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ARTICLE INFO ABSTRACT

Keywords: Differences in glucose uptake in peripheral and neural tissues account for the reduced efficacy of insulin in
Nanofibers nervous tissues. Herein, we report the design of short peptides, referred as amino acid compounds (AAC) with
Amino acids and without a modified side chain moiety. At nanomolar concentrations, a candidate therapeutic molecule,
Diabetes . AAC2, containing a 7-(diethylamino) coumarin-3-carboxamide side-chain improved glucose control in human
?g;?:}gzg;zs peripheral adipocytes and the endothelial brain barrier cells by activation of insulin-insensitive glucose trans-
PKC porter 1 (GLUT1). AAC2 interacted specifically with the leptin receptor (LepR) and activated atypical protein
kinase C zeta (PKCg) to increase glucose uptake. The effects induced by AAC2 were absent in leptin receptor-
deficient predipocytes and in Lepr®® mice. In contrast, AAC2 established glycemic control altering food intake in
leptin-deficient Lep®® mice. Therefore, AAC2 activated the LepR and acted in a cytokine-like manner distinct
from leptin. In a monogenic Ins2*“® mouse model for the phenotypes associated with type 1 diabetes, AAC2
rescued systemic glucose uptake in these mice without an increase in insulin levels and adiposity, as seen in
insulin-treated Ins2*¥® mice. In contrast to insulin, AAC2 treatment increased brain mass and reduced anxiety-
related behavior in Ins2*@ mice. Our data suggests that the unique mechanism of action for AAC2, activating
LepR/PKCg/GLUT1 axis, offers an effective strategy to broaden glycemic control for the prevention of diabetic

complications of the nervous system and, possibly, other insulin insensitive or resistant tissues.
1. Introduction neuroendocrine pathways play a chief role in the adaptation of glucose
uptake to cellular requirements. In peripheral tissues, insulin regulates
Glucose is a critical substrate of both anabolic synthetic processes the major glucose transporter (GLUT) 4, supplying up to 70% and 10%
and catabolic energy utilization pathways. Glucose uptake is regulated of post prandial glucose to muscle and adipose tissues, respectively
by variety of molecules ranging from plant metabolites [1,2], lipids [3], [13]. Insulin is a growth hormone that streamlines glucose utilization
amino acids and their derivatives [4], di- and poly-peptides [5,6], cy- for anabolic processes, including growth and energy storage in fat
tokines [7], growth factors [8], and hormones [9-12]. Nonetheless, [13,14]. Dysfunctional components of the insulin signaling pathway,
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including deficient insulin production, misfolding of insulin 2 in In-
52k mice, disruption of the insulin receptor response, and deficiency
in GLUT4 in some tissues, lead to diabetes in humans and other animals
[13,15]. In type 1 diabetes (T1D), insulin has been a principal therapy
for 100 years that effectively controls peripheral glucose homeostasis to
support growth in children as well as lipogenesis and other anabolic
processes in all age groups [13,14]. Alternatively to insulin, leptin can
also regulate GLUT4 [16], although this pathway utilizes glucose for
catabolic processes [17]. Crosstalk between insulin and leptin estab-
lishes glucose homeostasis under physiological conditions [18,19]. In
T1D leptin production is often reduced [20]. Leptin treatment could
compensate for peripheral GLUT4-dependent glucose uptake in insulin-
deficient mouse models of T1D [21,22] and under insulin resistant
conditions in Lep"b and lipodystrophic mice [23] and patients [24];
however, leptin resistant-states in obese patients and under in-
flammatory conditions limit applications of leptin for treatment of type
2 diabetes (T2D).

Neural tissue is another major glucose-consuming tissue (up to 20%
of daily glucose), relying on glucose as the primary energy source [25].
The regulation of glucose uptake is principally different in neural vs.
peripheral tissues [26]. Insulin-insensitive transporters GLUT1 and
GLUT3 are abundantly expressed in the brain and brain vasculature
[27,28]. Specifically, vascular endothelial cells and astrocytes com-
prising the blood brain barrier depend on GLUT1 [28]. GLUT1 is the
principal transporter for glucose in neural tissues and a deficiency in
GLUT1 in mice [29] and in humans [30] leads to irreversible neuronal
damage [30]. Leptin also regulates the expression and translocation of
GLUT1 in T cells [31], although the relevance of this pathway in the
central nervous system (CNS) is unknown. Diabetes deactivates GLUT1
by several mechanisms including the reduction of leptin levels [20],
loss of GLUT1-regulating amino acids [32], and/or the oxidative
modification of a phosphorylation site on protein kinase C (PKC), which
is responsible for the GLUT1 translocation [33]. Optimized neural
function requires the concerted action of GLUT1 with GLUT4 and many
other glucose and sodium-dependent transporters supplying glucose to
specific regions of the brain [25,26,34]. Given that glucose uptake in
neurons is not chiefly dependent on insulin, ablation of the insulin re-
ceptor (InsR) pathway in neurons does not abolish their function and
spatial learning and memory remain intact in mice [35]. Moreover, in
diabetes, chronic hyperinsulinemia can desensitize GLUT4 transloca-
tion and decrease glucose uptake via this mechanism [36]. Insulin sti-
mulation leads to reciprocal uptake of glucose in peripheral tissues
compared to brain [37] that contributes to hypoglycemic episodes and
energy deprivation states in neurons [14].

Several devices, therapeutics and, materials have been developed to
improve insulin release, secretion, efficacy, or stability that improve
canonic GLUT4-mediated glucose uptake [14,38]. However, diminished
regulation of glucose by GLUT1 in peripheral and neural tissue in
diabetic states could be an additional factor for suboptimal insulin ef-
ficacy in these tissues. Currently, drug regimens optimize systemic
glucose control and cannot prevent debilitating neurodegeneration that
contributes to the development of retinopathies, neuropathies [39], and
CNS damage [40] in patients with diabetes. Cognitive deficits occur
across all age groups with T1D and T2D [41]. In children, they manifest
rapidly, typically within 2 years of a diagnosis of T1D [42]. Adults with
diabetes initially develop early cognitive decrements and mild cognitive
impairments [41]; that progress to dementia in 80% of patients with
impaired cerebral glucose metabolism [43]. A meta-analysis of studies
with over 2 million participants indicates a 1.73 fold greater risk for the
development of all types of dementia in patients with diabetes com-
pared to those without this disease [41]. The goal of our study was to
identify compounds regulating alternative pathways for glucose uptake
that can work in conjunction with current insulin therapies. Natural
amino acids and di- and poly-peptides could have glycemic properties
[4-6]. Some polypeptides, isolated from natural sources such as M.
Charantia, and amino acids display “insulinomimetic” properties that
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lead to decreased serum glucose levels [44]. In particular, lysine in-
gested at very high physiological doses with glucose, significantly at-
tenuates the glucose response without a concomitant increase in insulin
levels [45]. However, their proteolytic degradation could limit the ef-
ficacy of dietary peptides. Similarly, plant derivatives [46], particularly
coumarins, have been shown to have antidiabetic activity, albeit at very
high dosage levels [1,47]. The therapeutic effect of natural coumarins
and their derivatives have been reported to emerge from repair of
pancreatic B-cell damage, improved insulin signaling, and/or anti-oxi-
dative/anti-inflammatory protection [47,48]. The glycemic and in-
flammatory properties of molecules comprised of both amino acids and
coumarin have not been investigated.

Here, we report a strategy to develop new materials based on amino
acid compounds (AAC) with modified side chains that can self-assemble
into nanostructures to enhance glucose uptake in insulin-insensitive
and insulin resistant states. We demonstrate the efficacy of a prototype
(AAC2) peptide, which rescues mice with the hyperglycemia pheno-
types associated with T1D and T2D leading and leads to improved
neurological outcomes.

2. Materials and methods
2.1. Materials

2.1.1. Synthesis of AAC

2.1.1.1. Reagents. 4-Diethylaminosalicylaldehyde, diethylmalonate
diisopropylethylamine (DIPEA) and trifluoroacid (TFA) were pur-
chased from Oakwood Chemical. Benzyl alcohol was bought from
Mallinckrodt. Succinic anhydride, 4-dimethylaminopyridine (DMAP),
1,3-diisopropylcarbodiimide (DIC), 1- hydroxybenzotriazole (HOBt),
triethylsiliane (TES), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HBTU) and amino acids were purchased
from Chem Impex Intl Inc. Rink amide resin was purchased from
ChemPep. Benzoic acid and all solvents were purchased from Fisher
Scientific. The synthesis of starting materials and peptides, including 7-
(diethylamino)-3-coumarin carboxylic acid (DAC) [49] and benzyl
succinic acid [50] are outlined (Fig. S1) and described in the
Supplementary Materials.

2.1.1.2. Synthesis. The syntheses of AAC1-7 are outlined (Fig. S1).
First, the peptide is synthesized using a solid phase peptide coupling
protocol on Rink amide resin (0.8 g/mmol). All amino acids were
coupled using Fmoc-protected amino acids, DIC and HOBt, which were
combined in DMF and reacted for 2 h. The Fmoc group was removed
using 20% piperidine in DMF and the Mtt group was deprotected using
TFA/TES/DCM (2:1:97). Boc, tBu and Pbf groups were removed using
TFA/TES/H50 (94:5:1) at the final cleaving step. Benzyl succinic acid,
DAC and benzoic acid were coupled on the deprotected lysine side
chain using HOBt, HBTU and DIPEA to yield AAC1-7 respectively. The
final peptides were cleaved with TFA/TES/H,0 (94:5:1). After cleavage
from the solid support, all AAC peptides were purified by high
performance liquid chromatography (HPLC; Ultimate 3000 Thermo
Fisher Scientific Waltham, MA) using Hypersil Gold C8 reverse-phase
column (Thermo Fisher Scientific). AAC structures were validated using
"H NMR at 700 MHz and '*C NMR at 176 MHz on a Bruker Advance III
HD Ascend 700 MHz instrument and mass spectroscopy (Bruker
MicrOTOF mass spectrometer) (Fig. S1).

AAC1 'H NMR (700 MHz, DMSO-ds) 8 7.90 (2H, d, J = 7.5 Hz),
7.82 (1H, t, J = 5.5 Hz), 7.80 (1H, d, J = 8.0 Hz), 7.73 (1H, d,
J = 7.5 Hz), 7.71(1H, d, J = 7.5 Hz), 7.64 (2H, bs), 7.51(1H, d,
J = 8.1 Hz), 7.42(2H, t, J = 7.4 Hz), 7.28-7.39 (8H, m), 7.02 (1H,s),
5.07 (2H,s), 4.29 (2H, m), 4.23 (1H, t, J = 7.07 Hz), 4.18 (1H, m), 4.00
(1H, m), 2.99 (2H, m), 2.76 (2H, m), 2.55 (2H, t, J = 6.9 Hz), 2.36 (2H,
t,J = 6.9 Hz), 1.64 (2H, m), 1.52 (4H, m), 1.21-1.39 (6H, m); °C NMR
(176 MHz, DMSO-dg) & 173.98, 172.73, 172.04, 170.85, 156.45,
144.37, 144.19, 141.20, 136.70, 128.86, 128,40, 128.26, 128.12,
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127.56, 127.54, 125.76, 125.71, 120.61, 120.60, 66.08, 65.83, 54.89,
52.58, 47.14, 39.19, 38.92, 32.31, 31.71, 30.27, 29.52, 29.31, 27.03,
23.11, 22.80; ESI-MS for C3sH47NsO, [M+H]™" calculated 686.3548;
found 686.3567.

AAC2 'H NMR (700 MHz, DMSO-dg) & 8.63 (1H, s), 7.87 (2H, d,
J = 7.5 Hz), 7.85 (1H, d, J = 8.0 Hz), 7.77 (3H, bs), 7.73 (1H, d,
J = 7.5Hz), 7.70 (1H, d, J = 7.4 Hz), 7.65 (1H, d, J = 9.0 Hz), 7.52
(1H, d,J = 8.1 Hz), 7.41 (2H, t,J = 7.2 Hz), 7.33 (2H, t, J = 7.4 Hz),
7.04 (s, 1H), 6.79 (1H, dd, J = 9.0, 2.2 Hz), 6.58 (1H, d, J = 2.0 Hz),
4.29 (2H, m), 4.21 (2H, m), 4.01 (1H, m), 3.46 (4H, m), 3.27 (2H, m),
2.77 (2H, m), 1.67 (2H, m), 1.48-1.59 (6H, m), 1.33 (4H, m),1.13 (6H,
t, J = 7.0 Hz); 13C NMR (176 MHz, DMSO-dg) & 174.03, 172.08,
162.56, 162.25, 157.65, 156.45, 152.84, 144.39, 144.18, 141.18,
131.98, 127.54, 127.52, 125.76, 125.70, 120.55, 110.56, 109.90,
108.11, 96.28, 66.07, 54.94, 52.56, 47.14, 44.78, 39.28, 39.15, 32.31,
31.70, 29.35, 27.02, 23.20, 22.80, 12.74; ESI-MS for C4;HsoNO, [M
+H]* calculated 739.3814; found 739.3818.

AAC3 'H NMR (700 MHz, DMSO-d¢) & 8.48 (1H, t, J = 5.5 Hz),
8.01 (1H, d, J = 8.1 Hz), 7.99 (1H, d, J = 8.1 Hz), 7.94 (1H, d,
J = 8.0 Hz), 7.91 (2H, d, J = 7.6 Hz), 7.84 (2H, d, J = 7.14 Hz), 7.72
(1H, d,J = 7.3 Hz), 7.71(1H, d, J = 7.0 Hz), 7.68 (2H, bs), 7.63 (2H,
bs), 7.51 (1H, t, J = 7.4 Hz), 7.50 (1H, d, J = 8.1 Hz), 7.44 (2H, t,
J = 79Hz), 742 (2H, t, J = 7.5 Hz), 7.33 (2H, t, J = 7.5 Hz),
7.20-7.25 (5H, m), 7.18 (1H, t, J = 6.8 Hz), 7.05 (1H, s), 4.54 (1H, m),
4.30 (1H, m), 4.23 (3H, m), 4.16 (1H, m), 3.98 (1H, m), 3.25 (2H, m),
3.05 (1H, m), 2.68-2.83 (5H, m), 1.70 (1H, m), 1.44-1.63 (12H, m),
1.23-1.33 (6H, m); '*C NMR (176 MHz, DMSO-dg) & 173.85, 172.30,
171.80, 171.09, 166.65, 156.48, 144.29, 144.26, 141.20, 138.05,
135.09, 131.51, 129.63, 128.70, 128.50, 128.14, 127.60, 127.54,
126.72, 125.77, 125.73, 120.65, 120.61, 66.06, 54.78, 54.22, 52.89,
52.65, 47.12, 39.19, 37.80, 32.38, 31.98, 31.71, 29.40, 27.10, 23.27,
22.98, 22.55; ESI-MS for C4oHe2NgO; [M+H]* calculated 875.4814;
found 875.4814.

AAC4 'H NMR (700 MHz, DMSO-dg) & 8.64 (1H, s), 8.62(1H, t,
J = 5.7 Hz), 7.88 (2H, d, J = 7.5 Hz), 7.83 (1H, d, J = 8.0 Hz), 7.73
(1H,d,J = 7.5Hz),7.71 (1H, d, J = 7.5 Hz), 7.67 (1H, d, J = 9.0 Hz),
7.57 (1H, d, J = 8.1 Hz), 7.41 (2H, t, J = 7.4 Hz), 7.37 (1H, s), 7.33
(2H, d, J = 7.4 Hz), 7.02 (1H, s), 6.79 (1H, dd, J = 9.0, 2.2 Hz), 6.60
(1H, d, J = 2.1 Hz), 4.26 (2H, m), 4.19 (2H, m), 4.02 (1H, m), 3.46
(5H, m), 3.26 (2H, m), 2.27 (2H, t, J = 7.9 Hz), 1.92 (1H, m), 1.76 (1H,
m), 1.68 (1H, m), 1.56 (1H, m), 1.50 (2H, m), 1.31 (2H, m), 1.14 (6H, t,
J = 7.0 Hz); *C NMR (176 MHz, DMSO-dg) 8 174.43, 173.90, 171.65,
162.53, 162.24, 157.65, 156.39, 152.84, 148.10, 144.38, 144.20,
141.16, 132.00, 128.09, 127.55, 125.79, 125.76, 120.55, 110.57,
109.95, 108.13, 96.32, 66.15, 54.44, 52.58, 47.11, 44.78, 39.25, 32.25,
30.70, 29.35, 27.75, 23.18, 12.78; ESI-MS for C4oH4sNsOg [M+23] 7
calculated 762.3109; found 762.3107.

AAC5 'H NMR (700 MHz, DMSO-dg) & 8.64 (1H, s), 7.89 (2H, t,
J = 7.6 Hz), 7.83 (1H, d, J = 8.0 Hz), 7.73 (1H, d, J = 7.5 Hz), 7.70
(1H, d,J = 7.5Hz), 7.67 (1H, d, J = 9.1 Hz), 7.57 (1H, d, J = 8.2 Hz),
752 (1H, t, J = 55 Hz), 7.41 (2H, t, J = 7.4 Hz), 7.32 (2H, t,
J = 7.4 Hz), 7.04 (1H, s), 6.80 (1H, dd, J = 9.0, 2.3 Hz), 6.59 (1H, d,
J = 2.2 Hz), 4.29 (2H, m), 4.22 (2H, m), 4.04 (1H, m), 3.48 (4H, m),
3.37 (2H, m), 3.10 (2H, m), 1.67-1.72 (2H, m), 1.44-1.60 (6H, m),
1.26-1.35 (2H, m), 1.14 (6H, t, J = 7.1 Hz); '*C NMR (176 MHz,
DMSO-dg) & 173.90, 171.80, 162.56, 157.66, 157.13, 156.40, 152.87,
144.38, 144.15, 141.18, 132.01, 128.10, 127.55, 125.70, 120.57,
110.60, 109.98, 108.12, 96.30, 66.12, 54.76, 52.54, 47.13, 44.79,
40.91, 39.29, 32.35, 29.54, 29.36, 25.56, 23.13, 12.77; C4;HsoNgO, [M
+H]* calculated 767.3875; found 767.3865.

AAC6 'H NMR (700 MHz, DMSO-ds) & 7.91 (2H, d, J = 7.4 Hz),
7.72 (2H, d, J = 6.4 Hz), 7.50 (1H, d, J = 8.0 Hz), 7.43 (2H.t,
J = 7.5 Hz), 7.38 (1H, s), 7.34 (2H, t, J = 7.4 Hz), 7.04 (1H,s),
4.14-4.32 (4H, m), 4.00 (1H, m), 2.75 (4H, m), 1.65 (2H, m), 1.49-1.59
(6H, m), 1.31 (4H, m); *C NMR (176 MHz, DMSO-d¢) & 173.81,
172.19, 156.47, 144.31, 144.25, 141.20, 128.14, 127.55, 125.77,
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125.75, 120.64, 120.61, 66.07, 54.87, 52.42, 47.13, 39.17, 32.02,
31.67, 27.12, 27.06, 22.89, 22.65; ESI-MS for C,;H3,NsO, [M+H]"*
calculated 496.2918; found 496.2922.

AAC7 'H NMR (700 MHz, DMSO-dg) & 8.42 (1H, t, J = 5.9 Hz),
7.90 (2H, d, J = 7.1 Hz), 7.82 (2H, d, J = 7.4 Hz), 7.73 (1H, d,
J =7.4Hz),7.71 (1H,d,J = 7.6 Hz), 7.52 (2H, d, J = 7.8 Hz), 7.50
(1H, d, J = 7.3 Hz), 7.40-7.46 (5H, m), 7.38 (1H, s), 7.33 (2H, t,
J = 7.4 Hz), 7.03 (1H, s), 4.28 (2H, m), 4.22 (2H, m), 4.00 (1H, m),
3.23 (2H, m), 2.76 (2H, m), 1.62-1.72 (2H, m), 1.47-1.59 (7H, m),
1.27-1.37 (5H,m); °C NMR (176 MHz, DMSO-ds) § 173.98, 172.04,
166.55, 156.45, 144.38, 144.20, 141.20, 135.15, 131.46, 128.88,
128.12,127.57, 125.76, 125.72, 120.62, 120.60, 120.51, 66.08, 54.89,
52.63, 47.14, 40.50, 39.24, 32.43, 31.75, 29.37, 27.11, 23.24, 22.79;
ESI-MS for C34H4NsOs [M+H]* calculated 600.3180; found
600.3189.

AAC peptides were sterilized by X-ray irradiation at 748 cGy/min
for 30 min by RS 2000 irradiator (Rad Source Technologies; Suwanee,
GA) that did not influence AAC structure.

2.1.2. Cells

2.1.2.1. Human visceral stromal vascular fraction (SVF) cells. Institutional
review board-approved informed consent was obtained for the patients'
medical records. Human visceral fat tissues (VF) were obtained from the
greater omentum during endoscopic repair of hernias and/or bariatric
surgeries (laparoscopic banding and gastric bypass) from overnight fasted
in patients. Characteristic of subjects are described in Supplementary
Table S1. Stromal vascular fraction cells (SVF) were isolated from VF
using type 1 collagenase (Thermo Fisher Scientific, 17100017) following
manufacture's instruction as described before [51]. Isolated cells were
cultured in PGM-2 Preadipocyte Growth Medium-2 Bullet Kit (Lonza, PT-
8002, supplemented with PT-9502; Basel, Switzerland). The medium was
changed every 3 days prior to measurement of glucose uptake.

2.1.2.2. Human brain endothelial cells (hBEC). Human BEC were
purchased from ATCC (CRL-3245). Cells were grown with DMEM:F12
(ATCC, 30-2006) supplemented with 10% FBS (Gibco, Gaithersburg,
MD, 10082) and endothelial cell growth supplement (R&D systems,
component of CCM027, Minneapolis, MN).

2.1.2.3. Mouse subcutaneous SVF cells. SVF cells were isolated from
subcutaneous fat isolated from Lepr deficient mice (Homozygous for
Lepr®; 12-week old, JAX stock number 000642) or wild type male
(C56BL6/J) using type 1 collagenase (Thermo Fisher Scientific,
17100017) following manufacture's instruction. The subcutaneous
SVF cells were seeded in a flat 96-well plate in 100 uL/well of high
glucose DMEM (Gibco, 11965) supplemented with 10% FBS (Gibco,
10082) and 1% Penicillin-Streptomycin (10,000 U/mL; Gibco, 15140).
Medium was changed every 48 h.

2.1.2.4. Mouse 3T3-L1 cells. Mouse 3T3-L1 fibroblast (preadipocyte)
cells line were purchased from ATCC (CL-173).The 3T3-L1
preadipocytes were maintained in high glucose DMEM (Gibco,
11965) containing 10 % new born calf serum (Gibco, 26010) and 1%
Penicillin-Streptomycin (10,000 U/mL; Gibco, 15140). Medium was
changed every 48 h. Differentiation was initiated with medium
containing 10% FBS, 1.7 uM bovine insulin (Sigma 10516), 1 uM
dexamethasone (Sigma D4902), 0.5 mM 3-isobutyl-1-methyl xanthine
(Sigma 17018). Medium was replaced every 48 h with DMEM
containing 10 % FBS, 10 ug/mL insulin, and continued for 6 days.

2.2. Animal studies

Animal studies were approved by the Institutional Animal Care and
Use Committee of The Ohio State University (OSU). All mice were
purchased from The Jackson Laboratory (Bar Harbor, ME) and were fed
a regular chow diet (Teklad LM-485 mouse/rat diet, irradiated; Envigo,
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Somerset, NJ) under 12 h:12 h light:dark cycle. Fasting glucose and
body weight were monitored weekly. Mice were sacrificed by isoflurane
inhalation followed by cardiac puncture.

2.2.1. LepR deficient mice (Lepr®®)

The 5-week old male leptin deficient mice (Homozygous for Lepr®;
JAX stock number 000642) were randomly assigned to a control group
treated with 10 pL PBS/g body weight (BW) or AAC2 treatment
(0.1 nmol/g BW). Six mice per group were used for this study. Non-
fasted mice were injected subcutaneously into the scapular region every
other day for 4 weeks.

2.2.2. Leptin deficient mice (Lep®®)

The 5-week old male leptin deficient mice (Homozygous for Lep®’;
JAX stock number 000632) were randomized and treated as Leprdb mice
(n = 5 per group).

2.2.3. Wild type mice

The aged male wild type mice (C57BL6/J; 37-38 week old) were fed
a high fat diet (45% kcal from fat, Research Diets, D12451) to induce
glucose tolerance. Mice were injected (i.p.) every other days with 10 uL
PBS/g BW (n = 5), AAC2 (0.1 nmol/g BW, n = 5) for 4 weeks.

2.2.4. Monogenic model for phenotypes associated with T1D

The 5 or 6-week old male C57BL/6-Ins2*¥%/J (JAX stock number
003548) were injected intraperitoneally (i.p.) every other days with
10 pL PBS/g BW, AAC2 (0.2 nmol/g BW), or hINS (1.7 nmol/g BW).
Five mice per group were used for this study.

2.3. Methods

2.3.1. Transmission electron microscopy (TEM)

AAC1-AAC7 were dissolved in PBS to form 20 mM solution and left to
self-assemble for 12 h. After gelation, the solution was diluted to 1 mM
and 30 pL diluted samples were loaded on the formvar/carbon-covered
copper grid (Ted Pella, 01801, Redding, CA) and stained with uranyl
acetate (1 wt% in distilled water) for 30 s and the grids were dried with
filter paper. The nanostructures of the AAC1-AAC7 were observed by
TEM (FEI Tecnai G2 Spirit, Thermo Fisher Scientific, Waltham, MA).

2.3.2. Critical micelle concentration of AAC2 with Nile Red

AAC2 samples were prepared by serial dilution starting from
2.5 mM in PBS with no aging. Nile Red (4.24 uM, Acros Organics, NJ)
was added and the solution was incubated for an additional 24 h.
Fluorescence measurements were taken at excitation/emission 550 nm/
656 nm, in a 3 mm quartz cuvette, slit widths 5, Cary Eclipse
Spectrofluorometer (Agilent, Santa Clara, CA).

2.3.3. Quartz crystal microbalance with dissipation (QCM-D) binding assay
Interaction of either AAC2 (0.1 uM in PBS) or mouse recombinant
leptin protein (mLep; 1.6 fM in PBS; Crystal Chem, Elk Grove Village,
IL, 90030-B) and with mouse recombinant leptin receptor (LepR) pro-
tein (1.6 pM in PBS; R&D systems, 497-LR/CF) were investigated by
applying an alternating current on quartz via the piezoelectric effect
using QCM-D [52,53]. We used quartz sensor with an active gold sur-
face (QSX 301, Biolin Scientific, Sweden). The interaction of each
component layer, measured as difference in frequency (AF) and dis-
sipation (AD) values of the odd overtones was modeled using Voight-
Voinova equations for homogenous viscoelastic layers [54,55].

2.3.4. Cell-based experiments and assays

2.3.4.1. Cytotoxicity test (WST-1 assay). 3T3-L1 preadipocytes were
seeded into 48-well plates (5 X 10* per well). Then, after 24 h, cells
were treated with 0.1 pM AAC for 24 h in DMEM containing 10% calf
serum. After incubation, 10 pl of WST-1 solution (Sigma-Aldrich, St.
Louis, MO, 5015944001) was added directly into the media (1:10 ratio)
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and incubated for 3 h. After incubation, absorbance was measured at
450 nm using Synergy H1 Hybrid Multi-Mode Microplate Reader
(BioTek, Winooski, VT). Similar experiments were performed using
different concentrations of AAC2 for 24 and 72 h in 3T3-L1
preadipocytes and hBEC cultures.

2.3.4.2. Detection of reactive oxygen species (ROS). ROS species
production were detected using fluorescent CellROX Green Reagent
(Thermo Fisher Scientific, C10444) according to manufacturer's
instructions. 3T3-L1 preadipocyte cells were seeded into 48-well
plates (5 x 10* per well) and treated with 200 uM H,0, (Sigma-
Aldrich, H1009) for 4 h to induce cellular ROS production. After
oxidative stress induction, these cells were treated with AACs (0.1 pM
each) and incubated for additional 24 h. Then, 5 uM CellROX Green
Reagent was used to stain live cell ROS accumulation by measuring
absorption/emission maxima at 485/520 nm wusing fluorescence
microscope. Quantification of ROS positive area was analyzed by
ImageJ software (version 1.8.0_112).

2.3.4.3. Glucose uptake assay. General protocol. Glucose uptake was
measured using fluorescent 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-
yl)amino]-p-glucose) (2-NBDG or FD glucose; Cayman Chemical, Ann
Arbor, MI, 600470). For all experiments we used monolayer of cells.
Cells were washed with PBS to remove residual glucose. Starvation
conditions were induced in the DMEM medium, which does not contain
glucose phenol red, and 1-glutamine (Gibco, A14430, 200 uL/well) for
40 min otherwise described. The FD-working solution (0.29 mM) was
prepared in the glucose-free medium. After treatment, cells were
incubated with the FD-working solution containing reagents at 37°C
for 80 min otherwise described. Cells were washed with PBS twice.
Then, the fluorescence of cells was measured in cells containing 100 pL
of PBS per well at an excitation/emission wavelength of 485/535 nm
using Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek,
Winooski, VT). The specifics of experimental conditions for each cell
type are described below.

Human SVF were obtained from each donor and seeded at ~80%
confluence on a flat-96 well plate in the 100 pL/well of PGM-2
Preadipocyte Growth Medium-2 Bullet Kit (Lonza, PT-8002, supple-
mented with PT-9502; Basel, Switzerland). After 3 days, glucose uptake
was measured in confluent cells. The starved cells were stimulated with
vehicle (Veh; PBS, Sigma-Aldrich, D8537), AAC2 (1, 3, 10, 30, and
100 nM for Fig. 2a; 0.03 uM for Fig. 2b) or AAC6 (1, 3, 10, 30, and
100 nM for Fig. 2a), or human insulin (hINS, 1.7 uM; Sigma-Aldrich,
19278) that were added into 100 pL of FD-working solution per well.

Experiment with PKCg inhibitor. Human visceral SVF cells were in-
cubated with the ZIP inhibitor of a catalytic domain of PKCg, which also
exists as constitutively active form, i.e. protein kinase Mg [56] (1 uM;
Abcam, UK, ab120993) or diluted in water or in glucose-free medium
(Gibco, A14430) for 40 min. Then cells were incubated with Veh or
AAC2 (0.1 uM) in FD-working solution for 80 min.

Experiments with GLUT1 inhibitor. hBEC were split and seeded onto a
96-well plate (2 x 10%/0.1 mL/well) coated with 0.1 % gelatin solution
(Sigma-Aldrich, ES-006-B). After ~24 h, cells formed monolayer, then
glucose uptake was performed. Cells were treated with vehicle (Veh;
PBS, Sigma-Aldrich, D8537) or human insulin (hINS; 1.7 pM; Sigma-
Aldrich, 19278) or human leptin (hLep; 62.5 nM, Thermo Fisher
Scientific, RP-8634) or AAC2 (0.1 uM) which were diluted in same
glucose free DMEM (Gibco, A14430, 200 uL/well) for 40 min. Then,
GLUT1 inhibitor (BAY-876; 10 nM diluted in DMSO; Selleckchem,
Houston, TX, S8452) or DMSO were added in 100 pL of FD-working
solution per well and incubated for 50 min at 37 °C. 3T3-L1 pre-
adipocytes were seeded in a 96 well plate at a density of 4 x 10° in
100 pL of culture medium per well and grow for 24 h prior to mea-
surement of glucose uptake. Cells were pre-incubated with GLUT1 in-
hibitor (BAY-876; 10 nM diluted in DMSO) or DMSO diluted in DMEM
not containing glucose phenol red, and r-glutamine (Gibco, A14430,
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200 pL/well) for 40 min. Then, Veh or AAC2 (0.1 uM) or human insulin
(hINS; 1.7 pM; Sigma-Aldrich, 19278) or mouse leptin (mLep; 12.5 nM,
Peprotech, 450-31, Rocky Hill, NJ) were treated to cells with FD-
working solution for 80 min.

Experiment with diverse AAC2 doses. 3T3-L1 cells were starved with
glucose-free DMEM (Gibco, A14430) for 50 min. Then cells were
treated with FD-glucose solution containing vehicle or AAC2 (10, 100,
and 300 nM) for 100 min.

Experiment with anti-insulin receptor (InsR) antibody. 3T3-L1 cells
were treated with heat-inactivated immunoglobulin or anti-InsR anti-
body (2.96 pM; EMD Millipore, Burlington, MA, MAB1137, LOT#
3010012) in glucose-free DMEM (Gibco, A14430). After 40 min in-
cubation, cells were stimulated with Veh or AAC2 (0.1 uM) or human
insulin (hINS; 1.7 uM; Sigma-Aldrich, 19278) diluted in the FD-working
solution for 80 min.

Experiment with PI3K and Akt inhibitors. 3T3-L1 cells were stimulated
with FD-working solution containing AAC2 (0.1 uM), PI3K inhibitor
(Wortmannin, 0.1 pM, Cayman Chemical, 10010591), pan-Akt inhibitor
(GSK690693, 0.1 uM, SelleckChem, S1113), or no reagents (Veh con-
trol) for 80 min.

Experiment with anti-leptin receptor (LepR) antibody. 3T3-L1 cells
were treated with heat-inactivated immunoglobulin or anti-LepR anti-
body (3.2 pM; Thermo Fisher Scientific, PA1-28844, LOT#
SH2429627A) in the glucose-free DMEM (Gibco, A14430, 200 uL/well).
After 40 min incubation, cells were stimulated with Veh or AAC2
(0.1 uM) or mouse leptin (mLep; 1.6 fM in PBS; Crystal Chem, 90030-B)
in the FD-working solution for 80 min. Similar experiment was per-
formed using wild type subcutaneous SVF cells.

Subcutaneous mouse Lepr®™ SVF cells were seeded in a flat 96-well
plate and grown in high glucose DMEM (Gibco, 11965) containing 10%
FBS (Gibco, 10082) and 1% Penicillin-Streptomycin (10,000 U/mL;
Gibco, 15140) for 1 week. Cells were stimulated with FD working so-
lution containing Veh or AAC2 (0.1 uM), or mouse leptin (mLep;
12.5 nM, Peprotech, 450-31) for 80 min.

2.3.4.4. Western blot. Treated 3T3-L1 cells lysed using RIPA buffer
(Thermo Fisher Scientific, 89900), containing Halt™ Protease and
Phosphatase Inhibitor Cocktail (100X) (Thermo Fisher Scientific,
78440). Antibodies were purchased from Cell Signaling Technology
(Danvers, MA): protein kinase B (PKB, alias: AKT, 4691S),
phosphorylated (p-) p-AKT (92718S), signal transducer and activator of
transcription 5 (STATS, 94205S), p-STAT5 (4322S), STAT3 (9139S),
the extracellular-signal-regulated kinase (ERK, 4696S), and p-ERK,
(43708S). B-Actin was purchased from Sigma-Aldrich (A5441).

2.3.4.5. Protein concentrations. Protein concentrations were measured
using Pierce BCA protein assay (Thermo Fisher Scientific, 23225).

2.3.5. Engyme-linked immunosorbent assay (ELISA)

The level of mouse insulin was measured in mouse plasma by ELISA
(EMD Millipore, EZRMI-13K) following the manufacturer's instruction.
The absorbance at 450 and 590 nm were measured using Synergy H1
Hybrid Multi-Mode Microplate Reader (BioTek, Winooski, VT).

2.3.6. Glucose tolerance test (GTT)

GTT test was performed for all studies using 4-5 h fasted mice after
3 week treatment period. Mice were i.p. injected with 10 % glucose
solution (w/v; 0.56 M, Gibco, 15023-021, diluted in distilled water and
sterilized, 10 pL/g BW). Glucose levels in tail-tip blood were measured
using glucometer (OneTouch Ultra 2 m; LifeScan Inc., Milpitas, CA)
during GTT experiments and weekly monitoring of glucose status.

2.3.7. Body composition measurement

Mouse body composition was measured with EchoMRI™-100H Body
Composition Analyzer for Live Small Animals (EchoMRI™, Houston, TX)
4 weeks after treatment.
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2.3.8. Comprehensive Lab animal monitoring system (CLAMS)

Metabolic parameters were measured by indirect calorimetry
(CLAMS, Columbus Instruments, Columbus, OH) at an ambient tem-
perature (22 °C) with 12 h light/dark cycles 7 weeks after treatment.
Animals were fed the same diet and water provided ad libitum and
consumption was measured. Mice were placed individually and meta-
bolic parameters were measured for 24 h.

2.3.9. Open field test

The open filed test was performed at the Behavioral Core facility at
OSU in blinded fashion using encoded groups of mice 5 weeks after
treatment. Each animal is placed in a polypropylene open-field arena
(36 cm X 36 cm) with two rows of infrared sensors mounted on the
sides to detect and distinguish between horizontal movements and
vertical movements (Open Field Photobeam Activity System, San Diego
Instruments, San Diego, CA). The arenas are contained in boxes that are
light- and sound-attenuating. Activity counts are defined as interrup-
tions in the infrared light sources by the animal (i.e., beam breaks).
Total activity, amount of activity in the center versus the periphery of
the arena, and number of rears is analyzed.

2.3.10. Barnes mage test

Barnes maze was performed as described in Ref. [57]. The Barnes
maze, (122 cm diameter) with 18 escape holes (9.5 cm) placed every
20° around the perimeter (ENV-563-R, MedAssociates, St. Albans, VT,
USA), was surrounded with a 60 cm high white polycarbonate barrier to
prevent escape. The blind escape holes were blocked by black panels,
and the target escape hole was visually the same as the blind holes, but
contained a black escape box (38.7 X 12.1 x 14.2 cm). Distinct visual
cues (black 2 dimensional geometric shapes, 20-25 cm) on the upper
edge were attached to of the surround at the 4 compass points and
present visual cues distal to the maze. Testing consisted of 5 days of
acquisition training followed by a single probe trial 24 h after the last
training trial. Each acquisition day consisted of one session/animal, 3
trials per session, with an inter-trial interval of 5 min. For acquisition
training, all mice were allowed to acclimate for 30 min before the start
of testing. Each trial consisted of carefully placing the mouse in the
center of the maze from the opaque plastic beaker. The mouse was
allowed to search for the escape box for 120 s, then it was guided to it.
Olfactory cues were eliminated by cleaning with 70% ethanol after
testing of each mouse, and each day the maze was rotated 90° counter
clockwise, with the escape box location and location of visual cues
remaining constant throughout testing. All behavior on coded mice
were recorded and scored using The Observer software (XT 8.0; Noldus,
Leesburg, VA, USA). For training trials, latency to escape and number of
errors were recorded. An error was defined as an investigation of a
blind escape hole where the entire head of the mouse broke the plane of
the edge of the escape hole. For the probe trial, latency to escape hole,
number of errors, and time in quadrant of escape hole (% in path Q3)
were measured.

2.3.11. Statistical analysis

All data were analyzed using SPSS 23 (IBM Corp., Armonk, NY). All
data are shown as mean =+ standard error (SEM). Number of samples
for each assay is indicated in Figure legends. Group comparisons were
assessed using Student's independent or paired t-test (two-sided) or one-
way analysis of variance (ANOVA) for normally distributed samples.
Mann-Whitney U test or Kruskal-Wallis test were used as nonparametric
tests. P < 0.05 was considered statistically significant.

3. Results
3.1. Amino acid compounds regulate glucose uptake in vitro

Given the glycemic properties of lysine and coumarin class of
compounds [48], we specifically incorporated 7-(diethylamino)
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Fig. 1. Structure, physical characteristics, cytotoxicity, and antioxidant properties of seven Amino Acid Compounds (AAC 1-7). (a) Chemical structures of
seven amino acid compounds (AAC). Self-assembled nanostructures of AAC (1 mM) were imaged by transmission electron microscopy (TEM) at 225,000 magnifi-
cation. Grey box indicated backbone amino acid structure responsible for the charge of molecule. The blue, red, and green boxes represent specific site moiety for the
AAC molecules. (b) Cytotoxicity was measured in 3T3-L1 preadipocytes treated with AAC compounds (0.1 pM, black bars) or left untreated (white bar) for 24 h
(n = 4 per treatment condition). Viable cells were quantified using WST-1 assay. Data are shown as % of control. Asterisk, P < 0.05 compared to control, Student's
independent t-test. (c) Assembly of AAC2 into micelle (nanofibers) was measured by monitoring the fluorescence of the lipophilic dye Nile Red in the presence of
AAC2 at different concentrations. An arrow shows the critical micelle concentration. (d) Reactive oxygen species concentration was measured in 3T3-L1 pre-
adipocytes stimulated with H,O, for 4 h (200 uM, hatched bars) and treated with and without (open bar) AAC (0.1 uM dark hatched bars) for 24 h. ROS-induced
fluorescence was measured using CellROX Green Reagent. Student's independent t-test, n = 3/condition.

coumarin-3-carboxamide as a peptide side-chain (Fig. 1a). To explore
the potential of small, lysine-containing peptides to serve as more po-
tent antidiabetic drugs, we designed and tested a series of peptides
termed amino acid compounds (AAC) that varied several structural
elements. The series probed the impact of peptides with positive charge
(AAC1-AAC3, AAC5-AAC7), negative charge (AAC4), and coumarin
side-chains (AAC2, AAC4, and AACS5) on antidiabetic efficacy (Fig. 1a,
Fig. S1). To ascertain the importance of the coumarin side-chain for
activity, benzyl succinate (AAC1), and benzamide derivatives (AAC3
and AAC7) were also studied. All of these AAC peptides, with the ex-
ception of AAC6, have potential to undergo a concentration-dependent
self-assembly into nanofibers under physiological conditions in PBS
[58].

We examined short (6 h) and long-term (24 h) toxicity of AAC
compounds on murine 3T3-L1 fibroblasts. AAC3 exhibited a significant
toxicity within 6 h and was excluded from further experiments (Fig.
S2). Low but significant toxicity was seen in the presence of AAC1 and
AAC4-7 after 24 h incubation (Fig. 1b). The cell viability was identical
in control and AAC2-treated cells. We increased the AAC2 concentra-
tions and examined their effects on viability of fibroblasts and also
human brain endothelial cells for the prolonged (24-72 h) period of
time (Fig. S2 b,c). AAC2-treated cells of both types have similar via-
bility as control cells 24 h after the beginning of experiments. Overall,
these experiments suggest the lack of AAC2 toxicity in peripheral and
brain cells.

At the exceptionally low concentrations used in this study, the AAC2
peptides remained in monomeric form. For example, the critical micelle
concentration, as measured by Nile Red encapsulation, was 84 uM for
AAC2, which was 840 times higher than the concentrations used for the
cell cultures (Fig. 1c). The dilution of preformed AAC2 nanofibers at
1 mM concentrations led to their immediate and stable dissociation
(Fig. S3). Therefore, in all biological studies, we characterized the
properties of the monomeric AAC2 form.

Since the lysine side-chains were derivatized with potential anti-
oxidants, we also examined antioxidant properties of AACs under oxi-
dative stress conditions induced by hydrogen peroxide (Fig. 1d). Among
all AAC compounds, only AAC6 reduced reactive oxygen species pro-
duction in the presence of hydrogen peroxide; however, the toxicity
profile of AAC6 was higher than that of AAC2. We proceeded with both
AAC2 and AACS6 for testing of glycemic properties, the primary selec-
tion criteria for the in vitro studies.

We followed guidelines to de-risk safety and efficacy [59] by per-
forming experiments with human tissues to assess the relevance of our
findings for humans. We selected the relevant primary human stromal
vascular fraction preadipocytes (SVF) for testing glucose uptake, be-
cause insulin resistance in visceral fat is a key risk factor for insulin
resistance and T2D [13,18,60]. These cells were isolated from visceral
(omental) fat from obese patients (Supplementary Table S1) undergoing
surgeries and serve as an example of a peripheral tissue. AAC2 stimu-
lation lead to a dose-dependent increase in glucose uptake in SVF
preadipocytes, in contrast AAC6 reduced glucose uptake in same cells
(Fig. 2a). Thus, only AAC2 could regulate glucose uptake in vitro. Based
on two primary selection criteria, such as the absence of toxicity and
efficacy in glucose uptake, AAC2 was selected as a candidate molecule
for investigation of its glycemic effects.

Next, we compared AAC2 and human insulin (hINS) effects on

glucose uptake and SVF isolated from six patients. AAC2 significantly
stimulated glucose uptake in all patients, whereas hINS showed a trend
(P = 0.055) for increasing glucose uptake (Fig. 2b). SVF preadipocytes
for 50% of obese patients were not responding to insulin stimulation;
however, these cells have increased glucose uptake in the presence of
AAC2. We further investigated the glycemic properties of AAC2 in
human brain endothelial cells (hBEC), which utilize primarily GLUT1
[61]. In these cells only AAC2 and leptin induced glucose uptake, which
was abolished by GLUT1 inhibitor (Fig. 2c¢). Insulin did not influence
glucose uptake in hBEC cells. We performed a similar experiment in
mouse 3T3-L1 preadipocytes expressing GLUT4 as a major transporter
and GLUT1 as a minor transporter [2]. Insulin, AAC2, and leptin all
induced significant glucose uptake in 3T3-L1 preadipocytes (Fig. 2d).
The inhibition of GLUT1 with BAY-878 inhibitor abolished glucose
uptake by AAC2 and leptin, but not insulin. The glucose uptake was not
limited to preadipocytes. Differentiated 3T3-L1 adipocytes increased
glucose uptake in response to different doses of AAC2 but were more
resistant to leptin and insulin stimulation in adipocytes vs. pre-
adipocytes in agreement with insulin and leptin resistance phenomena
(Fig. S4). Together, these data demonstrate that AAC2 and leptin
mediate glucose transport in human and animal cells using different
transporters than insulin. AAC2 efficiently mediated glucose uptake in
peripheral adipocytes and in endothelial cells of nervous tissue.

3.2. AAC2 regulates glucose uptake via LepR and PKCg

We performed studies in 3T3-L1 preadipocytes to determine a me-
chanism of AAC2-mediated glucose uptake. AAC2 increased glucose
uptake in a dose-dependent manner in 3T3-L1 preadipocytes (Fig. 3a).
Both hINS and AAC2 stimulations induced significant uptake of glucose
compared to non-stimulated 3T3-L1 cells (Fig. 3b). In line with the
previous reports, IgG antibodies increased basal glucose uptake [62].
Nonetheless, the pretreatment of these cells with the anti-insulin re-
ceptor (InsR) antibodies blocked glucose uptake mediated by hINS, but
not by AAC2. To strengthen this initial observation, we analyzed con-
tribution of classic AKT and PI3K pathways that mediate downstream
effects of activated InsR in 3T3-L1 preadipocytes [63]. Inhibition of
AKT and PI3K did not influence AAC2-mediated glucose uptake in these
cells (Fig. 3c) suggesting that AAC2 and insulin act via different path-
ways. We also ruled out that AAC2-mediated glucose uptake is regu-
lated by various other pathways (Fig. S5), since inhibition of AMPK and
MAPK, PPARq, as well as EGFR and FGFR pathways did not prevent the
increase in glucose uptake in the presence of AAC2.

Glucose uptake in peripheral tissues depends on leptin activation of
LepR pathway [19]. We compared glucose uptake mediated by AAC2 or
leptin in 3T3-L1 preadipocytes pretreated with inactivated or intact
antibodies against LepR (anti-LepR Fig. 3d). Inhibition of LepR by anti-
LepR antibodies prevented glucose uptake mediated by either AAC2 or
leptin in 3T3-L1 preadipocytes. We validated this response in primary
SVF cells isolated from visceral fat of Lepr®® mouse with a dysfunctional
mutant LepR (Fig. 3e) as well as primary SVF cells isolated from WT
mice (Fig. S6). In these cells with genetically dysfunctional LepR, leptin
and AAC2 were unable to activate glucose uptake. These data indicate
that leptin and AAC2 act via LepR.

Next, we compared the major signaling pathways mediated by ex-
posure of 3T3-L1 cells to insulin, leptin, and different doses of AAC2 for
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Fig. 2. AAC2 induced glucose uptake in
adipocytes and brain endothelial cells
(hBEC) in GLUT1-dependent manner in
vitro. (a) Dose-dependent FD-glucose up-
take in SVF cells stimulated with AAC2
(closed circles) and AAC6 (open circle). SVF
were collected from an individual donor.
Data (n = 8 per treatment) was normalized
to FD-glucose uptake in non-stimulated cells
(% compared to Veh). Red dashed line
shows FD-glucose uptake cells stimulated
with human insulin (hINS; 1.7 upM).
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(0.03 uM), or hINS (1.7 uM) for 80 min. SVF
were isolated from 6 different subjects
(circles, Supplementary Table 1) Data are
shown as mean = SEM of fluorescence
units (FU) from n = 8/subjects/treatment.
Student's paired t-test. (c) FD-glucose up-
take in human brain endothelial cells
(hBEC, n = 8 per treatment) treated with
vehicle (Veh; PBS, open bar) or hINS
(1.7 uM, red bar), human leptin (hLep;
62.5 nM, hatched bar), or AAC2 (0.1 pM
black bar) in the presence and absence of
GLUT1 inhibitor (BAY-876; 10 nM in
DMSO). Cells were pre-treated with or
without BAY-876 for 40 min and then FD
glucose and treatment reagents were added
for additional 50 min of incubation. Data
(%) was normalized to FD-glucose uptake in
control (Veh) hBEC without inhibitor
(100%). Student's independent t-test. ns, not
significant. (d) FD-glucose uptake in mouse
3T3-L1 preadipocytes (n = 8 per treatment)
treated with vehicle (Veh; PBS, open bar) or
hINS (1.7 uM, red bar), mouse leptin (mLep;
12.5 nM, hatched bar), or AAC2 (0.1 uM
black bar) in the presence and absence of
GLUT1 inhibitor (BAY-876; 10 nM in
DMSO). Cells were pre-treated with or
without BAY-876 for 40 min and then FD
glucose and treatment reagents were added
for additional 80 min of incubation. Data
(%) was normalized to FD-glucose uptake in
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control (Veh) 3T3-L1 cells without inhibitor (100%). Student's independent t-test. . (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

5 min (short-term) and 15 min (Fig. 3f). In these cells representing
peripheral tissues, insulin acted in classical manner inducing phos-
phorylation of AKT in a time-dependent manner. Insulin stimulation
also led to a weak, late phosphorylation of mTOR, STAT3, STAT5, and
ERK after 15 min treatment. Leptin induced phosphorylation of STAT5
and ERK after 15 min 3T3-L1 stimulation. Short-term stimulation with
leptin only resulted in phosphorylated mTOR. AAC2 only moderated
transient effects on phosphorylation of AKT, mTOR, STAT3, or STAT5
(quantified data in Figs. S7a—d). AAC2 stimulation increased in a dose-
dependent and time-dependent manner phosphorylation of ERK and
atypical PKCg Figs. S7e and f). PKCg has been previously proposed to
mediate glucose uptake in response to mechanical stretch in muscle
cells [64]. We examined the role of PKCg in the regulation of AAC2-
mediated glucose uptake in 3T3-L1 cells (Fig. 3g). The catalytic domain
of PKC can exist also as protein kinase Mg (PKMg) in the nervous and
possibly other tissues [56]; therefore, we used a ZIP inhibitor to inhibit
catalytic activities associated with PKCg. ZIP has no effect on glucose
uptake in control cells; however, it abolished AAC2-mediated glucose

uptake (Fig. 3g). These data provide additional evidence indicating that
AAC2 signals in a different manner than leptin via PKCg with or without
PKMg to mediate glucose uptake.

To compare the molecular interaction between LepR and its canonic
ligand leptin (Fig. 3h) as well as the interaction of AAC2 with LepR
(Fig. 3i), we used a quartz crystal microbalance. The binding of LepR
increased the dissipation and decreased the frequencies associated with
the active gold surface (Fig. 3h). The binding of leptin further increased
the dissipation and decreased the frequencies seen with LepR, in-
dicating formation of the film on the gold surface (Fig. 3h). In contrast,
the interaction of AAC2 led to the release of the LepR from the active
gold surface due to the formation of AAC2/LepR complex (Fig. 3i). This
effect was evident as the decreased dissipation and the increased fre-
quencies after AAC2 addition compared to those seen with LepR alone
(Fig. 3i). Consequently, the thickness of the LepR film was decreased
after interaction with AAC2, but was not altered after canonical binding
of leptin (Fig. 3j). The interaction between AAC2 and LepR was strong,
albeit principally different from the binding of leptin. Evidently,
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Fig. 3. Glucose uptake mediated by AAC2 depends on LepR and PKCg in vitro. (a) Dose-dependence FD-glucose uptake stimulated by AAC2 in 3T3-L1 pre-
adipocytes after 100 min of incubation (n = 6 per dose). Data were normalized to FD-glucose uptake (%) in control (Veh 100%). Asterisk: P = 0.019, Student's
independent t-test. (b) FD-glucose uptake in non-stimulated (Veh, open bar) or stimulated with AAC2 (0.1 uM, black bar) or hINS (1.7 pM, red bar) in 3T3-L1 cells for
80 min. Prior to stimulation cells were pre-treated with Veh, heat-inactivated immunoglobulin (data not shown), or anti-InsR antibody (2.96 pM) for 40 min. Data
were normalized to FD-glucose uptake (%) in control (Veh 100%). Student's independent t-test. ns, not significant. (n = 8 per treatment). (c) FD-glucose uptake (%
vs. Veh; n = 8) in presence of AAC2 (0.1 uM) with and without PI3K inhibitor (Wortmannin, 0.1 pM), or pan-Akt inhibitor (GSK690693, 0.1 uM) in 3T3-L1
preadipocytes. Human insulin (hINS; 1.7 uM) was used as a positive control (red dashed line, n = 8). One-way ANOVA with Bonferroni's post hoc test. P = 0.003 for
overall comparisons among treatments. (d) FD-glucose uptake (% compared to Veh; n = 8) in presence of AAC2 (0.1 uM) or recombinant mouse leptin protein
(12.5 nM) in 3T3-L1 preadipocytes pretreated with inactivated antibodies or polyclonal anti-LepR antibodies (3.2 pM). Two-sided paired t-test for each condition. (e)
FD-glucose uptake (% compared to Veh; n = 8) in presence of AAC2 (0.1 pM) or recombinant mouse leptin protein (0.01 uM) in SVF cells isolated from subcutaneous
fat of Lepr® mouse. Kruskal Wallis test. P = 0.418 for overall comparison (not significant, ns). (f) Expression of phosphorylated and non-phosphorylated proteins was
measured in 3T3-L1 preadipocytes stimulated with indicated compounds for 5 or 15, minutes using Western blot. (g) FD-glucose uptake (% compared to Control;
n = 8) in presence in the absence (Veh, open bar) of AAC2 (0.1 pM, black bar) in human visceral SVF cells with and without ZIP inhibitor of catalytic domain of
PKCg/PKMg (1 uM). Cells were pretreated with ZIP inhibitor for 40 min and treated with reagents and FD-glucose for 80 min. Student's independent t-test (n = 8 per
treatment). (h, i) Binding affinity of recombinant mouse leptin receptor protein (LepR) and leptin (h) or binding affinity between LepR and AAC2 (i) were analyzed
with QCM-D. Arrows indicate the starting point of addition of each reagent. Blue line shows frequency (F). Red line shows dissipation (D). (j) Thickness of LepR-
Leptin film or LepR-AAC2 film was quantified based on the binding kinetics in (h,i). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

atypical AAC2 binding to LepR mediated different PKCg signaling treatment had no effect on food intake (Fig. 4b), weight gain (Fig. 4c),

leading to increased uptake of glucose in vitro. or insulin levels (Fig. 4d) in Lepr® mice. In contrast, similar AAC2
We examined the dependence of AAC2 effects on LepR in vivo in treatment improved glucose uptake in WT mice treated with AAC2 for

Lepr® mice treated with AAC2 for one month. Activation of LepR reg- one month (Fig. S8).

ulates glucose uptake, food intake, weight, and insulin secretion The interaction of AAC2 with LepR was also examined in Lep®® mice

[65,66]. AAC2 did not improve any of these functions in Lepr®® mice. A expressing LepR but deficient in leptin, a natural ligand for this re-

glucose tolerance test (GTTs) showed that AAC2 treatment impaired ceptor. Lep® mice were treated with AAC2 under a similar regimen as

glucose uptake compared to non-treated Lepr® mice (Fig. 4a). AAC2 Lepr®™ mice. AAC2 treatment markedly improved glucose tolerance in

Receptor deficient Lepre®
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Fig. 4. AAC2 induced glucose uptake by LepR-dependent mechanism in vivo. (a) GTT in Leprdb mice treated without (Veh, open circles, n = 6) or with AAC2
(black circles, n = 6). Student's independent t-test for each time point. P = 0.006 at 30 min post glucose injection. (b,c) Food intake, P = 0.817, ns. (b) and weight
gain P = 0.576, ns. (c) in Lepr‘ﬂ’ mice treated without (Veh, open bars, n = 6) or with AAC2 (black bar, n = 6). (d) Insulin levels in plasma of same Lepr‘ﬂ’ mice were
measured by ELISA. P = 0.416, ns. (e) GTT in Lep"b treated without (Veh, open circles, n = 5) or with AAC2 (black circles, n = 5). Student's independent t-test for
each time point. P = 0.001 and P = 0.045 at 5 min and 30 min post glucose injection, respectively. (f-h) Food intake, P = 0.133, ns. (f), weight gain (g), and insulin
levels (h) in Lep"b mice treated without (Veh, open bar, n = 5) or with AAC2 (black bar, n = 5) P = 0.17, ns. Student's independent t-test.
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Genetic mouse model Ins2Akita
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Fig. 5. AAC2 improved glucose uptake in a monogenic mouse model for
phenotypes associated with insulin deficient T1D. (a) Baseline fasting glu-
cose levels prior to treatment in Ins24%“ mice (n = 5 per group). Kruskal Wallis
test, P = 0.908 for overall comparison (ns, not significant). (b) Mouse insulin
levels measured in same Ins2**" mice at the end of the study. Student's in-
dependent t-test. P = 0.720 (ns, not significant). (¢, d) Food and water con-
sumption measured in same Ins2'*® mice 7 weeks after treatment using
CLAMS. Student's independent t-test. (e, f) Respiratory exchange ratio (RER)
measured in same Ins2*® mice during the dark (e) and light (f) period using
CLAMS measurements of O, use and CO, production. Student's independent t-
test. (g) GTT was performed in same Ins2*¥® mice 3 weeks after beginning of
treatment. One way ANOVA.
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Lep®® mice (Fig. 4€) suggesting that the glycemic action of AAC2 com-
pensated for the absence of leptin. Although the decrease in food intake
in AAC2-treated Lep® mice did not reach statistical significance
(Fig. 4f), these mice gained significantly less weight compared to con-
trol mice in agreement with the known responses of activated LepR
(Fig. 4g) after one month of treatment. The insulin levels were not
statistically different in AAC2-treated and control mice (Fig. 4h).
Therefore, AAC2 did not replicate all effects of leptin (Fig. 4), which is
in consonance with the specific mechanism underlying the interaction
of this compound with LepR (Fig. 3d, e, h-j). The studies in Lep®® in
Lepr® mice demonstrate that AAC2 effectively regulates glycemic ef-
fects in the absence of leptin and LepR is required for these action
(Fig. 4).

3.3. AAC2 improved glucose uptake in genetic models of T1D without
insulin

Given the unique mechanism of glycemic AAC2 function, we tested
the efficacy of this compound in a genetic model of deficient insulin
signaling. An established monogenic model of T1D is a heterozygous
Ins2*%% mice [67]. Mutation in Ins2 gene in these mice lead to pro-
duction of misfolded INS2 that leads to autoimmune destruction of
pancreatic B-cells [68]. Five week old male Ins2*¥** mice developed
severe hyperglycemia (Fig. 5a) that was consistent with criteria for T1D
(fasting glucose > 13.9 mM [69]) and published data [68]. After these
severly hyperglycemic mice were randomized in an untreated control
and three experimental groups treated with hINS or AAC2 for 4 weeks.
Mice were injected every 48 h. Control group and AAC2-treated mice
have similar levels of insulin in circulation after 4 weeks for treatment,
whereas the level of insulin was higher in hINS-treated mice (Fig. 5b).
Mice treated with AAC2 or hINS exhibited different food and water
consumption that were measured in the individually housed mice in
metabolic cages (Fig. 5c and d). AAC2-treated mice consumed more
food (Fig. 5¢) and water (Fig. 5d) compared to hINS-treated mice.
Regulation of both food [65] and water [70] consumption has been
attributed to the activation of LepR in hypothalamus in the previous
research.

In spite of the differences in food and water consumption all mouse
groups exhibited a respiratory exchange ratio (RER) higher than 0.8
during active dark and light day cycles, suggesting that they all utilized
glucose as the primary energy substrate (Fig. 5e and f). Mice treated
with hINS or AAC2 showed a circadian pattern of RER regulation that
was significantly reduced during the resting light cycle (Fig. 5f). GTT
revealed severe glucose tolerance in control Ins2*“® mice reaching
maximum at > 80 mM glucose concentration in blood (Fig. 5g). AAC2
and hINS treatments markedly improved systemic glucose uptake in
Ins2k* mice with comparable efficacy (Fig. 5g). Thus, AAC2 mimicked
the potency of hINS in the regulation of glucose uptake in genetic
mouse model of T1D.

3.4. AAC2 improves body composition and anxiety response in Ins24%ita
mouse model of T1D

Although both hINS and AAC2-treated Ins2*¥** mice demonstrated
similar glucose uptake, they imposed a different impact on the body
composition of the mice. All Ins2*¥*® mice had similar weights at the
end of the study (Fig. 6a). However, the proportion of fat was 172%
higher in hINS-treated mice compared to control Ins2*“@ mice or mice
treated with AAC2 (Fig. 6b). The paradoxical increase in adiposity as-
sociated with decreased food consumption has been previously de-
scribed by other researchers in insulin-deficient mice [15]. As an ana-
bolic hormone, insulin induces lipogenesis and increases adiposity in
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Fig. 6. AAC2 and insulin have different impact on body composition associated with decreased anxiety like behavior in Ins2*** mice. (a—c) Body weight
(a), percent body fat (b), and percent lean body mass (c) were measured in Ins2*“* mice (n = 5 per group) 4 weeks after treatment using EchoMRI™-100H Body
Composition Analyzer. Student's independent t-test. ns, not significant. (d) Brain weight in same Ins2**“® mice was measured at sacrifice. Student's independent t-test.
(e-g) Total movement distance (e), amount of activity in the periphery of the arena (f), and number of rears (g) was conducted using open field test Ins24¥® mice 5
weeks after treatment. Student's independent unpaired t-test. (h,i) Barnes Maze test was performed with ns2*¥® mice after 7 weeks post-treatment (n = 5 Veh, n = 5
AAC2, n = 5 hINS). In the training period (Day 1-5), latency (h) and number of errors (i) were measured. Differences were compared for each day by Student
independent t-test. Significantly differences between control and AAC2-treated mice on day 4 are shown, the difference between control and hINS-treated mice on
day 4 was not significant (n.s.). (j) Hole escape time at day 6 (Q3 in same experiment). Kruskal Wallis test with a Mann-Whitney U test for post hoc testing, the
differences were not significant.

patients with T1D and in animal models of this disease [14]. Corre- the coumarin derivative moiety; however, this property was not asso-
spondently, hINS-treated Ins2%K@ mice in our study had reduced the ciated with improved glucose uptake. The prototype AAC2 met our
proportion of lean mass to whole body mass (Fig. 6¢). Thus, AAC2 acted primary criteria for a candidate therapeutic molecule by improving
different than insulin. In contrast, AAC2-treated mice had a similar glucose uptake in human cells and animal models of diabetes.

composition of fat and lean mass as the control group (Fig. 6d). Im- The interaction of AAC2 with LepR was required to mediate glucose
portantly, AAC2-treated mice had significantly higher brain mass uptake. This mechanism was supported by a loss of AAC2 function in
compared to the control group (Fig. 6d). The difference in brain mass cells genetically or functionally deficient in LepR. Moreover, Lepr®
between hINS-and AAC2-treated mice was not statistically significant. mice did not increase glucose uptake in response to AAC2 stimulation
To understand the functional relevance of the changes in brain mass, we and hyperglycemia was more pronounced in ACC2-treated mice than in
performed a behavioral open field test to assess locomotor activity le- the control Lepr® mice. AAC2 binding to the recombinant LepR was
vels, anxiety, and exploration habits [71]. Distance traveled in the light demonstrated in microbalance experiments, which also revealed dif-
compartment was 24 % shorter in AAC2-treated mice compared to ferent affinities and kinetics of AAC2/LepR interactions compared to
control Ins2**" mice (Fig. 6€). AAC2-treated mice spend significantly the binding of LepR to its established leptin ligand. These different
reduced amount of time in periphery than control Is24%% mice binding characteristics are likely responsible for differences in the

(Fig. 6f). The time spent in the periphery was similar between the hINS downstream signaling cascade induced by AAC2 vys. leptin binding to
and AAC2-treated Ins2*@ mice. AAC2-treated mice exhibited sig- LepR. The striking difference between AAC2 and leptin signaling was

nificantly reduced number of rears, suggesting reduced anxiety like the early onset and prolonged phosphorylation of PKCc/ERK kinases in
behavior (Fig. 6g). preadipocytes, which was required for glucose uptake and blocked by

We also assessed spatial learning and examined the cognitive per- PKCg inhibitors. Both leptin and AAC2 utilized the GLUT1 transporter
formance using Barnes maze test [57] (Fig. 6h—j). The latency period in the insulin-insensitive hBEC. This finding is important because the
(time required to find the escape box, maximum of 120 s) was sig- blood-brain barrier consists of hBEC, which governs glucose influx to
nificantly shorter in the group treated with AAC2 (27 s) compared to the brain and is associated with neurological complications in humans

control group (67.3 s); whereas the improvement in hINS treated mice with GLUT1 Deficiency Syndrome [33]. Although the mechanism of
(35.9 s) was not statistically significant (Fig. 6h). The Ins2*%*® mice AAC2 action was atypical compared to leptin, AAC2 fully substituted

treated with hINS or AAC2 made a similar amount of errors in spatial for the glycemic action of leptin and effectively improved glucose me-
orientation compared to the control group (1.5 AAC2,1.9 hINS vs. 2.1 tabolism in leptin deficient Lep®® mice. Other leptin-mediated effects,
errors in control) at the end of the training period (Fig. 6i). The ac- such as food intake and weight loss were either not replicated by AAC2
quisition and retention of the spatial reference memory in treated mice or were less pronounced. Based on these data, we conclude that AAC2 is
were assessed by a probe test at day 6 (Fig. 6j). Both hINS and AAC2 not a mimetic of leptin, but instead, AAC2 acts as a specific agonist for
treated groups exhibited similar responses as the control group (both LepR that induces assembly of an alternative signaling pathway for
P = 0.1). Overall cognitive performance was only moderately improved GLUT1-dependent glucose uptake in a cytokine-like manner.
by either AAC2 or hINS treatments compared to control group of In- AAC2 appears to be independent of the canonic insulin-induced
s24kita mice after short (7 weeks) treatment period. AKT/GLUT4 pathway and effectively improved glucose metabolism in
Ins2”¥ model of phenotypes associated with T1D. The different un-
4. Discussion derlying mechanisms of AAC2 and insulin influence physiologic re-
sponses in Ins2*¥@ mice. Insulin induced lipogenic tissue remodeling
Our findings revealed that a specific amino acid compound, AAC2, and increased adiposity in Ins2*%‘® mice. LepR activation is associated
effectively improved glucose uptake in insulin-insensitive or insulin- with catabolic processes [17]. In agreement, AAC2 treatment did not
resistant tissues in T1D and T2D models of diabetes. This compound affect adiposity in the treated Ins2”¥@ mice. Instead, AAC2 treatment
induced a signaling cascade that differed from the canonic signaling increased brain mass that was associated with the improved functional
mediated by insulin or leptin. We synthesized a series of AAC com- responses seen as improved anxiety-like behavior. Previous studies
pounds by modifying natural amino acids with a range of side-chains, demonstrated an association of the increase in rearing behavior with
including a coumarin-based antioxidant side chain in the prototype the reduced glucose uptake in the brain [72]. AAC2-mediated glucose
AAC2. Our design consideration was based on the anticipated interac- uptake by blood-brain barrier endothelial cells seen in our experiments
tions between amino acid backbone of AAC molecules with receptors could be at least one mechanism supporting improved responses in
regulating glucose metabolism, which could be further enhanced by neural tissues. However, more studies need to dissect the causative
hydrophobic interactions with the side chain. Our structure-function relationship between AAC2 mediated-glucose uptake, PKCg activation,
experiments with several AAC molecules, revealed that both the lysine and neural function. Increased phosphorylation of PKCg in the brain has
backbone and a coumarin derivative side chain moiety were necessary been associated with the alleviation of anxiety type of behavior [73].
and sufficient for the glycemic efficacy of AAC2 in cells from different The effect of AAC2 on cognitive performance was moderate due to the
human and mouse tissues and the absence of toxicity. AAC2 mediated short duration of the treatment period and a relatively early phase of
glucose uptake in Lep® model of T2D as well as in Ins2*¥*® model of type 1 diabetes in Ins24%® mice. The utilization of alternative pathways
T1D. Unexpectedly, AAC2 did not exert a direct antioxidant effect by AAC2 could provide a viable strategy to improve glucose uptake
leading to the decrease of ROS. In the future, other coumarin site regulation in neural and other tissues facing degenerative changes
moieties could be selected to improve the antioxidant action. under current treatment regimens. Combinatorial activation of gly-
Antioxidant effects were exhibited by another structure, AAC6, lacking cemic pathways with insulin, leptin, and AAC2 could especially
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improve brain energetics, given a variety of glucose transporters in
neural tissue.

Historically, diabetic remedies were based on plant extracts con-
taining anti-inflammatory and anti-inflammatory compounds reducing
hyperglycemia [1,47,48,74]. Extracts containing coumarins were used
in Ayurvedic medicine to manage symptoms of diabetes [47]. However,
a significant improvement in treatment of diabetes began with dis-
covery of insulin [14] and other protein hormones and cytokines
[14,75] as well as natural peptides [6]. The majority of ‘natural’ ther-
apeutic proteins are used in modified forms with improved stability and
efficacy in the regulation of glucose metabolism and decreased im-
munogenicity [14]. The major mechanisms for these therapeutics in-
clude mobilization of GLUT4 via AKT, PI3K, and AMPK pathways that
allow the control of peripheral glucose metabolism as monitored by
hemoglobin Alc (HbAlc) [13,14]. New methods raising insulin levels
in the circulation have also been developed, that employ innovative
strategies to modify glucagon-like peptide 1 (GLP1) with coumarins
[76]. Delivery vehicles have been developed to deliver insulin to the
brain [77]. In spite of success in treatment of systemic hyperglycemia
with this broad range of therapeutics, the insulinocentric approach to
treat nervous tissue is not sufficient to overt neurological and cognitive
complications [14].

Synthetic materials continue to be explored as insulin carriers or as
protective scaffolds to control insulin release [38]. Nonetheless, a re-
cent study proposed that synthetic implanted porous poly(lactide-co-
glycolide) scaffolds [78] could possess an inherent property to induce
glucose uptake primarily via promoted local secretion of insulin-like
growth factor 4 (IGF4), AKT phosphorylation and expression of GLUT1,
which increase the local uptake of glucose in adipose tissue in mice. In
our AAC design, we took advantage of all these approaches and ad-
dressed glucose uptake in the most challenging tissues resistant to
natural insulin as well as to insulin-based therapeutics, in insulin-re-
sistant Lep®® mice, and insulin deficient Ins24%“ mice. In the first pro-
totype molecule AAC2, both amino acids and coumarin structural
components were required for the cytokine-like properties that acti-
vated insulin insensitive pathways for glucose uptake in cells of per-
ipheral and nervous tissues. Elucidation of the specific binding sites of
LepR for AAC2 was beyond the scope of this proof-of-concept study. In
this study, the anti-LepR antibodies abolished both AAC2-dependent
and inactivated immunoglobulin-induced glucose uptake in vitro sug-
gesting that AAC2 could act via the immunoglobulin domain of LepR
(IGD). IGD activation appears to support only metabolic effects of LepR
and is uncoupled from its inflammatory responses, which make it a
suitable therapeutic target for diabetes [79]. Focused studies are
needed to delineate the AAC2 mechanism for activation of PKCg/ERK/
GLUT1 axes without scavenging of ROS. The rational design of the AAC
class of molecules can potentially be used to further improve the
properties of AAC2 either by additional modification of the backbone,
the site moiety or both. The least explored remained also the nanos-
tructural properties of AAC2, induced by self-assembly that occurs at
higher AAC concentrations and may serve as a nanoscaffold for insulin.
This supramolecular complex of the AAC2 nanofibers with insulin could
have additive or even synergistic therapeutic outcomes. Regardless of
these speculations, the mechanism of AAC2 action utilizes catabolic
pathways that are potentially compatible with anabolic insulin-centric
therapies for balanced glucose delivery to the peripheral tissue and the
brain.

5. Conclusion

The clinical features of different forms of diabetes are overlapping
[80] and increasingly include neurological degeneration and dementia
[81-83]. Insulin resistance and impaired glucose uptake in the brain
precedes the onset of dementia years before amyloid pathologies
[84-86] emerge. The AAC class of molecules could provide a new
strategy for improving glucose delivery to nervous and other tissues
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resistant to other therapeutic mediators of glucose uptake for perso-
nalized treatment of diabetes and its complications.
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