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44 Abstract. 

45 Therapies for type 2 diabetes primarily target hyperglycemia; however, 

46 complications are also triggered by advanced glycation end products 

47 (AGEs). We hypothesize that the anti-diabetic efficacy of insulin-like growth 
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48 factor-binding protein 4 (IGFBP4) is enhanced when it assembles with a 

49 specific amino acid compound-2 (AAC2) into nanostructures.  Their effects 

50 were examined in vitro and in ob/ob mice treated for 30 days with the AAC2–

51 IGFBP4 complex or its individual components. IGFBP4-mediated glucose 

52 uptake in human and mouse preadipocytes was enhanced by complex 

53 formation with AAC2, as confirmed by Fourier-transform mid-infrared 

54 spectroscopy, electrophoresis, and AFM. In ob/ob mice, the complex 

55 prolonged IGFBP4 circulation and amplified the effects of the individual 

56 components, resulting in reduced hyperphagia, body weight, and 

57 hyperinsulinemia, along with improved insulin sensitivity and glucose 

58 tolerance. Notably, HbA1c levels remained at 5.9% in the complex-treated 

59 group compared to >7% in others, with lower plasma AGE levels than in 

60 AAC2-treated mice. Transcriptomic and pathway analyses revealed that the 

61 complex upregulated genes promoting the fenestrated phenotype of liver 

62 sinusoidal endothelial cells (LSECs), facilitating AGE and waste clearance, 

63 whereas free AAC2 inhibited this process. We propose a 'scavenger-input' 

64 hypothesis in which free AAC2 inhibits, while the AAC2–IGFBP4 complex 

65 activates fenestrated phenotype and waste‑clearance capacity in liver 

66 sinusoidal endothelial cells (LSECs). Based on our results, AAC2 could serve 

67 as an adaptable and inherently therapeutic nanofiber modality that 

68 enhances the functional properties of bound proteins, offering 

69 multidimensional treatment possibilities for diabetes and other 

70 degenerative disorders. 

71 Keywords: liver sinusoidal system, drug clearance, toxins removal, TGFβ, 

72 HbA1C
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73 Graphic abstract

74 Schematics 1.  Advanced glycation end product (AGE) clearance from 

75 the blood is regulated by AAC2 nanofibers and their interaction with 

76 IGFBP4. The AAC2–IGFBP4 complex promotes a fenestrated phenotype in 

77 liver sinusoidal endothelial cells (LSECs), thereby enhancing the clearance 

78 of AGEs and other circulating waste products. In contrast, free AAC2 

79 nanofibers exert the opposite effect, inducing LSEC capillarization and 

80 consequently limiting the clearance of pharmaceuticals, nanotherapeutics, 

81 vaccines, AGEs, and additional metabolic and inflammatory by-products. 

82 The biological activity of AAC2 depends on leptin receptor signaling, 

83 whereas the AAC2–IGFBP4 complex activates gene programs associated 

84 with endothelial fenestration and clearance capacity, correlating with 

85 increased expression of the stabilin-2 and Fcgr2b clearance receptors.
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86 1 Introduction

87 The debilitating consequences of type 2 diabetes mellitus (T2DM) 

88 continue to pose a major public health challenge [1], ranking as the 

89 fourth leading cause of disability-adjusted life years [2]. Although the 

90 treatment of hyperglycemia remains a cornerstone of T2DM 

91 management, hospitalizations for hyperglycemic crises have steadily 

92 increased over the past two decades following a period of decline 

93 [2]. T2DM is associated with both microvascular and macrovascular 

94 complications [2, 3] and affects multiple organs, including the 

95 kidneys (diabetic nephropathy), heart (diabetic cardiomyopathy), 

96 and liver (non-alcoholic steatohepatitis and fibrosis) [4]. These 

97 complications are characterized by chronic inflammation and 

98 progressive fibrosis, ultimately leading to organ dysfunction and 

99 failure [5]. While hyperglycemia remains the primary therapeutic 

100 target for most anti-diabetic drugs [6], the accumulation of advanced 

101 glycation end products (AGEs), derived from reactive carbonyl 

102 species such as methylglyoxal (MGO) [7], has been implicated in 

103 irreversible protein modifications [8] and the development of 

104 vascular complications in T2DM [3]. Multifactorial approaches 

105 targeting both hyperglycemia and AGE clearance may be essential 

106 for advancing the treatment of T2DM complications.

107 Both hyperglycemia and AGEs contribute to the formation of 

108 glycated hemoglobin (HbA1c), a clinical marker used to assess long-
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109 term glucose control and predict the risk of complications [9]. AGEs 

110 activate the receptor for AGE (RAGE), initiating a pro-inflammatory 

111 cascade through pathways such as NF-κB and MAPK/ERK, which 

112 upregulate inflammatory cytokines and exacerbate oxidative stress 

113 [10]. This inflammatory environment promotes the activation of the 

114 TGFβ pathway and induces IL-11 expression, establishing a 

115 feedforward loop that worsens tissue injury, fibrosis, and results in 

116 ceased functioning [11]. An alternative mechanism for AGE 

117 clearance involves the liver sinusoidal endothelial cells (LSEC), 

118 which express the type H scavenger receptors stabilin-1 and stabilin-

119 2 [12]. Besides AGEs, these receptors facilitate the removal of 

120 various waste products, including lipopolysaccharide (LPS), thereby 

121 mitigating systemic inflammation [13, 14]. Deficiency in these 

122 receptors has been linked to glomerulofibrotic nephropathy, fibrosis, 

123 and premature mortality [15], although their role in diabetic 

124 complications [16] remains underexplored.

125 Nanotechnology-based interventions offer promising therapeutic 

126 alternatives by tar-geting both hyperglycemia and its underlying 

127 pathogenic mechanisms. Artificial nano-fibers such as AAC2, which 

128 act as atypical ligands for the leptin receptor (LepR), have been 

129 shown to modulate metabolic pathways [17, 18]. AAC2 activates 

130 LepR and atypical protein kinase C zeta, thereby enhancing glucose 

131 uptake in insulin-insensitive tissues [18]. Moreover, AAC2 forms 
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132 stable nanofiber complexes with insulin, extending insulin’s half-life 

133 in circulation and improving both glycemic control and cognitive 

134 function in diabetic models by balancing anabolic and catabolic 

135 signaling through insulin and leptin receptors [17]. Despite these 

136 advances, the molecular interactions between AAC2 and 

137 endogenous regulators of glucose metabolism beyond insulin [17] 

138 remain poorly understood, representing a critical knowledge gap in 

139 the development of next-generation anti-diabetic therapeutics.

140 Insulin-like growth factor binding protein 4 (IGFBP4) has recently 

141 been identified as one of five critical biomarkers of biological aging 

142 [19]. IGFBP4 is the most abundant member of the IGFBP family of 

143 six structurally related proteins [20]. IGFBP4 is secreted by multiple 

144 tissues, including myocytes [21] and all adipocyte subtypes [22]. Its 

145 secretion is particularly enhanced in thermogenic Aldh1a1⁻/⁻ 

146 adipocytes, which exhibit high glucose uptake [23, 24]. The best-

147 characterized role of IGFBP4 in glucose metabolism involves its 

148 binding to insulin-like growth factors IGF-1 and IGF-2 [25]. 

149 Proteolytic cleavage of the IGFBP4–IGF-1 complex (holo-IGFBP4) 

150 near the cell surface leads to IGF-1 release and a transient surge in 

151 glucose uptake [26]. The sequestration of IGF-1 by IGFBP4 is 

152 significant, as low IGF-1 levels have been associated with increased 

153 longevity in humans and animal models [27].
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154 Evidence suggests that proteolytic fragments of IGFBP4 accelerate 

155 atherosclerosis, particularly in individuals with diabetes [28], while 

156 a mutated form of IGFBP4 resistant to proteolysis improves cardiac 

157 recovery following acute myocardial infarction [29]. In its non-

158 liganded form (apo-IGFBP4), the protein resists proteolytic cleavage 

159 and functions as a cardiogenic growth factor inhibiting the assembly 

160 of Wnt3a with Frizzled-8 and LRP6 [21], where LRP6 has also been 

161 implicated in the regulation of glucose metabolism [30]. However, 

162 the role of apo-IGFBP4 in models of hyperglycemia, glucose 

163 intolerance, and insulin resistance has not been investigated.

164 AAC2 binding protects insulin in circulation [17], acting as a scaffold 

165 that may also modulate clearance of IGFBP4, the dynamics between 

166 IGFBP4 and its IGF-1-bound complex, and proteolytic degradation of 

167 this complex. Therefore, the current study aims to investigate the 

168 effects of IGFBP4 alone or in complex with AAC2 in ob/ob mice, a 

169 well-established model of insulin resistance, hyperglycemia, and 

170 leptin deficiency [31]. By characterizing this interaction, we seek to 

171 define IGFBP4’s function in T2DM and determine whether synthetic 

172 nanomaterial AAC2 can enhance the therapeutic potential of 

173 IGFBP4.
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174 2 Results

175 2.1 The AAC2–IGFBP4 combination enhances glucose 

176 uptake and amplifies the anti-inflammatory effects of 

177 its individual components in vitro 

178 We investigated the properties of the apo-form of human IGFBP4 

179 (hIGFBP4, UniProt ID: P22692; Fig. 1a). In apo-IGFBP4, the 

180 cysteine-rich N- and C-terminal domains are unoccupied by IGF1 or 

181 IGF2 [32], exposing electronegative and hydrophobic regions that 

182 may facilitate interactions with other molecules. Here, we examined 

183 the potential interaction between hIGFBP4 and the positively 

184 charged, hydrophobic AAC2 nanofibers, previously characterized in 

185 [18] (Fig. 1b). Given that hyperglycemia induces the production of 

186 proinflammatory methylglyoxal (MGO), a precursor of advanced 

187 glycation end products (AGEs), we also investigated its potential 

188 interference with AAC2 and hIGFBP4 (Fig. 1c). 

189 We assessed the glycemic effects of hIGFBP4 by measuring 

190 glucose uptake in primary human subcutaneous adipocytes isolated 

191 from six obese individuals (BMI
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192 Fig. 1. Combination of apo-hIGFBP4 with electropositive AAC2 

193 nanofibers enhances glucose uptake and attenuates the 
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194 proinflammatory effects of MGO. (a) Schematic representation of 

195 hIGFBP4 structure highlighting domains susceptible to interaction with 

196 charged, hydrophobic, and oxidant molecules. (b) AAC structure: a dilysine 

197 backbone modified with a hydrophobic coumarin side group, enabling self-

198 assembly into positively charged nanofibers. (c) Schematic of methylglyoxal 

199 (MGO) production under hyperglycemic stress, showing its role as a 

200 precursor of electronegative AGEs and driver of diabetic inflammation. (d) 

201 FD-glucose uptake in human subcutaneous SVF preadipocytes isolated from 

202 obese patients (n = 6) with and without diabetes. Confluent cells were 

203 glucose- and serum-deprived (starved) for 40 min and treated with vehicle 

204 (Veh, PBS) or designated concentrations of insulin (Ins), leptin (Lep), and 

205 hIGFBP4. Statistical analysis was performed using unpaired t-test. *P = 

206 0.05–0.01; **P = 0.01–0.001; ***P < 0.001. (e) Dose-dependent FD-glucose 

207 uptake in 3T3-L1 preadipocytes (n = 4) starved for 50 min and treated for 

208 90 min with hIGFBP4 alone or with AAC2 (0.1 µM). (f) IL-11 reporter activity 

209 in HEK293 cells (n = 4) after 24 h stimulation with recombinant human IL-

210 11 (1 ng/mL), MGO (10 µM), or their combination. Data is expressed as a 

211 percentage relative to unstimulated control. (g) HEK293 cells (n = 4) were 

212 stimulated for 24 h with IL-11 and MGO (as in panel f) in the presence or 

213 absence of AAC2 (1 µM), hIGFBP4 (50 ng/mL), or their combination.

214

215 50.4 ± 6.67; Table S1) with and without T2D (HbA1c 5.82 ± 0.75), in 

216 comparison to insulin and leptin (Fig. 1d). The apo-form of hIGFBP4 

217 increased glucose uptake in a dose-dependent manner in these 

218 human adipocytes. Similarly, it enhanced FD-glucose uptake in a 
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219 dose-dependent fashion in murine 3T3-L1 preadipocytes (Fig. 1e). 

220 Notably, the combination of AAC2 and hIGFBP4 significantly 

221 increased FD-glucose uptake compared to hIGFBP4 alone at 

222 concentrations above 75 ng/mL. To determine whether hIGFBP4 and 

223 AAC2 also modulate inflammatory responses, we used human kidney 

224 HEK293 reporter cells as a model of feed-forward IL-11-driven 

225 fibrotic inflammation relevant to diabetic nephropathy [33]. As 

226 expected, IL-11 stimulation increased IL-11 production by 360%, 

227 while MGO (10 µM), a concentration consistent with levels in 

228 diabetic patients (7 µM) [34, 35], had no effect alone (Fig. 1f). 

229 However, co-stimulation with IL-11 and MGO resulted in a 500% 

230 increase in IL-11 production compared to control and a significant 

231 rise relative to IL-11 alone, consistent with MGO-induced 

232 glucotoxicity in diabetes [35]. The induction of IL-11 by IL-11 + MGO 

233 was not affected by AAC2 or hIGFBP4 alone; however, their 

234 combined treatment significantly reduced this proinflammatory 

235 response (Fig. 1g).  Given the enhanced glucose uptake and anti-

236 inflammatory effects of the AAC2–hIGFBP4 combination, along with 

237 their electrostatic complementarity, we investigated potential 

238 complex formation between these molecules.

239  
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240 2.2 Evidence for Complex Formation Between AAC2 and 

241 hIGFBP4 

242 We analyzed AAC2 (1 mM), recombinant human IGFBP4 

243 (hIGFBP4, 10 ng/mL), and a mixture of AAC2 (1 mM) with hIGFBP4 

244 (10 ng/mL), using Fourier-transform mid-infrared spectroscopy [36] 

245 to assess differences in secondary protein structure within the 1600–

246 1700 cm⁻¹ spectral region via deconvolution analysis [37]. Fig. 2a 

247 displays relative percentages of side chain vibrations, parallel and 

248 antiparallel β-sheet, random coils, α-helix and β-turn of hIGFBP4 and 

249 AAC2-hIGFBP4 complex. AAC2-hIGFBP4 complex induced 

250 conformational changes resulted in the decrease in parallel β-sheet 

251 content, α-helix, random coils content, accompanied by increase in 

252 β-turn, anti-parallel β-sheet content at 1689 cm-1, and side chains. 

253 This pattern suggests a substantial conformational rearrangement, 

254 where flexible regions (random coils [38] are replaced by more 

255 ordered β-structures. The increase in β-turns likely facilitates the 

256 alignment of strands into antiparallel β-sheets. At the same time, the 

257 loss of α-helices and coil structures may indicate structural 

258 remodeling that favors the adoption of more stable, antiparallel β-

259 sheet conformations, which are characteristic for complex 

260 stabilization [39]. The observed increase inside chain-associated 

261 signals (1603–1606 cm⁻¹) may be linked to changes in the local 

262 chemical environment of specific amino acid residues or free AAC2. 
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263 These shifts may reflect reorientation, altered exposure, or new 

264 interactions of side chains upon binding, contributing to the 

265 stabilization of the complex through hydrogen bonding, electrostatic 

266 attractions, or hydrophobic contacts. Heat treatment of hIGFBP4 

267 (hIGFBP4Inact), altered properties of AAC2-hIGFBP4Inact complex, 

268 demonstrating an increase in β-turns (Fig. 2b)  could be attributed 

269 to the loss of stability or dissociation of AAC2 from heat-inactivated 

270 hIGFBP4 [40]. These findings indicate a specific interaction between 

271 AAC2 and hIGFBP4, which appear to be disrupted upon denaturation 

272 of the protein. 

273 Native gel electrophoresis (Fig. 2c) further confirmed complex 

274 formation, showing that the AAC2-hIGFBP4 complex migrated as a 

275 higher molecular weight band compared to free hIGFBP4 and the 

276 denatured hIGFBP4 mixture with AAC2. These results validated 

277 complex formation in vitro. 

278 The nanofiber structure of AAC2 observed by TEM [18] was 

279 further confirmed by Atomic Force Microscopy (AFM) (Fig. 2d). 

280 AAC2 nanofibers retained their fibrous morphology or appeared to 

281 wrap around themselves, likely due to a combination of repulsive 

282 electrostatic forces and hydrophobic interactions. AFM also showed 

283 that AAC2 interacts with multiple regions of the IGFBP4 protein 

284 (white areas), displaying variable binding affinity. 
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285

286 Fig. 2. Apo-hIGFBP4 complex with AAC2 exhibits distinct IR spectral 

287 and electrophoretic characteristics. (a) ATR FT-MIR spectra of hIGFBP4 

288 with and without bound AAC2 were analyzed by spectral deconvolution in 

289 the 1600–1700 cm⁻¹ region. Highlighted are β-sheets, and α-helices. Each 

290 sample was measured five or more times and shown as representative 

291 samples. Statistical analysis was performed using one-way ANOVA. (b) ATR 

292 FT-MIR spectra of AAC2 with native and denatured by heat inactivation 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

16

293 hIGFBP4 analyzed by spectral deconvolution in the 1600–1700 cm⁻¹ region. 

294 (c) Electrophoresis of hIGFBP4 (lane 1), AAC2 with denatured hIGFBP4 

295 (lane 2), and AAC2 with native hIGFBP4 (lane 3), performed under 

296 denaturing conditions. (d) AFM image of AAC2 and the AAC2-IGFBP4 

297 complex, with the enlarged regions shown in inserts d.1 and d.2. (e, f) Fiber 

298 diameter measurements (e, indicated by red circles) and corresponding 

299 histogram distribution (f) derived from AFM images of AAC2 (n=7) and the 

300 AAC2-IGFBP4 complex (n=9, *P =0.03). 

301

302 Unlike AFM images of native or aggregated proteins [41], the 

303 electrostatic complementarity between AAC2 and hIGFBP4 may 

304 promote the formation of globular and fibrous structures of differing 

305 compaction, as illustrated in the enlarged inserts (Fig. 2d, panels 

306 d.1 and d.2). In agreement with these observations, the diameters 

307 of nanofibers measured at randomly selected sites showed 

308 considerable variability and were significantly greater in the AAC2–

309 hIGFBP4 complex than in free AAC2 alone (Fig. 2e), with large-

310 diameter fibers observed exclusively in the AAC2–hIGFBP4 complex 

311 (Fig. 2f). The very large diameters (~100 nm) might emerge from 

312 bundling instead of a single protein binding. This pattern is 

313 consistent with the abundant electronegative and hydrophobic 

314 residues present in the N-terminal region of IGFBP4 compared with 

315 the central and C-terminal domains.
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316 2.3 Endogenous IGFBP4 and IGF-1 levels are unchanged by 

317 AAC2/hIGFBP4 treatment in ob/ob mice  

318 The improved glycemic and anti-glucotoxic properties of the AAC2–

319 hIGFBP4 complex observed in vitro prompted us to examine its 

320 effects in leptin-deficient, insulin-resistant ob/ob male mice (Fig. 

321 3a). After acclimation, mice were randomized into four groups with 

322 similar body weight and fasting glucose levels and received 

323 intrascapular subcutaneous injections of vehicle (Veh, PBS), AAC2 

324 (0.1 nmol/g body weight [BW]),

325 observed in vitro prompted us to examine its effects in leptin-

326 deficient, insulin-resistant ob/ob male mice (Fig. 3a). After 

327 acclimation, mice were randomized into four groups with similar 

328 body weight and fasting glucose levels and received intrascapular 

329 subcutaneous injections of vehicle (Veh, PBS), AAC2 (0.1 nmol/g 

330 body weight [BW]), hIGFBP4 (1.79 nmol/g BW), or AAC2–hIGFBP4 

331 (0.1 nmol/g and 1.79 nmol/g, respectively) every 48 hours for 30 

332 days. In our previous study, AAC2 binding prolonged the circulation 

333 time of therapeutic insulin [17]; therefore, we measured plasma 

334 hIGFBP4 concentrations in all treatment groups 48 hours after 

335 injection (Fig. 3b). Circulating hIGFBP4 was detectable only in mice 

336 treated with the AAC2–hIGFBP4 complex, supporting the role of 

337 AAC2 nanofibers as a protective scaffold.
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338 Endogenous murine IGFBP4 levels were significantly elevated in 

339 ob/ob mice treated with either free hIGFBP4 or AAC2–hIGFBP4 

340 compared to controls (Fig. 3c). Since IGF-1 is the canonical binding 

341 partner of IGFBP4 and plays a role in glucose regulation [42], we 

342 compared IGF-1 levels across groups and found no significant 

343 differences (Fig. 3d). The comparable plasma levels of endogenous 

344 IGFBP4 and IGF-1 in both 

345 treatment conditions suggest that these proteins are unlikely to 

346 account for the differing

347 effects of free versus AAC2-bound hIGFBP4.

348 2.4 AAC2–hIGFBP4 complex, but not free hIGFBP4, reduces 

349 body weight and food intake in ob/ob mice  

350 Consistent with the known phenotype, ob/ob mice in the control 

351 (Veh) group gained

352 Similar weight gain and final body weight were observed in mice 

353 treated with free AAC2 or hIGFBP4. However, treatment with the 

354 AAC2/hIGFBP4 complex resulted in a moderate reduction in both 

355 weight gain (-7.7%) and body weight (–6%) compared to control 

356 ob/ob mice (100%). These effects were absent in db/db mice 

357 subjected to similar treatments (Fig. S1a).
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358
359 Fig. 3. AAC2-hIGFBP4 complex increased the circulation time of 

360 hIGFBP4 without influencing mouse IGFBP4 and IGF-1 levels. (a) 

361 schematic of the experiment showing four ob/ob male mouse groups (n = 5 

362 per group) treated with control (veh, PBS), AAC2 (0.1 nmol/g body weight, 

363 BW), hIGFBP4 (1.79 nmol/g BW), or AAC2-hIGFBP4 (0.1 nmol/g and 

364 1.79 nmol/g, respectively) every 48 h for 30 days. All data are shown and 

365 mean ± SEM. (b–d) plasma levels of 
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366 therapeutic hIGFBP4 (b), endogenous mouse IGFBP4 (c), and IGF1 (d) 

367 measured by ELISA 30 days after the start of treatment. n.s., not significant 

368 by unpaired Student’s t-test.

369 therapeutic hIGFBP4 (b), endogenous mouse IGFBP4 (c), and IGF1 (d) 

370 measured by ELISA 30 days after the start of treatment. n.s., not significant 

371 by unpaired Student’s t-test.

372
373 Food intake was also affected in ob/ob mice. Mice treated with AAC2 

374 (–9%) or the AAC2-hIGFBP4 complex (–14%) showed significantly 

375 reduced food intake compared to the control group (Fig. 4c). 

376 Notably, mice receiving the AAC2-hIGFBP4 complex exhibited a 

377 progressive reduction in hyperphagia relative to other treated 

378 groups, despite having the highest baseline food intake among all 

379 groups (Fig. 4d). None of the treatments induced liver toxicity, as 

380 indicated by AST levels (Fig. 4e). However, a trend toward 

381 decreased liver weight (P < 0.06) was observed in ob/ob mice treated 

382 with the AAC2-hIGFBP4 complex. These findings demonstrate that 

383 AAC2-hIGFBP4 treatment leads to moderate but significant changes 

384 in the obesogenic and hyperphagic phenotype of ob/ob mice over the 

385 30-day treatment period.

386 2.5 AAC2-hIGFBP4 complex, but not free hIGFBP4, 

387 markedly improved glucose metabolism in ob/ob mice  

388 Untreated ob/ob mice developed severe insulin resistance (Fig. 

389 5a, b) and glucose intolerance (Fig. 5c, d), as assessed by insulin 
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390 and glucose tolerance tests (ITT and GTT), respectively. Treatment 

391 with the AAC2-hIGFBP4 complex significantly improved insulin 

392 sensitivity in ob/ob mice, with enhanced ITT responses observed at 

393 15 and 90 minutes following insulin injection compared to untreated 

394 ob/ob mice. A significant improvement at 90 minutes was also noted 

395 in the group treated with free hIGFBP4, while a trend toward 

396 improvement was seen in the AAC2-treated group (P=

397 0.085). GTT was performed 18 days after the start of treatment 

398 and revealed improved glucose tolerance in ob/ob mice treated with 
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399 the AAC2-hIGFBP4 complex at baseline, 15, 30, and 90 minutes after 

400 glucose injection. In contrast, free hIGFBP4 and 

401

402 Fig. 4. AAC2-hIGFBP4 complex induced moderate changes in weight 

403 and food intake without causing liver toxicity in ob/ob mice. (a, b) 

404 weight gain after 30 days of treatment (a) and body weight at baseline (day 

405 0) and at the end of the study (b) in the four groups of ob/ob mice described 

406 in Fig. 3. (c, d) average food intake on day 25 (c) and food intake kinetics 
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407 over the course of the study in all ob/ob groups (d). (e) AST levels in plasma 

408 measured by ELISA at the end of the study. (f) liver weight in all mouse 

409 groups.

410

411 AAC2 treatments showed less pronounced effects. These effects 

412 were dependent on LepR, and treatment with the AAC2-hIGFBP4 

413 complex, AAC2, or hIGFBP4, because the trend was reversed in 

414 db/db mice (Fig. S1b). 

415 We also examined the contribution of insulin to glucose regulation 

416 in ob/ob mice. hIGFBP4 and AAC2 treatments had opposing effects 

417 on plasma insulin levels: AAC2 significantly increased insulin levels 

418 (169% of control), whereas hIGFBP4 reduced them (59.8% of 

419 control) (Fig. 5e). Paradoxically, treatment with the AAC2-hIGFBP4 

420 complex also led to a decrease in circulating insulin levels (76% vs. 

421 100% in controls), despite improved responses in both GTT and ITT. 

422 AAC2-induced hyperinsulinemia was absent in db/db mice, while 

423 treatment with hIGFBP4 and the AAC2-hIGFBP4 complex showed a 

424 similar trend toward reduced insulin levels (Fig. S1c) as observed 

425 in ob/ob mice (Fig. 5e).

426 The unique effect of the AAC2-hIGFBP4 complex was further 

427 demonstrated by the analysis of HbA1c levels. After just 30 days of 

428 treatment, HbA1c was markedly reduced (42.4% compared to 100% 

429 in controls) only in mice treated with the AAC2-hIGFBP4 complex 

430 (Fig. 5f). This is notable, given that 4–10 weeks are typically 
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431 required to observe changes in HbA1c in murine models of severe 

432 insulin-dependent diabetes [43]. None of the other treatment groups 

433 showed a trend toward HbA1c reduction, despite observed effects 

434 on glucose regulation. Since AGEs are involved in the non-enzymatic 

435 glycation of proteins, we also measured AGE levels in plasma (Fig. 

436 5g) 
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437 Fig. 5. The AAC2-hIGFBP4 complex is more effective in improving 

438 glucose regulation, reducing HbA1c, and modulating AGE handling 

439 compared to individual components in ob/ob mice.  (a, b) kinetics of 

440 blood glucose levels in 4-hour fasted ob/ob mice during ITT following a 
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441 single i.p. injection of human insulin (1 mU/g BW) (a) and corresponding 

442 area under the curve (AUC) analysis (b). (c, d) kinetics of blood glucose 

443 levels during GTT after a single i.p. injection of 10% glucose solution 

444 (10 µL/g BW) (c) and corresponding AUC analysis (d). (e) endogenous mouse 

445 insulin levels in plasma measured by ELISA at the end of the study (n = 5 

446 per group). (f) HbA1c levels in blood measured by enzymatic colorimetric 

447 assay (n = 5 per group). (g, h) AGE levels measured in plasma (n = 5 per 

448 group) (g) and urine (n = 3 per group) (h) at the end of the study by 

449 enzymatic colorimetric assay. The reduced number of urine samples was 

450 due to spontaneous urination occurring before collection.

451

452 and urine (Fig. 5h) at the end of the study. Despite improved GTT 

453 responses, all treatment groups showed increased plasma AGE 

454 levels compared to controls (100%), with the highest elevation in the 

455 AAC2-treated group (377.7%), followed by the hIGFBP4 group 

456 (315.6%) and the AAC2-hIGFBP4 group (158.7%). These increases 

457 were statistically significant between the control and AAC2-treated 

458 groups. Notably, AGE levels in AAC2-hIGFBP4–treated mice were 

459 significantly lower than those in AAC2-treated ob/ob mice. Urinary 

460 AGE excretion was highest in the control group (100%) and lowest 

461 in the hIGFBP4 (6.3%) and AAC2 (9.8%) groups. A trend toward 

462 increased urinary AGE excretion was observed in the AAC2-hIGFBP4 

463 group (38.7%) compared to free hIGFBP4. Together, these data 

464 highlight the unique metabolic profile of the AAC2-hIGFBP4 
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465 complex, which improved glucose uptake, reduced circulating 

466 insulin levels and HbA1c, without lowering AGE levels in plasma.

467
468 2.6 AAC2-hIGFBP4 complex induces expression of genes 

469 that support activation of the hepatic sinusoidal 

470 clearance system in ob/ob mice  

471 To gain insight into the mechanisms underlying the responses to the 

472 AAC2-hIGFBP4 complex or its individual components, we performed 

473 transcriptome-wide gene expression analysis in the liver to identify 

474 genes distinguishing treatment effects in ob/ob mice. Strikingly, 

475 genes that changed significantly (P < 0.005) showed opposite 

476 regulatory patterns in response to free AAC2 versus the AAC2-

477 hIGFBP4 complex (Fig. 6a). Based on these distinct expression 

478 profiles, we classified the genes into clusters I and II.

479 Treatments modulate TGFβ and hepatic sinusoidal clearance 

480 pathways.  

481 The relationship among genes was assessed by pathway analysis, 

482 which highlighted the regulation of Stab2 and Fcgr1b scavenger H 

483 receptors expressed by liver sinusoidal endothelial cells (LSEC) and 

484 serving as markers of LSEC [44] as central components of the 

485 cellular regulatory response (Fig. 6b, green line), downstream of 

486 TGFβ. Although changes in Tgfb1 expression did not reach the 

487 significance threshold of P < 0.005, its expression differed 

488 significantly between livers from AAC2- and AAC2-hIGFBP4–treated 
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489 mice (Fig. S2a) and correlated with Stab2 expression (Fig. 6c, R² = 

490 0.52), as well as with other clearance receptors in cluster II, such as 

491 Fcgr2b (R² = 0.66) and Mrc1 (R² = 0.65). These findings suggest 

492 that the expression of clearance scavenging machinery is associated 

493 with Tgfb1 signaling. To further explore the signaling output of 

494 Tgfb1, we compared its expression with that of co-receptors Tgfbr3 

495 and Eng, as well as Tgfbr2, all of which showed significant 

496 correlations with Tgfb1 (Fig. 6d).

497 The ALK5 (Tgfbr1) signaling pathway relies on the interaction of 

498 proteins encoded by Tgfb1 with accessory Tgfbr3, Tgfbr2, and the 

499 obligate transcriptional co-activator Smad4. In our dataset, Tgfb1 

500 positively correlated with Smad4 (Fig. S2b, R² = 0.36), which is 

501 known to regulate Eng expression [45]. Correspondingly, Smad4 

502 expression correlated with Eng (Fig. S2c, R² = 0.35).

503 Endoglin (Eng) is a central regulator of TGFβ network and 

504 cluster II gene expression in LSEC. In line with the pathway 

505 analysis placing Eng as a central component of the intracellular 

506 regulatory network (Fig. 6b), Eng expression correlated with 85% 

507 of all other genes in cluster II (Fig. 6e), including all LSEC-

508 expressed scavenger receptors (Fig. 6f). Moreover, Eng expression 

509 was significantly correlated with Kdr encoding a critical Eng-

510 dependent endothelial receptor VEGFR2 regulating vascular 

511 integrity [46] with other transmembrane proteins, including Cdh5 
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512 (VE-cadherin) and Ptrpb (Fig. 6g) [47]. Eng also correlated with 

513 Pcxnc1, a specific marker of LSEC, and Pde2a, a marker of 

514 differentiated LSEC [48, 49], suggesting that the majority of cluster 

515 II genes regulated by the AAC2-hIGFBP4 complex and AAC2 affect 

516 the function of the LSEC population (Fig.  6e, g).

517 Eng in LSEC mediates crosstalk with cluster I gene expression 

518 in other hepatic and sinusoidal cell populations. Eng also 

519 showed a strong correlation with Ehd3, which encodes a protein 

520 involved in trafficking of exosomes [50], as well as with secretory 

521 proteins such as Igfbp1 and Oit3 (Fig. 6e). Notably, Oit3 is a bona 

522 fide selective marker for LSEC [51], along with Dnase1l3 [52]. The 

523 expression of exosomal and secretory genes in LSEC suggests 

524 potential crosstalk with other hepatic cell types. In 

525 particular, Ehd3 (R² = 0.70; Fig. 6b) and Oit3 (R² = 0.35; Fig. 7a) 

526 exhibited significant correlations with the hepatic transcription 

527 factor Klf9 [53]. Several hepatic genes, including Dnajc15 [54] and 

528 Gsta4 [55], are prominent in cluster I. These genes are inversely 

529 correlated with Klf9 and show significant inter-correlation, including 

530 with Nd6 (mitochondrial NADH dehydrogenase subunit 6), which is 

531 ubiquitously expressed [56]. An exception is Scarna1, which 

532 correlated only with Dnajc15, and Slc51b (also known as OSTβ), 

533 which is localized in cholangiocytes. Slc51b promotes the efflux of 

534 bile acids 
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535 Fig. 6. Treatment with AAC2 and the AAC2-hIGFBP4 complex exhibits 

536 opposite patterns in the regulation of genes controlling liver 

537 sinusoidal clearance in ob/ob mice. (a) Heat map of gene expression in 
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538 livers from ob/ob mice treated with Veh, AAC2, hIGFBP4, or the AAC2-

539 hIGFBP4 complex. Transcriptomic profiling was performed using Affymetrix 

540 microarrays, and genes with significant changes (P < 0.005) are shown. 

541 Cluster I includes: 1. Dnajc15, 2. ND6, 3. Scarna1, 4. Slc51b, 5. Gsta4. 

542 Cluster II includes: 6. Mrc1, 7. Kdr, 8. Fcgr2b, 9. Adgrf5, 10. Adgrl4, 11. 

543 Plpp1, 12. Plxnc1, 13. Aqp1, 14. Igfbp1, 15. Cdh5, 16. Eng, 17. Stab2, 18. 

544 Pde2a, 19. Dnase1, 20. Ptprb, 21. Oit3, 22. Zbtb16, 23. Lpin1, 24. Sytl5, 25. 

545 Ehd3, 26. Tns2, 27. Klf9. (b) Top-ranked pathway identified by Ingenuity 

546 Pathway Analysis, highlighting a TGFβ-driven regulatory network centered 

547 on the scavenger receptor axis involving Stab2 and Fcgr2b (green line). (c–

548 h) Pearson correlation analysis of gene expression across treated and 

549 untreated ob/ob mice. Gene expression values are shown in log scale; 

550 correlations with R² > 0.33 are considered significant (P < 0.05, n = 12). (c) 

551 Correlation between Stab2 and Tgfb1 expression. (d) Correlation between 

552 Tgfb1 and its receptor and co-receptor genes (Tgfbr2, Tgfbr3, Eng), 

553 collectively referred to as TGFβ pathway machinery. (e) Correlation between 

554 Eng and LSEC clearance receptors, including Stab1, Stab2 (scavenger 

555 receptor type H), Mrc1 (mannose receptor C-type 1), and Fcgr2b (Fc 

556 receptor for clearance of immune complexes), collectively referred to as 

557 clearance receptors. (f) Heat map of correlation matrix analysis between all 

558 genes in clusters I and II with R2 values. (g) Correlations between Eng and 

559 genes associated with vascular endothelium (VE) machinery: Kdr, Cdh5, 

560 Ptprb, Tns2, Pde2a, and Pcxnc1. (h) Correlations between Eng and genes 

561 encoding secretory proteins or proteins involved in exosomal trafficking, 

562 collectively referred to as secretory machinery.

563  
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564 and other compounds from hepatocytes into the sinusoidal blood 

565 [57] and is inversely regulated by the Fcgr2b clearance receptor. 

566 Fcgr2b also correlates with the transcription factor Zbtb16 (Fig. 

567 6e), a lineage marker for invariant natural killer T (iNKT) cells [58], 

568 which interacts with LSEC to support sinusoidal waste clearance 

569 [59, 60]. Additionally, Fcgr2b expression positively correlates with 

570 Adgfr5 (R² = 0.91; Fig. 7c), a gene recently shown to regulate insulin 

571 clearance [61] in hepatic sinusoids and co-localized with endothelial 

572 cell marker in liver and other organs [62]. Adgfr5 was upregulated 

573 by the AAC2-hIGFBP4 complex (Fig. 2Sd) and downregulated by 

574 AAC2 treatment compared to all other groups, consistent with 

575 reduced plasma insulin levels and a trend to improved insulin 

576 sensitivity. Taken together, these findings suggest that AAC2- and 

577 AAC2-hIGFBP4–regulated genes in LSEC also influence gene 

578 expression in other hepatic cell populations, including hepatocytes, 

579 cholangiocytes, and iNKT cells, that cooperate with the liver 

580 sinusoidal clearance system.

581 Eng expression is associated with genes in the ALK1 pathway 

582 underlying the fenestrated LSEC phenotype. The physiological 

583 angiocrine interaction between LSEC and other cell types, including 

584 hepatocytes and T cells [63], as well as the maintenance of LSEC 

585 fenestration and vascular integrity, requires dynamic switching 
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586 between the ALK5 and ALK1 pathways, which is regulated by 

587 endoglin (Alias:CD105, gene Eng) (Box1) [64-66].

588 Box 1. ALK5 and ALK1 TGFβ signaling in LSEC

589  The ALK5 pathway is mediated by the classical TGFβ1 type I receptor, 

590 TGFBR1 (gene: Tgfbr1). In this pathway, the TGFβ1 ligand is initially 

591 presented by the co-receptor TGFBR3 (Tgfbr3) to the type II receptor 

592 TGFBR2 (Tgfbr2), which then activates ALK5 and phosphorylates 

593 transcription factors SMAD2 and SMAD3 requiring co-SMAD, SMAD4 to 

594 regulate downstream gene expression, including Eng, Kdr, and Cdh5

595 Transition: Endoglin (Eng) interacts with TGFBR2 and TGFBR3, thereby 

596 attenuating ALK5 signaling and facilitating the shift toward alternative 

597 signaling pathways.

598 The ALK1 pathway is mediated by the alternative TGFβ type I receptor 

599 ACVRL1 (ALK1). Upon TGFβ1 binding, ALK1 activation results in 

600 phosphorylation of SMAD1 and SMAD5, which can signal with or without 

601 SMAD4. This pathway is predominant in endothelial cells and supports the 

602 maintenance of endothelial identity and fenestration in LSEC.

603 Transition: Endoglin also promotes endocytosis, favoring internalization 

604 and signaling via ALK1 over ALK5, thus reinforcing endothelial-specific 

605 TGFβ responses.

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

34

606

607 Fig. 7. Expression of Cluster II genes in LSECs and Cluster I genes in 

608 other hepatic cell populations supports the scavenging input 

609 hypothesis underlying AAC2 and AAC2–hIGFBP4 regulation of 

610 capillarized and fenestrated LSEC phenotypes. (a–g) Correlation and 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

35

611 mechanistic modeling support the scavenging input hypothesis underlying 

612 AAC2 and AAC2–hIGFBP4 regulation of LSEC phenotypes. (a–b) Cluster II 

613 genes expressed in LSECs significantly correlate with Cluster I genes 

614 expressed in other hepatic cell populations (n = 12, R² > 0.33, P < 0.05; 

615 Pearson correlation). Specifically, Oit3 correlates positively with Klf9 (a), 

616 while Klf9 shows an inverse correlation with genes expressed in the 

617 hepatocyte-associated Cluster I (b). (c) Eng expression correlates with 

618 receptors of the TGFβ pathway and with Tgfb1. (d) Fcgr2b expression is 

619 positively correlated with Adgrf5. (e) Eng correlates with Smad family 

620 transcription factors. (f) Cdh5 expression is positively associated with Tgfb1. 

621 (g) The proposed scavenging input hypothesis suggests that TGFβ 

622 production is stimulated by AGE uptake via stabilin 2 (Stab2), which 

623 activates the canonical ALK5 pathway underlying the capillarized LSEC 

624 phenotype and induces transcription of Eng and other Cluster II genes. 

625 Translation of Eng mRNA to protein endoglin defines the transition to ALK1 

626 signaling, which, in conjunction with Cluster II proteins, promotes the 

627 fenestrated LSEC phenotype. Endoglin mediates endocytosis that 

628 terminates the ALK1 state. This physiological cycle is sustained by renewed 

629 scavenger activity, leptin receptor (Lepr), and VEGFR2/VE-cadherin 

630 signaling, which reinforce TGFβ production adapted for amount of waste in 

631 circulation. Binding of positively charged AGEs with AAC2 may reduce 

632 scavenger receptor input and suppress the fenestrated LSEC state, whereas 

633 the AAC2–hIGFBP4 complex promotes the transition toward a fenestrated 

634 phenotype. Inflammatory conditions disrupt this physiological TGFβ cycle in 

635 LSEC through cytokines (e.g., IL-11), accumulation of toxic waste, or TGFβ 
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636 derived from damaged or immune cells and drive a pathological process 

637 toward fibrosis.

638

639 Eng expression in our dataset correlated with Tgfbr3 (R² = 0.60) 

640 and Tgfb1 (R² = 0.38) (Fig. 7c), but not with Tgfbr2, which is 

641 agreement with its role in switching ALK5 to ALK1 pathways and 

642 subsequent endoglin-mediated ALK1 endocytosis [67]. Additionally, 

643 Eng expression correlated with Smad5 and Smad4 (Fig. 7e), 

644 transcription factors that mediate ALK1 signaling. Given that Eng is 

645 specifically expressed in LSEC in the liver [68], the ALK1/ALK5 

646 regulatory switch is likely to occur in this cell population [64], 

647 mediating their fenestrated phenotype and signaling specificity.

648 Perpetuate TGFβ1 expression aligns with other LSEC genes 

649 targeted by AAC2-hIGFBP4 and its components. Strong 

650 correlations between Tgfb1 and Kdr (R² = 0.61), as well as Cdh5 (R² 

651 = 0.59), support the involvement of this pathway in maintaining 

652 constitutive Tgfb1 expression in LSEC. These findings are consistent 

653 with previous reports that these genes and encoded VEGFR2/VE-

654 Cadherin signaling cascade contribute to active TGFβ secretion 

655 characteristic for LSEC [66, 69]. Together, the increased expression 

656 of LSEC markers, clearance and scavenger H receptors, and 

657 transcriptional regulators in AAC2-hIGFBP4–treated ob/ob mice 

658 suggests the activation of the liver sinusoidal clearance system. In 

659 contrast, AAC2 alone appears to suppress the expression of genes 
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660 essential for sinusoidal clearance and the maintenance of the 

661 fenestrated LSEC phenotype.

662 3 Discussion

663 Our study demonstrates that binding with AAC2 nanofibers confers 

664 multiple advantageous properties to the natural scaffold protein 

665 IGFBP4, including increased circulation time and therapeutic 

666 improvements in weight gain, glucose tolerance, hyperinsulinemia, 

667 and insulin resistance in ob/ob mice. The most striking effect of the 

668 30-day AAC2–IGFBP4 treatment was a reduction in HbA1c levels, 

669 lower than in any other group, coinciding with the upregulation of 

670 genes involved in liver sinusoidal clearance of AGE-modified 

671 compounds and other metabolic, environmental, pharmacological, 

672 and inflammatory waste products. In contrast, free AAC2 inhibited 

673 this clearance system, while free IGFBP4 had moderate, variable 

674 effects. Our study presents three main findings: 1) Apo-IGFBP4 

675 regulates glucose uptake in vitro; 2) AAC2 serves as a therapeutic 

676 adjuvant enhancing glycemic control, and glycemic waste clearance 

677 in complex with IGFBP4; and 3) AAC2 and the AAC2–IGFBP4 

678 complex act as opposing regulators of the LSEC-mediated sinusoidal 

679 clearance system, affecting clearance (Mrc1 and Fcgr2b) and 

680 scavenger receptors (Stab1/2), and endoglin-dependent ALK5 and 

681 ALK1 pathways, (Box1) [64-66].
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682 Current studies in genetically deficient Igfbp4 mice [70] suggest 

683 that IGFBP4 interaction with IGF1 does not affect glucose tolerance 

684 or circulating IGF1 levels. Consistently, our pharmacological 

685 treatment with low concentrations of hIGFBP4 in ob/ob mice did not 

686 alter IGF1 levels and showed only a modest trend toward improved 

687 glucose tolerance. However, a moderate glucose uptake, promoting 

688 effect of apo-IGFBP4, was observed in vitro in human primary 

689 stromal vascular cells and murine fibroblasts. Upon binding with 

690 AAC2, apo-IGFBP4 acquired significant antidiabetic properties and 

691 formed a stable nanocomplex, distinguished by a characteristic ATR-

692 FT-MIR spectral signature, AFM, and a shift in electrophoretic 

693 mobility due to its increased molecular weight. This interaction likely 

694 involves binding of IGFBP4’s electronegative and hydrophobic 

695 regions to the positively charged, hydrophobic coumarin side chain 

696 of AAC2 [18]. Complex formation markedly increased the stability of 

697 hIGFBP4 in circulation, with detectable levels 48 hours post-

698 injection, unlike free hIGFBP4, which was fully cleared within this 

699 timeframe. A similar stabilizing effect of AAC2 was previously 

700 reported for AAC2–insulin complexes [17]. Thus, AAC2 serves as a 

701 flexible nanoscaffold that can stabilize diverse therapeutic proteins.

702 The AAC2–hIGFBP4 complex appears to exhibit properties of both 

703 components, similar to what was observed with AAC2–insulin 

704 complexes [17]. AAC2 functions as an atypical activator of the leptin 
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705 receptor (LepR) [18], a central regulator of food intake, body weight, 

706 glucose tolerance, and insulin sensitivity [31]. Consistent with this, 

707 both free AAC2 and the AAC2-IGFBP4 complex led to reduced food 

708 intake and, to a lesser extent, weight gain. However, only treatment 

709 with the complex, where AAC2 acted additively with IGFBP4, 

710 resulted in a significant, robust, and less variable reduction in body 

711 weight, along with improved glucose tolerance, when compared to 

712 control ob/ob mice. In contrast, in db/db mice lacking LepR, the 

713 AAC2-hIGFBP4 complex failed to exert these beneficial effects on 

714 obesity and glucose metabolism. This highlights that AAC2-based 

715 protein complexes may acquire LepR-dependent properties, 

716 enabling them to overcome glucose tolerance.

717 Regulation of hyperinsulinemia in ob/ob mice revealed a dominant 

718 contribution of the hIGFBP4 component within the AAC2–hIGFBP4 

719 complex. While AAC2 treatment alone tended to exacerbate 

720 hyperinsulinemia, an opposing trend was observed with hIGFBP4 

721 alone, which reduced insulin levels. Notably, treatment with the 

722 AAC2–hIGFBP4 complex led to a significant reduction in circulating 

723 insulin, normalizing hyperinsulinemia in ob/ob mice. The AAC2-

724 induced hyperinsulinemia was absent in db/db mice, indicating a 

725 LepR-dependent mechanism. Hyperinsulinemia is a well-

726 documented feature of ob/ob mice and has been attributed to 

727 pancreatic β-cell hyperplasia [71], whereas in db/db mice, β-cell 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

40

728 number is not increased and progressively declines with age [72]. 

729 This divergence remains poorly understood and may reflect 

730 differences in LepR signaling or the presence of alternative LepR 

731 ligands [73]. In the context of the AAC2–hIGFBP4 complex, the 

732 observed reduction in hyperinsulinemia appeared to reflect IGFBP4 

733 activity, independent of LepR status, in both ob/ob and db/db mice. 

734 These findings suggest that AAC2 and IGFBP4 may each retain 

735 distinct biological properties within the complex, acting through 

736 LepR-dependent (AAC2) or LepR-independent (IGFBP4) 

737 mechanisms. Remarkably, beyond exhibiting the characteristics of 

738 each component, the complex also regulated additional, unique 

739 pathways that prevented protein modifications under hyperglycemic 

740 conditions.

741 A striking effect of the AAC2–hIGFBP4 complex was the 19% lower 

742 HbA1c levels compared to both AAC2-treated and untreated 

743 hyperglycemic ob/ob mice after 30 days of treatment. Although mice 

744 have a shorter erythrocyte lifespan (40.7 ± 1.9 days; [74]) than 

745 humans (~120 days), such low HbA1c levels in ob/ob mice have 

746 previously been reported only with intensive antidiabetic therapies, 

747 such as high-dose metformin (150 mg/kg body weight; [75]), which 

748 exceeds typical human doses (14–30 mg/kg) by nearly tenfold. 

749 Notably, the HbA1c-lowering effect of the complex was dependent 

750 on LepR, as demonstrated in db/db mice, where HbA1c levels were 
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751 similar across all treated and untreated groups and indistinguishable 

752 from those observed in ob/ob mice treated with free AAC2 or 

753 hIGFBP4. These findings suggest that the AAC2–hIGFBP4 complex 

754 acquires novel properties that enable it to regulate specific, LepR-

755 dependent metabolic pathways, which were revealed by liver 

756 transcriptomic analysis.

757 Transcriptomic analysis showed that all genes significantly altered 

758 (p < 0.005) fell into two categories: (1) defining the fenestrated liver 

759 sinusoidal clearance system, particularly LSEC (Cluster II) and (2) 

760 genes of other hepatic populations that correlate with LSEC genes 

761 (Cluster I). AAC2 and its complex modulated these gene sets in 

762 opposite directions while exhibiting a strong correlation, suggesting 

763 they act upon shared pathways but with opposing effects. 

764 The liver sinusoidal clearance system  is responsible for removing 

765 approximately 90% of circulating macromolecular waste, including 

766 circulating AGE [76], LPS [14, 77], lipoproteins, immune complexes 

767 [44], viruses [78], and nanomaterials [79]. Scavenging and 

768 endocytosis by fenestrated liver sinusoidal endothelial cells (LSEC) 

769 are central to coordinating responses with innate lymphoid (iNK) 

770 cells, cholangiocytes, hepatocytes, and Kupffer cells, thereby 

771 regulating immune and detoxification processes [79]. LSEC 

772 primarily recognize electronegative modifications of AGE-modified 

773 products through stabilin-1/stabilin-2 (Stab1/Stab2) and the 
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774 mannose receptor (Mrc1) [79], triggering regenerative, TGFβ-

775 mediated physiological responses [80] and immunotolerance [81]. 

776 This clearance role contrasts with AGE recognition by the RAGE 

777 receptor and scavenger receptor type A in Kupffer cells and other 

778 immune populations, which activates inflammatory NFκB signaling 

779 [82]. In our study, the AAC2–hIGFBP4 complex robustly upregulated 

780 canonical fenestrated LSEC markers [51], along with genes 

781 associated with clearance and scavenger functions, while 

782 downregulating markers of iNK cells and cholangiocytes. In 

783 contrast, AAC2 alone exerted the opposite effect on these gene sets 

784 and was associated with the retention of AGEs in circulation. 

785 Importantly, neither AAC2 nor the AAC2–hIGFBP4 complex induced 

786 expression of inflammatory genes in vivo or in vitro. These findings 

787 support a model in which electrostatic interactions between 

788 positively charged AAC2 and negatively charged AGEs prevent both 

789 their LSEC-mediated clearance and engagement of RAGE-dependent 

790 inflammatory pathways. This is consistent with the unchanged 

791 HbA1c levels observed in AAC2-treated mice. However, as our 

792 current ELISA-based AGE measurements do not distinguish between 

793 free and AAC2-bound AGEs, further investigation is warranted to 

794 clarify the role of free AGE in modulating clearance activity and 

795 inflammation. Overall, the analysis of LSEC marker expression 

796 alongside other genes across treatment groups underscores the 
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797 dominant role of the liver sinusoidal clearance system in mediating 

798 the inhibitory effects of AAC2 and the activating effects of the AAC2–

799 hIGFBP4 complex.

800 The mechanisms by which AAC2 and its complex regulate LSEC 

801 function were beyond the scope of this exploratory pilot study; 

802 however, our findings advance understanding of insufficiently 

803 characterized pathophysiology of LSECs. LSEC biology is defined by 

804 a dynamic transition between two distinct physiological stages. The 

805 capillarized phenotype is characterized by the expression of 

806 canonical endothelial markers and partial clearance function (Fig. 

807 7g). Progression beyond this stage appears to depend on LepR 

808 signaling, as LepR-deficient db/db mice exhibit a predisposition to 

809 fibrosis [83]. In the mature stage, LSECs acquired a fenestrated 

810 morphology, robust clearance and endocytic capacities, and actively 

811 contribute to vascular regeneration and homeostasis. The 

812 mechanistic processes underlying this transition remain poorly 

813 understood and are subject to ongoing debate, despite the well-

814 established involvement of TGFβ signaling in both stages [64, 84], 

815 which constitutes a limitation of this study. 

816

817 TGFβ perpetuates a signaling cycle involving two principal 

818 pathways: ALK5 signaling in the capillarized state and ALK1 

819 signaling in the fenestrated state [85]. This transition is mediated by 
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820 ALK5- and Smad4-dependent induction of Eng [86], which blocks 

821 ALK5 and promotes ALK1 signaling [64, 85]. This shift represents a 

822 pivotal change in transcriptional programming, as expression of 

823 Eng, Kdr, and scavenger receptors correlates with LSEC markers 

824 (Oit3, Fcgr2b, Dnase1l3, Pde2a, and Pcxnc1 and others [44, 51]) in 

825 cluster 2 genes, suggesting a shared mechanism dependent on Eng. 

826 This TGFβ/ALK1/Eng interdependence was also evident and 

827 validated in genetic studies [85]. Indeed, endothelial-specific 

828 deletion of Smad4 or Eng in mice results in severe vascular 

829 dysfunction and malformations [86, 87]. The translation of Eng 

830 mRNA into endoglin protein marks the shift toward an ALK1-

831 dominant signaling phase, wherein ALK5 is suppressed [85]. This 

832 phase is terminated by endocytosis of endoglin–receptor complexes 

833 [67]. While the general framework of TGFβ signaling in LSECs is well 

834 described, our data suggest that its functional implementation 

835 depends on the scavenging process. 

836 We propose a scavenger input model (Fig. 7g), supported by 

837 several lines of evidence: STAB2 role in clearance of AGE  [88] and 

838 TGFβ [89], which regulate both ALK5 and ALK1 pathways in LSEC 

839 [64]. VEGFR2 and LepR signaling may also contribute to TGFβ 

840 production [66, 90]; development of fenestrated morphology has 

841 been demonstrated in response to VEGF [91]. Although STAB2 has 

842 been proposed to regulate TGFβ pathways and LSEC clearance 
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843 through interaction with its ligand TGFBi (TGFβ-induced) [92], 

844 TGFBi expression remained unchanged in this study, and AGE is 

845 likely a natural ligand for STAB2 under hyperglycemic conditions in 

846 ob/ob mice. Nevertheless, the development of both fibrosis and 

847 malfunction of TGFβ pathway in Stab1/2-deficient mice [92] 

848 underscores the essential role of scavenger input in promoting the 

849 fenestrated LSEC phenotype.

850 Given that STAB2 recognizes electronegative molecules such as 

851 AGEs, AAC2 may reduce scavenger H receptor engagement and 

852 atypically occupy LepR [18] and thereby prolong the capillarized 

853 phenotype of LSECs. Indeed, AAC2 treatment was associated with 

854 increased circulating AGE levels, reduced expression of Eng and its 

855 downstream targets, and unchanged HbA1c levels in db/db 

856 compared to ob/ob mice. Collectively, our findings support the 

857 hypothesis that AAC2 inhibits the transition to the fenestrated 

858 phenotype of LSECs. In contrast, the AAC2–IGFBP4 complex may 

859 mimic a modified form of the IGFBP4 scaffold with high affinity for 

860 STAB2 and/or other clearance receptors, thereby promoting Eng 

861 expression and facilitating LSEC fenestration. Further investigations 

862 are warranted to delineate the mechanisms underlying the inhibitory 

863 effects of AAC2 and the stimulatory effects of the AAC2–IGFBP4 

864 complex. The specific action of AAC2 as an inhibitor and the AAC2–

865 IGFBP4 complex as an activator of LSEC differentiation expands the 
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866 spectrum of therapeutic strategies, which currently focus on 

867 targeting the NO/RhoA/Rho-kinase pathway (e.g., statins), PPAR 

868 signaling, inflammatory cascades, and fibrinolytic mechanisms [93, 

869 94]. Our study demonstrates that the AAC2–IGFBP4 complex has a 

870 distinct therapeutic profile: in addition to its glycemic benefits, it 

871 prevents HbA1c modification through mechanisms that improve 

872 LSEC functions.

873 The ability of AAC2 and its AAC2-IGFBP4 complex to modulate 

874 clearance properties at low concentrations holds promising potential 

875 for adjuvant applications. Transient inhibition of LSEC-mediated 

876 clearance by AAC2 may help reduce hepatic toxicity, environmental 

877 toxin exposure, or sepsis, particularly when combined with 

878 interventions such as blood transfusion. Temporally controlled, 

879 adjuvant use of LSEC clearance inhibitors may also enhance the 

880 efficacy of chemotherapeutic agents, vaccines, or gene therapy 

881 formulations that would otherwise be rapidly eliminated by the 

882 hepatic scavenging system. Conversely, activation of LSEC 

883 clearance could aid in reducing systemic waste accumulation 

884 associated with aging and various metabolic or degenerative 

885 diseases, approximately 45% of which are characterized by fibrosis.

886
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887 4 Materials and Methods

888 4.1 Reagents

889 AAC2 compound (C₄₁H₅₀N₆O₇; [M+H]⁺, ESI-MS 739.3819) was 

890 synthesized and characterized as previously described [18]. Human 

891 insulin (I9278, Sigma), human leptin (RP-8634, Invitrogen), and 

892 human IGFBP4 (350-05B, PeproTech) were obtained from 

893 commercial sources.

894 4.2 Human Subcutaneous Stromal Vascular Fraction (SVF) 

895 Preadipocytes

896 Informed consent and access to patients’ medical records were 

897 obtained under protocols approved by the Institutional Review 

898 Board. Subcutaneous fat (SF) tissues were collected from overnight-

899 fasted obese patients (see Supplementary Table S1) undergoing 

900 endoscopic hernia repair and/or bariatric procedures, including 

901 laparoscopic banding and gastric bypass surgeries. SVF cells were 

902 isolated from SF using Type I collagenase (Thermo Fisher Scientific, 

903 17100017) and cultured in PGM-2 Preadipocyte Growth Medium-2 

904 BulletKit (Lonza, PT-8002, supplemented with PT-9502; Basel, 

905 Switzerland) for 2–5 passages, as previously described [95].
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906 4.3 Murine 3T3-L1 Fibroblast (Preadipocyte) Cultures

907 3T3-L1 preadipocytes (CL-173, ATCC) were maintained in high-

908 glucose DMEM (Gibco, 11965) supplemented with 10% newborn calf 

909 serum (Gibco, 26010) and 1% Penicillin-Streptomycin (10,000 U/mL; 

910 Gibco, 15140). The medium was changed every 48 hours. 

911 Differentiation was induced using DMEM supplemented with 10% 

912 fetal bovine serum (FBS), 1.7 μM bovine insulin (Sigma, I0516), 1 

913 μM dexamethasone (Sigma, D4902), and 0.5 mM 3-isobutyl-1-

914 methylxanthine (IBMX; Sigma, I7018). After 48 hours, the medium 

915 was replaced with DMEM containing 10% FBS and 10 μg/mL insulin, 

916 and cells were maintained under these conditions for an additional 

917 6 days, with medium changes every 48 hours.

918 4.4 IL-11 Reporter Cell Lines

919 HEK293 IL-11 reporter cells (Invivogen, hkb-hil11rv2) were cultured 

920 in T-150 flasks using complete growth medium consisting of high-

921 glucose DMEM (Gibco) supplemented with 10% heat-inactivated 

922 fetal bovine serum (FBS; Gibco, A5268-01), 1% penicillin-

923 streptomycin, and 5 mM L-glutamine. Upon reaching approximately 

924 80% confluency, cells were trypsinized and seeded into 96-well 

925 plates (n = 4 per condition) in complete medium containing the 

926 following treatments: recombinant human IL-11 (rhIL-11, 1 ng/mL; 

927 R&D Systems, Cat# 218-IL-005), methylglyoxal (MGO, 10 µM; 

928 Sigma, Cat# M0252), AAC2 (1 µM), and human IGFBP4 (50 ng/mL; 
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929 PeproTech, Cat# 350-05B). Cells were incubated with treatments for 

930 24 hours. IL-11 signaling activity was assessed using the Quanti-Blue 

931 assay (InvivoGen, Cat# rep-qbs) to detect secreted embryonic 

932 alkaline phosphatase (SEAP), which is produced in response to IL-

933 11/STAT3 pathway activation. Absorbance was measured at 630 nm 

934 using a microplate reader. SEAP activity was normalized to total 

935 protein content, determined by a bicinchoninic acid (BCA) assay with 

936 absorbance read at 562 nm.

937 4.5 Glucose Uptake Assay

938 Cells were maintained in their standard high-glucose culture 

939 medium. Glucose uptake was assessed using the Cayman Chemical 

940 Glucose Uptake Assay Kit (Cat# 600470; Ann Arbor, MI) as 

941 previously described [18, 95]. Confluent cells cultured in 96-well 

942 plates were washed with Dulbecco’s Phosphate-Buffered Saline 

943 (PBS; Sigma, D8537, St. Louis, MO) to remove residual glucose, 

944 followed by incubation with 200 µL/well of glucose-, phenol red-, and 

945 L-glutamine–free DMEM (Gibco, A14430; Waltham, MA). After 

946 incubation in starvation medium at 37°C for a defined period (see 

947 figure legends), the medium was replaced with DMEM containing 

948 100 µg/mL of 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-

949 glucose (2-NBDG, FD-glucose), prepared from a 150 µg/mL working 

950 solution. Cells were incubated with FD-glucose at 37°C for 80 

951 minutes. After incubation, cells were lysed, and fluorescence 
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952 intensity was measured at an excitation/emission of 485/535 nm 

953 using a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, 

954 Winooski, VT). Fluorescence values were normalized to total protein 

955 content per well.

956 4.6 Studies Examining Formation of the AAC2–hIGFBP4 

957 Complex

958 4.6.1.  Fourier Transform Infrared (FTIR) Spectroscopy.  

959 Molecular vibrations were analyzed for AAC2 (1 mM), recombinant 

960 human IGFBP4 (hIGFBP4, 10 ng/mL), a mixture of AAC2 (1 mM) with 

961 hIGFBP4 (10 ng/mL), and a mixture of AAC2 (1 mM) with heat-

962 inactivated hIGFBP4 (10 ng/mL) in PBS. Heat inactivation of 

963 hIGFBP4 was performed by incubation at 90°C for 10 minutes to 

964 induce protein denaturation [96]. For FTIR measurements, 5 µL 

965 aliquots of each solution were placed on the attenuated total 

966 reflectance (ATR) crystal and vacuum-treated to remove solvent. A 

967 background spectrum was collected before each sample 

968 measurement. Spectra were acquired at a resolution of 8 cm⁻¹ to 

969 improve the signal-to-noise ratio. All measurements (n = 3 per 

970 sample) were performed using an Agilent 4500 portable FTIR 

971 spectrometer (Agilent Technologies, Santa Clara, CA, USA) 

972 equipped with a 3-bounce diamond ATR crystal and a 

973 thermoelectrically cooled deuterated triglycine sulfate (DTGS) 
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974 detector. Data acquisition was performed using Agilent MicroLab PC 

975 software (Agilent Technologies Inc., Danbury, CT, USA).

976 4.6.2.  Spectral Deconvolution Analysis.  Changes in the 

977 secondary structure of human recombinant IGFBP4 protein and 

978 AAC2, which forms nanofibers under physiological pH [18], were 

979 analyzed using spectral deconvolution in the 1500–1700 cm⁻¹ region 

980 [37]. Spectral data were processed in OriginPro 2024b (OriginLab, 

981 Northampton, MA, USA), including normalization and smoothing 

982 with a 5-point Savitzky–Golay filter, followed by a 7-point Savitzky–

983 Golay second-derivative transformation. Spectral deconvolution was 

984 performed using the Multipeak fitting option with Gaussian band 

985 profile averaging, as described in [97]. Statistical analysis was 

986 conducted using one-way ANOVA with the Fisher test (OriginPro 

987 2024b), and significance was set at P < 0.05.

988 4.6.3. Western Blot.  The binding of AAC2 protein to hIGFBP4 

989 and the denaturation of the complex were evaluated by native gel 

990 electrophoresis (Bio-Rad, Hercules, CA, USA). Each 10 µL sample 

991 was mixed with 5 µL of premixed native PAGE sample buffer (62.5 

992 mM Tris-HCl, pH 6.8, 40% glycerol, 0.01% bromophenol blue). A 

993 total of 15 µL of each sample—hIGFBP4, heat-inactivated complex, 

994 and intact complex—was loaded onto 4–15% Mini-PROTEAN TGX™ 

995 Precast Protein Gels (Bio-Rad). Electrophoresis was performed using 

996 1× Tris/Glycine buffer (25 mM Tris, 192 mM glycine, pH 8.3) for 2 
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997 hours at 90 V in an ice/water bath. A molecular weight marker 

998 (Precision Plus Protein™ Dual Color Standards, 10–250 kDa; Bio-

999 Rad) was used as a reference.

1000 4.6.4. Atomic Force Microscope (AFM).

1001 AFM images were collected on the Bruker AXS Dimension Icon 

1002 Atomic Force Microscope (Bruker AXS, Madison, WI) in ScanAsyst 

1003 mode using Bruker AFM silicon tips with a nitride lever under a 

1004 nitrogen atmosphere. 1mM AAC2 and 1mM AAC2 with 10ng/mL 

1005 hIGFBP4 were prepared in PBS solution and allowed to incubate for 

1006 12 h. 20 µL of the samples were dropped on a freshly cleaved mica 

1007 surface and dried before imaging with a resolution of 512 pixels × 

1008 512 pixels. AFM images were analyzed with Bruker NanoScope 

1009 Analysis software.

1010 4.7 Animal Studies

1011 All animal procedures were approved by the Institutional Animal 

1012 Care and Use Committee (IACUC) of The Ohio State University 

1013 (OSU).

1014 Five-week-old male leptin-deficient mice (homozygous for 

1015 Lep<sup>ob</sup>; stock number 000632) were purchased from 

1016 The Jackson Laboratory (Bar Harbor, ME). Mice were maintained on 

1017 a regular chow diet (Teklad LM-485 mouse/rat diet, irradiated; 

1018 Envigo, Somerset, NJ) under a 12 h:12 h light–dark cycle. Following 

1019 a one-week acclimation period, mice were randomly assigned to one 
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1020 of four treatment groups: (1) Control group: received phosphate-

1021 buffered saline (PBS; 10 µL/g body weight [BW]); (2) AAC2 group: 

1022 received AAC2 at 0.1 nmol/g BW; (3) hIGFBP4 group: received 

1023 human IGFBP4 at 50 ng/g BW (equivalent to 1.79 nmol/g BW);AAC2-

1024 hIGFBP4 complex, contained hIGFBP4 (50 ng/g BW) and AAC2 

1025 (0.1 nmol/g BW). The components were mixed and allowed to 

1026 stabilize complex at room temperature for 30 minutes prior to 

1027 injection.

1028 All treatments were administered in a total volume of 10 µL/g BW 

1029 via subcutaneous injection into the scapular region every 48 hours 

1030 for 4 weeks. Mice were not fasted prior to injections. Food intake 

1031 and body weight were recorded weekly. At the study endpoint, mice 

1032 were anesthetized via isoflurane inhalation, and blood was collected 

1033 by cardiac puncture. EDTA-plasma and harvested organs were 

1034 stored at –80 °C until analysis.

1035 4.8 Glucose Tolerance Test (GTT) and Insulin Tolerance 

1036 Test (ITT)

1037 Three weeks after the initiation of treatment, glucose tolerance tests 

1038 (GTT) were per-formed on mice fasted for 4 hours. Mice received an 

1039 intraperitoneal (i.p.) injection of a 10% glucose solution at a dose of 

1040 10 µL/g body weight (BW). For insulin tolerance tests (ITT), mice 

1041 were similarly fasted and injected i.p. with human insulin at 1 mU/g 
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1042 BW. A recovery period of at least one week was allowed between the 

1043 GTT and ITT procedures.

1044 4.9 Biochemical Analysis

1045 Plasma concentrations of human IGFBP4 (hIGFBP4; ab100542, 

1046 Abcam), mouse IGFBP4 (RK02921, Abclonal), and mouse IGF1 

1047 (ab100695, Abcam) were measured by ELISA 30 days after the 

1048 initiation of treatment. Aspartate aminotransferase (AST) activity 

1049 was assessed in plasma using a commercial kit (ab105135, Abcam, 

1050 Cambridge, UK). Human insulin levels in mouse plasma were 

1051 quantified using ELISA (EZHI-14K, EMD Millipore, Billerica, MA), 

1052 while mouse insulin was measured using a separate ELISA kit 

1053 (EZRMI-13K, EMD Millipore). Hemoglobin A1c (HbA1c) levels in 

1054 whole blood were determined using the Mouse HbA1c Assay Kit 

1055 (#80310, Crystal Chem). Advanced glycation end products (AGEs) 

1056 were measured in plasma and urine using an AGE ELISA kit (STA-

1057 817, Cell Biolabs). Total protein content in samples was normalized 

1058 using the Pierce™ BCA Protein Assay Kit (23227, Thermo Fisher 

1059 Scientific). Absorbance for all biochemical assays was measured 

1060 using a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, 

1061 Winooski, VT).

1062 4.10 Affymetrix GeneChip Analysis

1063 Total RNA was isolated using the RNeasy Kit (Qiagen, 74106, Hilden, 

1064 Germany), and on-column DNA digestion was performed with the 
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1065 RNase-Free DNase Set (Qiagen, 79254). RNA integrity was assessed 

1066 using the Agilent 2100 BioAnalyzer (Agilent Technologies, Santa 

1067 Clara, CA). A 100 ng aliquot of total RNA was linearly amplified, and 

1068 5.5 µg of resulting cDNA was labeled and fragmented using the 

1069 GeneChip™ WT PLUS Reagent Kit (Affymetrix, 902280, Santa Clara, 

1070 CA), following the manufacturer’s protocol. Labeled cDNA targets 

1071 were hybridized to Affymetrix GeneChip™ Mouse Gene ST 2.0 arrays 

1072 for 16 h at 45 °C with rotation at 60 rpm. Arrays were washed and 

1073 stained using the Fluidics Station 450 (Thermo Fisher, 00-0079, 

1074 Waltham, MA) and scanned with the GeneChip™ Scanner 3000 

1075 (Thermo Fisher, 00-0210).

1076 Signal intensities were quantified using the Affymetrix Expression 

1077 Console software, version 1.3.1 (Thermo Fisher). Background 

1078 correction and quantile normalization were applied to reduce 

1079 technical variation, and probe-set expression values were calculated 

1080 using the Robust Multi-array Average (RMA) method. After applying 

1081 a noise cutoff filter, 9,528 probe sets were retained for statistical 

1082 analysis. A linear modeling approach was used, incorporating a 

1083 variance smoothing method and fully moderated t-statistics. 

1084 Multiple testing correction was applied to control the expected 

1085 number of false positives.
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1086 4.11 Statistical Analysis

1087 All data are presented as mean ± SEM. The number of biological 

1088 replicates for each assay is indicated in the corresponding figure 

1089 legends. Group comparisons were performed using an unpaired 

1090 Student’s t-test or one-way ANOVA, as appropriate. A P value < 0.05 

1091 was considered statistically significant and is indicated by an 

1092 asterisk. For gene expression analysis, a more stringent significance 

1093 threshold of P < 0.005 was applied to control for the expected 5 false 

1094 positives per 1000 tests. Correlation heatmaps were generated using 

1095 GraphPad Prism, and the coefficient of determination (R²) was 

1096 calculated using R programming. Pearson correlation was used for 

1097 gene expression comparisons (n = 12); correlations with R² > 0.33 

1098 were considered statistically significant (p < 0.05). Ingenuity 

1099 Pathways Analysis (IPA) software was used for pathway analysis.

1100 5 Conclusions

1101 The current study, along with previous work, suggests that AAC2 

1102 possesses the properties of a therapeutic modular platform that can 

1103 be used alone or in combination with established (e.g., insulin) and 

1104 novel (e.g., IGFBP4) proteins to adapt and optimize their efficacy 

1105 across diverse and multifunctional therapeutic applications. 

1106 Specifically, the AAC2-IGFBP4 complex improves hyperglycemia, 

1107 hyperinsulinemia, as well as HbA1C via induction of LSECs and their 
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1108 clearance genes. Activation of LSEC clearance aid in reducing 

1109 systemic waste accumulation associated with aging [98], and various 

1110 metabolic or degenerative diseases, approximately 45% of which are 

1111 characterized by fibrosis.

1112 The ability of AAC2 and its complex to modulate clearance 

1113 properties at low concentrations holds considerable promise as 

1114 adjuvant agents in pharmacological or nanotherapeutic strategies, 

1115 particularly, given that approximately 90 % of blood-borne 

1116 adenoviruses or virus-like nanoparticles are cleared by LSECs [79]. 

1117 Furthermore, temporally controlled use of LSEC clearance inhibitors 

1118 could enhance the efficacy of chemotherapeutic agents, vaccines, or 

1119 gene therapy formulations by delaying their rapid LSEC-mediated 

1120 hepatic elimination.
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