycation, 

multiple distinct pathways have been implicated in these inflammatory phenomena, 

including autoimmunity (type 1 diabetes), modulation of the epigenome, activation of the 

inflammasome, and the generation of pro-oxidative and tissue-damaging stress responses 

(63–66). In type 2 diabetes, the underlying inflammatory response in adipose and other 

metabolic tissues unleashes mediators such as TNF-α, IL-1, IL-6, IL-10, and MCP1 

(CCL2), all of which may contribute to inflammatory stress, potentially linked to the 

pathogenesis of complications (67, 68). Collectively, these considerations support the 

premise that anti-inflammation–directed treatments might beneficially modulate the course 

of diabetic complications (69).

Multiple studies have linked RAGE to inflammation and, in particular, to expression of 

TNF-α, at least in part through nuclear factor κB (NF-κB) (70–74). In the specific case 

of diabetes-associated kidney disease, a role for members of the TNF family as biomarkers 

of kidney disease has recently been suggested (44–46). Preclinical data have shown that 

treatment of STZ-induced diabetic mice with an anti-murine TNF-α antibody reduced 

macrophage recruitment and damage to the kidney (75). To specifically link TNF-α to 

macrophage biology, TNF-α was selectively ablated in macrophages using macrophage-

specific TNF-α–deleted mice and showed similar degrees of protection as noted with the 

pan-pharmacological inhibition approach (75).
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The study suggests that immune cells are a likely source of proinflammatory cytokines, 

such as TNF-α. Consistent with this premise, the present work revealed that RAGE ligands 

up-regulated TNF mRNA in human macrophage-like THP1 cells and that this up-regulation 

was suppressed by treatment with RAGE229. In vivo, in models of type 1–like and type 

2–like diabetes, in parallel with reduction in histopathological, ultrastructural, and functional 

indices of reduced diabetic kidney disease, long-term treatment of the mice with RAGE229-

containing chow resulted in decreased plasma concentrations of TNF-α. Although the 

experiments in diabetic male C57BL/6J mice revealed attenuation of TNF-α concentrations 

by RAGE229, data in the female mice displayed greater variability and overall no effect 

in lowering TNF-α concentrations. Of note, however, TNF-α concentrations were lower in 

the plasma of both male and female BTBR ob/ob mice treated with RAGE229 compared 

with vehicle-treated animals, in parallel with improvement in multiple diabetic kidney 

disease–related parameters. In human patients with diabetes, both plasma and circulating 

white blood cell concentrations of TNF-α were often beneficially affected by a variety of 

pharmacological or lifestyle interventions (76–80). We tested additional inflammatory target 

molecules in our preclinical models and found that plasma concentrations of CCL2/JE-

MCP1 and IL-6 were also reduced in the long-term kidney studies in type 1–like and type 

2–like diabetes.

It is important to consider that the main goal of the present study was to test whether 

small-molecule antagonists, such as RAGE229, that block the interaction of ctRAGE with 

DIAPH1 would be therapeutic in murine models of long-term chronic complications. Our 

data using NMR spectroscopy and FRET indicated that RAGE229 directly antagonized the 

interaction of ctRAGE with DIAPH1, thereby supporting the mechanism of action. Hence, 

because RAGE229 is an in vivo chemical probe (81), not a clinically enabled or readied 

agent, its efficacy in murine models of type 1–like and type 2–like diabetes provides support 

for the ongoing refinement of the molecule through subsequent SAR studies.

There are limitations to this study. First, the dose-dependent effects of RAGE229 in some 

of the endpoints varied. It is possible that among the endpoints tested, individual mice food 

intake may have varied over time. It is not possible to single house these mice to measure 

precisely how much food each individual mouse consumed. Single housing would add stress 

to the animals that might have resulted in altered food intake and general health decline. 

Although the animals were obligatorily co-housed, they were well cared for with respect to 

frequent cage changes and care to keep their bodies as dry and clean as possible. Despite 

these efforts, certain mice may become dominant, leading to varied food availability and 

intake.

Second, it is possible that sex differences relevant to RAGE229 exist. Although some 

differences were identified in the short-term feeding study (7-day treatment), in DTH, 

wound healing in type 2–like diabetic mice (wound healing closure), and in multiple 

endpoints in the type 1–like and type 2–like diabetic kidney, we showed that both male and 

female mice experienced benefits. We note that in the BTBR ob/ob studies, measurements of 

tubular atrophy and interstitial fibrosis showed sex differences when comparing diabetic to 

nondiabetic mice; hence, such underlying sex differences might have affected the response 

to RAGE229.
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These present considerations notwithstanding, the plasma detectability, efficacy, and ability 

to affect multiple disease-relevant and inflammatory biomarkers of the diabetic state 

establish through RAGE229 strong pharmacological proof of concept that small-molecule 

antagonism of ctRAGE-DIAPH1 interaction, known as inhibitors of the protein-protein 

interaction, may present a viable opportunity for the treatment of diabetic complications. 

Future studies using more refined and clinically ready molecules will need to test 

the cotreatment of ctRAGE-DIAPH1 small-molecule antagonists with inhibitors of the 

angiotensin-converting enzyme or the inhibitors of SGLT2 to establish clinically relevant 

doses, particularly after determining that these latter agents do not interfere with the 

metabolism and/or activity of small-molecule ctRAGE-DIAPH1 antagonists.

In summary, these results provide proof of concept and highlight the efficacy of 

pharmacological antagonism of ctRAGE-DIAPH1 for the treatment of the short-term 

and long-term complications of type 1–like and type 2–like diabetes in mouse models. 

The present findings indicate that the benefits of these small-molecule antagonists were 

independent of lowering the concentrations of blood glucose, thereby suggesting that the 

effects are due to modulation of disease-specific activities in the target organs, be it the 

heart, the dermis, or the kidney. Furthermore, these data illustrate that small-molecule 

antagonism of the ctRAGE/DIAPH1 interaction reduced the concentrations of circulating 

inflammation-related mediators, thereby identifying trackable markers of their activity in 

long-term models of diabetes-associated complications.

MATERIALS AND METHODS

Study design

Predefined study endpoints—Endpoint selection criteria were based on the published 

literature and our experience in using the indicated techniques and mouse models. Sample 

sizes were selected on the basis of our previous studies in which similar experimental 

endpoints were tested (5, 17, 20, 21, 35, 82–85). All available data were included in the 

statistical analyses, and no data points were considered outliers.

Rationale and study design—The overall objective of the study was to test the 

hypothesis that small-molecule antagonism of the binding of the ctRAGE with the 

intracellular formin molecule DIAPH1 would block the effects of RAGE ligand–stimulated 

signaling. We designed multiple studies, including in vitro, cell culture based, ex vivo, and 

in vivo endpoints, to test these small-molecule antagonists. In in vivo studies, we designed 

short-term and long-term experiments; where possible, we tested mice with type 1–like and 

type 2–like diabetes. Multiple measurement techniques were used, including binding assays, 

cell culture–based signal transduction, and molecular and activity endpoints, and in vivo, 

multiple endpoints were tested, including pathology, mRNA or protein, and function and 

plasma biomarker analyses.

Randomization—In the case of in vitro work, treatment groups for sets of test tubes 

or cell culture wells were randomly assigned. In the case of murine studies, both those 

purchased and born in house or cages were randomly assigned to treatment groups.
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Blinding—In the case of small-molecule versus vehicle treatments, the conduct and 

administration of the agents were performed in a blinded manner in nearly all cases. 

At the conclusion of the experiments, all samples in all experiments were analyzed by 

experimenters who were unaware of the experimental groups or treatments.

Replication—For in vitro studies, the number of biological and technical replicates is 

clearly indicated in the legends. For the in vivo studies, the number of biological replicates 

(i.e., the number of mice) is clearly indicated as the data are presented in the bar graph 

representative of individual mice. Hence, the sum of the data units is the number of 

biological replicate (mice) in the in vivo studies.

Statistical analyses

Data are shown as means ± SEM or the means ± SD, which is indicated in each 

figure legend. Normality of the data was assessed using the Shapiro-Wilk normality test. 

If normality assumption was met, data were subsequently evaluated by independent two-

sample t tests or analysis of variance (ANOVA) with post hoc Tukey’s test. Welch’s 

ANOVA was applied when homogeneity of variance was violated to control for multiple 

comparisons, as indicated. Nonparametric Wilcoxon rank sum tests were implemented 

instead to assess differences (Kruskal-Wallis tests were applied for group tests) if normality 

assumption was violated. Cochran-Armitage tests were used to assess the association 

between a variable with two categories and an ordinal variable. All analyses were performed 

with GraphPad Prism 8 and R 3.6.3. P values <0.05 were used to denote statistical 

significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RAGE203, RAGE208, and RAGE229 bind to ctRAGE with nanomolar affinities.
Fluorescence titration of the compounds into the solution of ctRAGE resulted in the 

fluorescence quenching. The affinities of RAGE203 (A), RAGE208 (B), and RAGE229 

(C) for the ctRAGE were estimated by fitting the data with the single-site binding isotherm 

and determined to be 30 ± 10, 24 ± 6, and 2 ± 1 nM, respectively. All experiments were 

performed in triplicate, and the results are expressed as the means ± SD.
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Fig. 2. Binding of RAGE229 to the ctRAGE is mostly due to polar interactions and antagonizes 
RAGE-DIAPH1 interaction in human embryonic kidney 293T.
(A) Overlay of the two-dimensional 1H-15N heteronu-clear single-quantum coherence 

(HSQC) NMR spectra of 50 μM [U-15N] ctRAGE and the complex of 50 μM [U-15N] 

ctRAGE and RAGE229 with molar ratio of 1:1:2. The assignments of ctRAGE amide 

protons and nitrogens are indicated. (B) Overlay of the 10 best solution structures of 

the ctRAGE-RAGE229 complex. Cyano (CN) and acetamide (CO and NH) groups of 

RAGE229 are indicated. (C) Electrostatic potential was mapped on the ctRAGE surface of 

the ctRAGE-RAGE229 complex. Amino acids responsible for the interactions with cyano 

and acetamide moieties of RAGE229 are indicated. The coordinates and chemical shift 

assignments of the ctRAGE-RAGE229 complex have been deposited in the Protein Data 

Bank with accession number 6VXG. (D) Bar graph shows the decrease in the average 

FRET values between RAGE-eCFP and constitutively active DIAPH1-eYFP after cells 

were incubated with 100 nM and 5 μM RAGE229. FRET is indicative of RAGE-DIAPH1 

interaction and is determined as the increase in donor emission. Data are presented as means 

± SD. Statistical analysis was performed by unpaired t test. ****P < 0.0001.
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Fig. 3. Small-molecule antagonists of RAGE affect scratch wounding in murine and human 
SMCs.
Small-molecule antagonists (12-point dose response; 1, 10 μM; 2, 3.333 μM; 3, 1.111 

μM; 4, 0.370 μM; 5, 0.123 μM; 6, 0.041 μM; 7, 0.014 μM; 8, 0.005 μM; 9, 0.002 μM; 

10, 0.001 μM; 11, 0.0002 μM; and 12, 0.00006 μM) tested in an SMC scratch wounding 

experiment. The IC50 values for inhibition for the small-molecule antagonists in murine 

SMCs are 950 ± 80 nM for RAGE203 (A), 70 ± 20 nM for RAGE208 (B), and 26 ± 9 nM 

for RAGE229 (C). (D) To verify the specificity of the small molecules tested, the percent 

migration in response to a non–RAGE ligand, PDGF-BB, was used as a positive control. 

SFM (serum-free medium) is the negative control. (E and F) In human SMCs, the IC50 value 

for inhibition of the small-molecule antagonist RAGE229 was 120 ± 60 nM (E). The percent 

migration induced by the non–RAGE ligand PDGF-BB and the effects of RAGE229 were 

tested (F). Compound incubation (concentration, 1 μM) and study design are as described 

for (A) to (F). Assays were performed in triplicate, and results are representative of three 

independent experiments. Data are presented as means ± SEM. After confirmation that 

the data passed the Shapiro-Wilk test for normality, statistical analysis was performed by 

unpaired t test. ***P < 0.001 and ****P < 0.0001.
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Fig. 4. Effects of RAGE203, RAGE208, and RAGE229 in DTH and cardiac ischemia-reperfusion 
injury.
(A) Effect of ctRAGE-DIAPH1 compounds on DTH scores in female CF-1 mice. Footpad 

inflammation scores are shown in mice treated with compounds compared to vehicle. 

Statistical analysis was performed by Cochran-Armitage test. (B) Effect of RAGE203, 

RAGE208, and RAGE229 on myocardial infarct area in C57BL/6J mice. Area at risk (left) 

and infarct area (right) are shown. After confirmation that data passed the Shapiro-Wilk test 

for normality, statistical analysis was performed by unpaired t test. (C) Effect of RAGE229 

(1 μM) in the isolated perfused diabetic heart. Infarct area (left) and lactate dehydrogenase 

(LDH) measurements (right) were performed. After confirmation of normality, data were 

analyzed by unpaired t test. (D) Effect of RAGE229 medicated on DTH scores in male and 

female CD-1 mice. Inflammation score is shown for male and female mice fed one of three 

RAGE229-specially modified chows (15, 50, or 150 ppm) or vehicle chow for 7 days before 

being challenged in the hind paw with mBSA. The number of mice per group is indicated in 

each figure. Statistical analysis was performed by Cochran-Armitage test. *P < 0.05 and **P 
< 0.01.
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Fig. 5. Administration of topical RAGE229 accelerates wound healing in diabetic mice.
At age 8 weeks, male and female BTBR ob/ob mice were subjected to full-thickness 

excisional wounding. % Wound closure from baseline is shown for males (A, C, and E) 

and females (B, D, and F) (N = 6). In (E) and (F), histological score was obtained from 

day 21 wounds. WE, wound edge. Original magnification, ×20; image magnification, ×1.25. 

Scale bars, 1 mm. The number of mice per group is indicated in each figure. Data are 

presented as means ± SEM, and statistical analysis was performed by unpaired t test after 

the Shapiro-Wilk test for normality. *P < 0.05 and **P < 0.01. AU, arbitrary units.
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Fig. 6. Treatment with RAGE229 protects from mesangial sclerosis, podocyte effacement, GBM 
thickening, and UAE in male and female type 1–like diabetic C57BL/6J mice.
Diabetic animals (DM) were further randomized to either receive one of three concentrations 

(15, 50, and 150 ppm) of RAGE229-containing chow or vehicle chow (vehicle) and 

euthanized after 6 months of STZ-induced hyperglycemia. Non-diabetic (ND) control 

animals only received vehicle chow. (A) Mesangial sclerosis score. For male mice, statistical 

significance was determined by ANOVA with post hoc Tukey’s test after passing the 

Shapiro-Wilk test for normality. For female mice, the data did not pass the Shapiro-Wilk 

test for normality, and the Wilcoxon rank sum test was used. (B) Podocyte effacement. For 

both male and female mice, statistical significance was determined by ANOVA with post 

hoc Tukey’s test after passing the Shapiro-Wilk test for normality. (C) Thickness of the 

GBM. For male mice, statistical significance was determined by ANOVA with post hoc 

Tukey’s test after passing the Shapiro-Wilk test for normality. For female mice, the data 

did not pass the Shapiro-Wilk test for normality, and the Wilcoxon rank sum test was used. 

(D) Measurement of UAE after 6 months of diabetes. For both male and female mice, 

statistical significance was determined by ANOVA with post hoc Tukey’s test after passing 

the Shapiro-Wilk test for normality. (E) Representative images of periodic acid–Schiff–

stained sections (top row, ×200 magnification; middle row, ×600 magnification) and electron 

microscopy images (bottom row, ×10,000 magnification; scale bars, 5 μm) of kidney cortex 
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tissue in male and female mice. Arrows indicate examples of podocyte effacement. The 

number of mice per group is indicated in each figure. Data are presented as means ± SEM. 

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 7. Treatment with RAGE229 protects from mesangial sclerosis, podocyte effacement, GBM 
thickening, and UAE in male and female BTBR ob/ob mice.
(A) Mesangial sclerosis score. For male and female mice, the data did not pass the 

Shapiro-Wilk test for normality, and the Wilcoxon rank sum test was used. (B) Podocyte 

effacement. For male and female mice, the data did not pass the Shapiro-Wilk test for 

normality, and the Wilcoxon rank sum test was used. (C) Thickness of the GBM. For 

male and female mice, statistical significance was determined by ANOVA with post hoc 

Tukey’s test after passing the Shapiro-Wilk test for normality. (D) Measurement of UAE 

after 4 months of treatment. For both male and female mice, statistical significance was 

determined by Welch’s ANOVA and t test with pooled SD after passing the Shapiro-Wilk 

test for normality. (E) Representative images of periodic acid–Schiff–stained sections (top 

row, ×200 magnification; middle row, ×600 magnification) and electron microscopy images 

(bottom row, ×8000 magnification; scale bars, 5 μm) of kidney cortex tissue in male and 

female mice. Arrows indicate examples of podocyte effacement in the representative images. 

The number of mice per group is indicated in each figure. Data are presented as means ± 

SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. WT, wild type.
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Fig. 8. Effect of RAGE229 on TNF gene expression in THP1 cells and plasma TNF, CCL2, and 
IL-6 concentrations in mice.
(A) Gene expression of TNF was determined in human THP1 cells treated with RAGE203, 

RAGE208, or RAGE229 (1 μM) and CML-AGE. Data are presented as means ± SEM. Data 

from three independent replicate experiments are shown. Statistical analysis was performed 

by unpaired t test. (B) Plasma concentrations of TNF-α were measured in male and female 

C57BL/6J mice at euthanasia. For male mice, statistical significance was determined by 

ANOVA with post hoc Tukey’s test after passing the Shapiro-Wilk test for normality. For 

female mice, the data did not pass the Shapiro-Wilk test for normality, and the Wilcoxon 

rank sum test was used. (C) Plasma concentrations of IL-6 were measured in male and 

female C57BL/6J mice at euthanasia. For male mice, statistical significance was determined 

by Welch’s ANOVA, followed by a t test with pooled SD after passing the Shapiro-Wilk 

test for normality. For female mice, statistical significance was determined by ANOVA 

with post hoc Tukey’s test after passing the Shapiro-Wilk test for normality. (D) Plasma 

concentrations of CCL2 were measured in male and female C57BL/6J mice at euthanasia. 

For male mice, statistical significance was determined by ANOVA with post hoc Tukey’s 

test after passing the Shapiro-Wilk test for normality. For female mice, Welch’s ANOVA 

was used, followed by a t test with pooled SD, after passing the Shapiro-Wilk test for 

normality. (E) Plasma concentrations of TNF-α were measured in male and female BTBR 
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ob/ob mice at euthanasia. For male and female mice, statistical significance was determined 

by ANOVA with post hoc Tukey’s test after passing the Shapiro-Wilk test for normality. 

(F) Plasma concentrations of IL-6 were measured in male and female BTBR ob/ob mice at 

euthanasia. For male and female mice, statistical significance was determined by Welch’s 

ANOVA with post hoc t test with pooled SD test after passing the Shapiro-Wilk test for 

normality. (G) Plasma concentrations of CCL2 were measured in male and female BTBR 

ob/ob mice at euthanasia. For male mice, statistical significance was determined by Welch’s 

ANOVA with post hoc t test with pooled SD test after passing the Shapiro-Wilk test for 

normality. For female mice, statistical significance was determined by ANOVA with post 

hoc Tukey’s test after passing the Shapiro-Wilk test for normality. The number of mice per 

group is indicated in each figure. Data are presented as means ± SEM. *P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001.
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