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excessive ROS through both metal-dependent and metal-4 
independent pathways, iii) inhibit the metal-dependent 
and metal-independent �* aggregation species, iv) reduce 
oxidative stress in the neuronal cells, v) protect DNA from 
ROS, vi) prevent mitochondrial dysfunction and oxidative 
damage, vii) inhibit neuroglia activation and provide anti-
inflammatory effects, and viii) provide overall 
neuroprotection and rescue neuronal cells from metal-
dependent and metal-independent �*+	������� 
multifaceted toxicity.

RESULTS AND DISCUSSION 

Design Strategy of Natural Tripeptide-inspired Small 
Molecule-MFM. We designed a set of small molecules to 
identify a potential MFM by undertaking strategic 
structural and functional modifications to GHK, a natural 
tripeptide known for umpteen number of biological 
functions in humans.30,31 One of the major revelations here 
is that ~200 µg/L of GHK is found in adult human serum, 
which decreases to <80 µg/L with aging.30 Remarkably, 
GHK exhibits higher binding affinity (Ka � 1014) compared 
to �.42 (Ka � 109) for CuII, but lower than that of 
metalloproteins (Ka�1015 - 1017) in the biological milieu.31 In 
other words, GHK can effectively sequester CuII from �.42-
CuII complex without interfering with copper-based 
metallo-proteins, a highly desirable property that has been 
exploited in our earlier work.30 However, GHK and its 
conjugates function as anti-AD agents only in the presence 
of CuII and are grossly ineffective in the inhibition of ROS 
generation, oxidative stress and neuroinflammation arise 
from Fe-dependent and metal (CuII and FeIII)-independent 
processes. In this context, we embarked on pertinent and 
unique structural and functional modifications to GHK to 
generate novel small molecule-MFMs capable of 
modulating the metal-dependent and independent 
generation of excessive ROS as well as �. aggregation, and 
controlling the related oxidative stress and 
neuroinflammation, thereby protecting DNA and 
mitochondria. In GHK, glycine (G) and histidine (H) are 
indispensable for CuII chelation while lysine (K) mostly 
assists membrane anchoring to transport CuII efficiently 
inside the cells.31 In our design, the metal ion chelation 
property of GH (in GHK) was integrated with polyphenolic 
moieties such as L-DOPA and dopamine to obtain 
compounds 1 and 2 (Set-1, Figure 1). To further enhance the 
metal chelation ability towards Cu and Fe, antioxidant 
property and inhibition of �. aggregation, glycine was 
substituted with a salicylaldehyde moiety to produce 3 and 
4 (Set-2, Figure 1).

Synthesis of Compounds 1-4. The synthetic route 
followed for the preparation of 1-4 is shown in Figure 1B. 
Fmoc-His(Trt)-OH was coupled to dopamine using HBTU 
and HOBt in DMF, and the product was subjected to 
Fmoc-deprotection to obtain histidine-dopamine 
conjugate 1a. The intermediate 1a was coupled to Boc-Gly-
OH in DMF followed by Boc, and Trt-deprotection gave 
compound 1. Next, intermediate 1a was conjugated with 
salicylaldehyde in DMF to obtain Schiff base 3a. The Schiff 

base 3a was treated with NaBH4 followed by trifluoroacetic 
acid to obtain the target compound 3. The L-Dopa methyl 
ester was treated with TBDMSCl, and the resulting product 
was coupled with Fmoc-His(Trt)-OH using HBTU and 
HOBt in DMF followed by Fmoc-deprotection, which gave 
the intermediate 2a. The intermediate 2a was treated with 
Boc-Gly-OH in DMF followed by treatment with 
trifluoroacetic acid and ammonium fluoride (NH4

+F-) to 
obtain the target compound 2. The intermediate 2a was 
treated with salicylaldehyde in DMF to obtain Schiff base 
(4a). The Schiffbase intermediate 4a was treated with 
NaBH4, followed by trifluoroacetic acid and NH4

+F- to 
obtain the target compound. The integrity of all the 
intermediates and the final compounds (1-4) was 
confirmed by High Performance Liquid Chromatography 
(HPLC), NMR and high-resolution mass spectrometry 
(HRMS). 

Chelation of Redox-Active Metal Ions. Coordination of 
redox-active metal ions (CuII and FeIII) with �. has been 
shown to enhance the aggregation and stabilization of the 
oligomeric state and generation of excessive ROS through 
a continuous redox cycling process.9,32-34 The effective 
chelation and sequestration of redox-metal ions from �.-
metal inclusion complex and subsequent reduction of 
excessive ROS are the key strategies to ameliorate the 

burden Figure 2. Chelation of redox active metal ions (CuII 
and FeIII) by compounds 1-4. A) The plot of absorbance 
intensity at 595 nm and 670 nm for CuII complex of 1 -4 and 
GHK. B) The plot of absorbance intensity at 500 nm for FeIII 
complex of compounds 1-4 and GHK. C) and D) ITC binding 
isotherms of 4 CuII and 4-FeIII complexes, respectively. E) and 
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F) MALDI mass analysis of [4-CuII] and [4-FeIII] complexes, 
respectively. 

of multifaceted �. toxicity including oxidative stress.33-36  
The chelating ability of the compounds 1-4 towards redox-
active metal ions (CuII and FeIII) was studied by the 
absorption measurements. Compounds 1 and 2 with GH 
dipeptide unit exhibited broad absorption bands  Nmax = 
595 nm) in the presence of CuII, which indicated the 
formation of corresponding distorted square-planar 
complexes like GHK (Figure 2A).37 On the other hand, 3 
and 4 showed two distinct characteristic absorption bands 
with the maxima at 415 nm and 690 nm, respectively. The 
strong absorption intensity at 415 nm and a large 
bathochromic shift (~75 nm) compared to GHK  Nmax = 595 
nm) indicated the possible involvement of phenolic 
hydroxyl groups in CuII chelation (Supporting Information, 
Figure S1). Evidently, 1H NMR spectra showed the 
deprotonation of amide hydrogen at 8.35 ppm, which 
confirmed the involvement of deprotonated amide 
nitrogen of 4 in complexation with CuII, similar to GHK + 
CuII complexation (Figure S2).42 Next, we assessed the 
ability of our compounds to chelate FeIII and inhibit its 
redox activity, an inherent drawback of GHK. Remarkably, 
all the compounds (1-4) showed intense broad absorption 
bands in the visible region  Nmax = 500 nm) in the presence 
of FeIII (Figure 2B). The new absorption band in the visible 
region was attributed to the ormation of FeIII complex, 
possibly through hydroxyl groups.38 Remarkably, GHK did 
not show any absorbance change in the presence of FeIII 
(Figure S3). In isothermal titration calorimetry (ITC) 
measurement all the compounds including GHK showed 
endothermic binding with CuII (Figure 2C) and 
dissociation constants (Kd) in the nanomolar range viz., 
33.49 x 10-9, 44.25 x 10-9, 26.70 x 10-9, 22.11 x 10-9 and 19.44 x 
10-9 M for GHK and compounds 1-4, respectively (Figure 
S4). On the other hand, exothermic binding interaction 
was observed for the complexation of FeIII (Figure 2D) with 
compounds 1-4 with dissociation constants (Kd) in the 
nanomolar range viz., 34.30 x 10-9, 27.60 x 10-9, 5.05 x 10-9 
and 6.66 x 10-9 M, respectively (Figure S5). Surprisingly, 
GHK also showed binding interaction with FeIII in the ITC 
measurements with the dissociation constant value of 1.37 
x 10-9 M. In spite of the binding interaction observed in ITC 
data, GHK was found to be ineffective in modulating the 
generation of ROS through Fenton type reaction, possibly 
due to its inability to keep FeIII in a redox-dormant state 
(Figure S7, S10). Further, mass spectrometry data 
supported the complex formation between compounds 1-4 
and the metal ion (CuII and FeIII) (Table S1). MALDI 
analysis of compound 4 and CuII showed m/z peaks 
corresponding to strong [M+CuII], [M+2CuII] and 
[M+3CuII] interactions (517.11, 580.04 and 642.97, 
respectively) (Figure 2E). Similarly, complexation of 4 and 
FeIII was confirmed by the m/z peaks corresponding to 
[M+FeIII], [M+2FeIII] and [M+3FeIII] interactions (510.12, 
566.05 and 621.99, respectively) (Figure 2F). The 
absorbance, NMR, ITC and mass analysis data together 
underscore the fact that we achieved the first goal of 
designing compounds that can chelate both redox-active 

CuII and FeIII to tackle the metal-dependent ROS 
generation and related adverse effects. Thus, we explored 
the effect of our compounds on the redox-metal dependent 
�. toxicity (ROS generation and oxidative stress).

Metal-dependent Antioxidant Assay. The inclusion 
complex of redox-active metal ions (CuII and FeIII) in �. 
species instigates the Fenton type reaction to generate 
excessive ROS (H2O2 and ,CP" and leading to oxidative 
stress and related toxicity.9,16,35 Therefore, chelation of 
redox-active metal ions (CuII and FeIII) and keeping them 
in the redox-dormant state under reducing environment is 
crucial to prevent excessive ROS generation and oxidative 
stress.5,20,39,40 We performed in vitro and in cellulo 
antioxidant assays using redox metal ion (CuII or FeIII) and 
ascorbate (Asc) to validate the redox-silencing ability of 
our compounds (1-4). Figure 3A shows that sample 
incubated with CuII in the absence of our compounds 

showed maximum 3-CCA fluorescence emission (100%). 

Addition of compounds 1-4 (�20 0M) considerably reduced 
the fluorescence emission to <10%, whereas the control 
GHK showed significant 3-CCA fluorescence (71%) at a 
concentration as high as 50 0M. To check the production 
of excessive ,CP more efficiently as compared at lower 
concentration (10 µM) of compounds 3 and 4, the samples 
showed 3-CCA fluorescence emission of 48 and 54%, 
respectively compared to 83 and 78% for 1 and 2, 
respectively, which indicates that 3 and 4 were the superior 
to others, which showed moderate activity (Figure S6). 
Next, we assessed the effect of compounds 1-4 on the 
production of ,CP from the Fenton type reaction of FeIII 
(Figure S7). As expected, the disproportionation reaction 
occurred in the sample containing H2O2 alone and did not 
show any 3-CCA fluorescence enhancement. However, in 
the presence of FeIII, a strong fluorescence enhancement 
was observed owing to the production of excess ,CP 
(Fenton type reaction). Remarkably, samples treated with 
compounds 3 and 4 showed 50 and 55% reduction, 
respectively, in 3-CCA fluorescence emission; 1, 2 and GHK 
(16, 15 and 13% reduction, respectively) showed minimal 
reduction compared to the control (100%). This is a clear 
indication that 3 and 4-bound FeIII was not involved in the 
redox process to generate ,CP in the presence of H2O2. On 
the other hand, compounds 1, 2 and GHK were found to 
have minimal interference in the FeIII redox process for 
checking ROS generation (Figure S7). 

DNA oxidative damage by elevated ROS under AD 
condition is one of the most dreadful consequences that 
aggravate the neuronal toxicity.30 The chemical reaction of 
ROS with DNA caused breaking of the phosphate 
backbone or nucleobase modifications, leading to cellular 
death.5 We assessed the ability of compounds 1-4 and GHK 
to protect the DNA from oxidative damage using plasmid 
DNA (pUC19) as a model system (Figure 3B). Agarose gel 
data showed that DNA sample treated with CuII-Asc (ctrl) 
exhibited ~100% non-coiled (NC) form while pDNA (PBS 
treated) contained ~14% NC (existing mostly as 
supercoiled form, SC), which attributed to oxidative DNA 
damage by the in situ generated ,CP( Under similar 
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assay.19 The cells incubated with H2O2 exhibited 24% 
Rho123 fluorescence emission as compared to the 
untreated control (100%), which is indicative of the 
oxidative stress-induced mitochondrial dysfunction (MMP 
reduction). The cells treated with H2O2 and compound 4 
(10, 20 and 50 0M) showed enhanced Rho123 fluorescence 
emission (implying the corresponding improvement in 
MMP) up to 29, 45 and 60% respectively, by scavenging the 
toxic radicals, while GHK (50 0M) failed to show any 
significant improvement in the MMP (Figure 6B, C). These 
observed results suggest that 4 rescued mitochondria by 
restoring its MMP, which was attributed to efficient 
inhibition of oxidative stress by scavenging the excess ROS 
produced in the cells (Figure 7). 
In conclusion, we have demonstrated our rational design 
and synthesis of natural tripeptide-inspired small 
molecule-MFMs by successfully integrating 
multifunctional properties to target metal-dependent and 
independent multifaceted �. toxicity associated with 
Alzheimer�s disease pathology. The detailed evaluation 
study revealed that compound 4 was the most potent and 
effective modulator of multifaceted �. toxicity 
encompassing metal ion dyshomeostasis, metal-
dependent ROS generation, metal-dependent and 
independent A.42 toxicity, oxidative stress, DNA damage, 
mitochondrial dysfunction and neuroinflammation, which 
are the major hurdles in the development of therapeutic 
agents for multifactorial AD. The absorption studies, ITC 
measurements, and metal-dependent antioxidant assays 
demonstrated that 4 chelated redox-active metal ions and 
kept them in the redox-dormant state to arrest the 
production of excessive ROS, thereby modulating 
oxidative stress. Interestingly, the nanomolar affinities of 
MFM towards redox metal ions (CuII and FeIII), as revealed 
by the ITC data, confirmed the sequestration of these metal 
ions. The polyphenolic moiety of 4 contributed to efficient 
radical quenching ability as shown by Trolox, ABTS and 
DPPH assays. Further, ThT fluorescence assay, TEM and 
dot blot analysis clearly revealed that MFM efficiently 
inhibited both metal-dependent and independent A.42 
aggregation in both inhibition and dissolution assays. The 
NMR study revealed molecular-level interactions between 
the MFM and A.42 through hydrogen bonding and 
hydrophobic interactions, which disrupt the assembly of 
A.42 to form toxic aggregates. Further, in cellulo studies 
were in good agreement and supported the in vitro assays, 
where MFM rescued cells from multifaceted A. toxicity by 
modulating the metal-dependent and independent A.42 
aggregation, ROS, oxidative stress and DNA damage. 
Remarkably, 4 rescued mitochondria from dysfunction by 
restoring its MMP, which was attributed to efficient 
scavenging of excessive ROS and inhibition of oxidative 
stress in the cells, further supported by the restoration of 
nuclear and cytosolic Nrf2 localization under the oxidative 
stress condition (Figure 7). In addition, MFM significantly 
reduced the LPS-mediated glia cells activation, NO 
production, and inflammation. Overall, the good  cell 
viability, prevention of metal ion (CuII and FeIII)-dependent 
and independent generation of excessive ROS, protection 
of DNA and mitochondria, antioxidant and anti-

inflammatory properties and inhibition of metal ion-
dependent and independent A.42 aggregation make 
compound 4 a highly desirable MFM for developing 
therapeutic agents to ameliorate multifaceted A. toxicity 
in AD (Figure 7). We have witnessed series of drug 
candidates failed at various stages of clinical trials possibly 
due to their inability to interfere with multifaceted toxicity 
of AD. In this context, our multifunctional modulator 
(MFM) strategy is anticipated to inspire the development 
of potential therapeutic candidates to treat AD, in the near 
future. 

METHODS

Synthesis of Compounds 1-4. To a stirred solution of 
Fmoc-His(Trt)-OH (3.0 g, 4.8 mmol) in DMF (6 ml) at 0 
°C,  DIPEA (1.03 mL, 5.8 mmol), HBTU (2.20g, 5.8 
mmol)and HOBt (0.78 g, 5.8 mmol) were added. The 
reaction mixture was kept for stirring about 15 min under 
nitrogen atmosphere. The 3,4-dihydroxyphenethylamine 
(dopamine) (1.83 g, 9.68 mmol) and methyl 3-(3,4-bis(tert-
butyldimethylsilyloxy)phenyl)-2-aminopropanoate (3.0 g, 
6.8 mmol) were added to above solution, and the reaction 
was left to stir for 5-6 h. After the completion of the 
reaction (monitored by TLC), the solvent was removed, 
and the crude was diluted with water (30 mL), and the 
residue was extracted into EtOAc (3 X 30 mL). The 
combined organic phase was washed with water (1 X 30 
mL) and brine (1 X 30 mL).The organic layers were 
collected, dried over anhydrous Na2SO4 and evaporated in 
vacuum to afford the crude peptide. The products ware 
purified by column chromatography using DCM and 
methanol as eluent. Next, 1a (0.5 g, 0.93 mmol) and 2b (1.5 
g, 1.83 mmol) was dissolved in DMF (3 ml), which was 
cooled to 0 °C followed by  DIPEA (0.33 mL, 1.87 mmol) , 
HBTU (0.427 g, 1.12 mmol) and HOBt (0.17 g, 1.12 mmol) 
were added. The reaction mixture was kept for stirring 
about 15 min under nitrogen atmosphere and Boc-Gly-OH 
(0.2 g, 1.12 mmol) was added to above solution and the 
reaction was left to stir for 5-6 h at room temperature. After 
the completion of the reaction (monitored by TLC), 
solvent was removed and the crude was diluted with water 
(25 mL) and residue was extracted into EtOAc (3X 25 
mL).The combined organic phase was washed with water 
(1 X 30 mL) and brine (1 X 25 mL). The organic layers were 
collected, dried over anhydrous Na2SO4 and evaporated. 
This was purified by column chromatography using 
dichloromethane (DCM) and methanol as eluent. Finally, 
the above crude compounds 1-2 were purified using a 
reverse-phase (RP) semi-preparative HPLC on C18 column 
at 40 °C. Further, to synthesis compounds 3-4 
intermediates 1b (0.4 g, 0.75 mmol) and 2b (1.0 g, 1.22 
mmol) in acetonitrile (10 mL) were added 2-
hydroxybenzaldehyde (0.2 mL, 1.83 mmol) DIPEA (0.5 mL, 
2.44 mmol), The reaction mixture was kept for stirring 
about 10 min at room temperature under nitrogen 
atmosphere and this reaction mixture was heated up to 65 
°C and the reaction was left to stir for 12 h. After the 
completion of the reaction (monitored by TLC), the 
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solvent was then removed and did azeotrope distillation 
with toluene and dried completely, which was used as such 
for the next step without purification. Then the crude 
intermediates 3a (0.3 g, 0.47 mmol) and 4a (0.5 g, 0.54 
mmol) was dissolved in dry methanol (3 ml) which was 
cooled to  °C, was added  Sodium triacetoxy borohydride 
(STAB, 100 mg, 0.47 mmol),The reaction mixture was kept 
for stirring about 2 h under nitrogen atmosphere. After the 
completion of the reaction (monitored by TLC), solvent 
was then removed, and the crude was diluted with water (3 
mL) and residue was extracted into EtOAc (2X 5 mL). The 
combined organic phase was washed with water (1 X 3 mL) 
and brine (1 X 3 mL). The organic layers were collected, 
dried over anhydrous Na2SO4 and evaporated in vacuum to 
afford the crude peptide and the resulting residue re-
precipitated using DCM and Hexane, followed by 
triturated with diethyl ether to yield the crude. The above 
crude compound was dissolved in DCM (3 mL) was added 
TFA (10% sol in DCM), the reaction was monitored by TLC 
and was complete within 20 min. The solvent was then 
removed and the residue triturated with diethyl ether to 
yield crude compounds 3-4. The above crude compounds 
3-4 were purified using a reverse-phase (RP) semi-
preparative HPLC on C18 column at 40 °C. 

Compound 1: 1HNMR (DMSO-d6, 400 MHz): X 14.35 (s, 1H), 
8.94 (s, 1H), 8.71 (d, J= 8 Hz 3 H), 8.17 (t J= 11.2 Hz 1H) 8.03 
(s, 2 H), 7.32 (s, 1H), 6.64-6.56 (m 1H), 6.41 (q, J= 8Hz, 1H) 
4.60-4.55 (m,1H), 3.65-3.55 (m, 3H), 3.23-3.05 (m,3H), 2.94-
2.88 (m, 1H). 13C NMR (DMSO-d6, 100 MHz) X 169.0, 166.0, 
145.1, 143.6, 133.8, 129.8, 129.0, 119.2, 116.9, 115.9, 115.5, 34.5. 
HRMS (ESI-MS): m/z calculated for C16H22N5O4 [M+H]+ 
348.166, observed 348.166.

Compound 2: 1HNMR (DMSO-d6, 400 MHz): X 14.26 (s, 
1H), 8.96 (s,1H), 8.78 (d, J = 9.6 Hz, 1H,), 8.66 (d, J = 8.4 Hz, 
1H), 8.53 (d, J = 7.2 Hz, 1H), 7.96 (s, 1H),7.30 (s, 1H), 6.62 (d, 
J = 8.0 Hz, 1H), 6.55 (d, J = 2.0 Hz, 1H), 6.42 (q, J = 8 Hz, 1H) 
4.72 (q, J = 13.6 Hz, 1H), 4.38 (q, J = 14 Hz, 1H), 3.58 (s, ,3H),  
3.03 (q, J = 15.2 Hz, 1H), 2.94-2.821 (m, 2H) 2.72 (q, J =14 Hz, 
1H). 13C NMR (DMSO-d6, 100 MHz) X 169.0, 166.0, 158.6, 
158.3, 158.0, 145.1, 143.6, 133.8, 129.8, 129.1, 119.1, 118.4, 118.39, 
115.9, 115.5, 51.9, 34.5, 27.2. HRMS (ESI-MS): m/z calculated 
for C18H24N5O6 [M+H]+ 406.1721, observed 406.1708. 

Compound 3: 1HNMR (DMSO-d6, 400 MHz): X 14.17 (s, 1H), 
8.90 (s, 1H), 8.72 (s, 1H), 8.54 (t J= 11.2 Hz 1H), 7.37 (s, 1H), 
7.26-7.22 (m, 2H), 6.92-6.84(m 1H), 6.82(q, J=7.6 Hz, 1H), 
6.62 (d, J=8 Hz,1H), 6.56 (d, J=2 Hz, 1H), 6.39 (q, J=8 Hz 1H), 
4.04-3.94 (m, 3H), 3.27-3.12 (m, 5H), 2.46-2.38 (m, 2H). 13C 
NMR (DMSO-d6, 100 MHz) X 165.8, 158.3, 158.0, 156.1, 145.1, 
143.6, 134.3, 131.6, 130.6, 129.5, 119.0, 119.0, 118.41, 117.6, 115.8, 
115.4, 115.2, 58.2, 44.7, 34.1, 25.5; HRMS (ESI-MS): m/z 
calculated for C21H24N4O4 [M+H]+ 397.187, observed 
397.187. 

Compound 4: 1HNMR (DMSO-d6, 400 MHz): X 14.06 (s, 
1H), 9.01 (d, J=8 Hz 1H), 8.88-8.74 (m, 4H), 7.356 (s, 1H), 
7.251-7.213 (m, 1H), 7.08 (d, J=6.8 Hz,1H), 6.90 (d, J=8 Hz, 
1H), 6.81 (d, J=7.6 Hz 1H), 6.58 (dd, J= 5.6, 4.0 Hz 2H), 6.42 

(q, J = 8 Hz, 2H), 4.557 (q, J = 14 Hz, 1H), 4.07 (q, J = 7.6 Hz, 
1H), 3.75 (d, J = 2 Hz, 3H), 3.24 (dd,  J= 13.6, 14.8 Hz 1H), 3.10 
(q, J = 14.6 Hz, 2H), 2.88 (dd,  J= 14, 13.6 Hz 1H) 2.71 (dd, J = 
14, 13.6 Hz, 2H). 13C NMR (DMSO-d6, 100 MHz) X 171.1, 
158.4, 156.1, 145.1, 144.1, 134.2, 131.6, 130.6, 127.0, 119.7, 119.0, 
116.2, 115.3, 115.1, 58.3, 53.7, 52.0, 45.0, 36.3. HRMS (ESI-MS): 
m/z calculated for C23H27N4O6 [M+H]+ 455.1925, observed 
455.1923.
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