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ABSTRACT: The inhibition of the PCSK9/LDLR protein-protein interaction is a promising strategy for developing new 

hypocholesterolemic agents. Familial hypercholesterolemia is linked to specific PCSK9 mutations: the D374Y is the most potent 

gain-of-function (GOF) PCSK9 mutation among clinically relevant ones. Recently, a lupin peptide (T9) showed inhibitory effects on 

this mutant PCSK9 form, being also capable to increase liver uptake of low density lipoprotein cholesterol. In this paper, aiming to 

improve the potency of this peptide, the T9 residues mainly responsible for the interaction with PCSK9D374Y (hot spots) were 

computationally predicted. Then, the “non-hot” residues were suitably substituted by new amino acids capable to theoretically 

increase the structural complementarity between T9 and PCSK9D374Y. The outcomes of this study were confirmed by in vitro 

biochemical assays and cellular investigations, showing that a new T9 analog is able to increase the LDLR expression on the liver 

cell surface by 84% at the concentration of 10 µM. 

Proprotein convertase (PC) subtilisin/kexin type 9 (PCSK9) is 

a serine protease belonging to the PC family that is recognized 

as a key regulator of circulating low-density lipoprotein (LDL) 

cholesterol (LDL-c), since physiologically it binds to the LDL 

receptor (LDLR) and triggers its degradation into lysosomes.1, 
2 In some pathological conditions (such as familiar 

hypercholesterolemia), PCSK9 displays enhanced LDLR 

affinity and, lowering the LDLR population on cell membrane, 

leads to an increase of the circulating LDL-c levels. 

Consequently, impairing the PCSK9/LDLR interaction, 

represents a strategy to increase the LDLR population on cell 

membrane and the consequent reduction of circulating LDL-c. 

For example, an effective clinical approach to interfere with the 

PCSK9/LDLR protein-protein (PPI) consists in the use of 

mAbs, such as alirocumab and evolocumab, approved for 

therapy by the American Food and Drug Administration in 

2015.3 Moreover, heparin sulfate-mimetics,4 peptidomimetics,5-

7 or natural products, such as berberine,8 have also demonstrated 

PCSK9 inhibitory activity but, at present, these approaches 

seem to be far from any clinical application. Recently, despite 

their known low oral bioavailability, innovative solutions for 

controlling their metabolism and advanced administration 

strategies9-11 have renewed the interest for novel inhibitory 

peptides.12,13, 14 In this field, Zhang and co-workers have 

identified some peptides displaying PCSK9 inhibitory 

activity,7,15 whereas we have identified a natural peptide from 

lupin proteins (LILPKHSDAD, P5), which inhibits PCSK9 in 

the low micro molar range.  

Some PCSK9 mutants result in different physiological 

behaviors of PCSK9 and familiar hypercholesterolemia and 

additional research efforts are needed to inhibit them. Among 

them, the D374Y has been proven to be the most potent gain-

of-function (GOF) PCSK9 mutation,16, 17 displaying a LDLR 

binding capacity 25 times greater than the wild type (WT) at the 

physiological 7.4 pH.1,18 Interestingly, we have revealed that 

another lupin peptide (GQEQSHQDEGVIVR, T9) impairs 

the PCSK9D374Y/LDLR interaction with an IC50 value of 286 

M,19 whereas P5 is practically inactive. 

In this paper, aiming to improve the inhibitory effect of T9, 

an in silico procedure was applied in order to predict the binding 

mode of T9 and the residues mainly responsible for the 

interaction with PCSK9D374Y (hot spots). Then, computational 

chemistry studies were carried out to identify substitutions of 

the “non-hot” residues able to increase the structural 

complementarity between T9 and PCSK9D374Y.  Finally, a novel 

T9 analog peptide was evaluated by biochemical assays and 

cellular investigations, displaying an improved biological 

activity.  

 

RESULTS AND DISCUSSION 

PCSK9D374Y/T9 complex model. The geometry of the 

PCSK9D374Y/T9 model was obtained by Ambertools1620, 

modifying the primary structure of the previously developed 

PCSK9WT/T9 computational model.5 MD simulations 

accomplished on the resultant model permitted the geometrical 

equilibration of the new residue in position 374 and permitted 

to exclude any ligand unbinding events (Figure S1 and Table 

S1, Supporting information). Figure 1A displays the T9 binding 

mode before MD simulations whereas, at the end of MD 

simulations, T9 was stabilized on PCSK9D374Y by the following 

contacts (Figure 1B): 1) H-bonds by the side chains of Q2 and 

S5 with the one of D192; 2) H-bonds between the backbone of 

S5, H6 and E9 with the amide group of S376, Y374 and the side 



 

chain of Y374; 3) van der Waals contacts by the aliphatic chain 

of I12 with PCSK9D374Y area shaped by residues C378, V380 

and Y374; 4) van der Waals contacts by the side chain of V13 

with A220; 5) H-bonds by the C-terminus of R14 with the side 

chains of Q382 and H226. Finally, the arginine group of R14 

produced salt bridges with the negative charged area 

surrounded by E366 and D367. This binding mode was stably 

adopted by T9 after the first 100 ns of MD simulations (Figure 

1C). 

 

 

 

Figure 1. Expected T9 binding mode on PCSK9D374Y surface, as 

resulted before (panel A) and after (panel B) MD simulations. 

Dotted yellow lines highlight the H-bond network while, the 

enzyme solvent accessible surface, is depicted accordingly with the 

partial charge of the residues: blue for positive and red for negative 

areas, respectively. T9 is represented as magenta sticks. Panel C 

shows the RMSD plot of the T9 backbone atoms with respect to the 

peptide average structure. The complex backbone was previously 

aligned with respect to the initial minimized structure.  

Identification of hot spots and design of T9 analogs.  The 

first step in the rational design of peptide analogs is the 

identification of the role played by each residue in the template 

peptide. After recognition of the residues mainly contributing 

to the binding energy of the interacting peptides (hot spots), the 

“non-hot” residues are properly substituted by other amino 

acids, which may assure a better complementarity between the 

biological counterparts. Here, the T9 hot and non-hot spots were 

identified by performing computational alanine-scanning 

mutagenesis analysis. Briefly, in the starting PCSK9D374Y/T9 

complex model,19 each peptide residue was systematically 

mutated into alanine and the resulting complexes were then 

subjected to MD simulations. Therefore, MM-GBSA 

calculations were accomplished to obtain estimates of the 

mutant peptides binding free energy (ΔG*, Table 1).21, 22 The 

data in Table 1 suggested that the T9 C-terminus seemed to be 

essential for the peptide binding, since the substitution of the 

residues in positions 11, 13, and 14 by alanine led to peptides 

with estimated binding free energies significantly lower than 

the starting one. 

Table 1. Estimated binding free energy values of the 

peptides under investigations, calculated by MM-GBSA 

approach (ΔG*, column 3). Mutated peptides were sorted 

by calculated ΔG* value. 

Peptide Sequence ΔG* value 

[kcal/mol ± 

(Std. Err. of 

Mean)] 

T9 GQEQSHQDEGVIVR -29.2 ± 0.8 

T9D8A GQEQSHQAEGVIVR -45.1 ± 0.8 

T9Q7A GQEQSHADEGVIVR -42.4 ± 1.0 

T9I12A GQEQSHQDEGVAVR -41.7 ± 0.7 

T9E9A GQEQSHQDAGVIVR -38.6 ± 1.0 

T9H6A GQEQSAQDEGVIVR -38.5 ± 1.0 

T9Q4A GQEASHQDEGVIVR -37.8 ± 0.6 

T9G10A GQEQSHQDEAVIVR -37.1 ± 0.7 

T9G1A AQEQSHQDEGVIVR -30.5 ± 0.8 

T9S5A GQEQAHQDEGVIVR -29.4 ± 0.6 

T9E3A GQAQSHQDEGVIVR -27.4 ± 0.6 

T9Q2A GAEQSHQDEGVIVR -27.2 ± 0.8 

T9V11A GQEQSHQDEGAIVR -25.4 ± 0.6 

T9V13A GQEQSHQDEGVIAR -21.3 ± 0.8 

T9R14A GQEQSHQDEGVIVA -19.7 ± 0.6 

 

On the other hand, our estimations also suggested that D8A 

mutation improved the binding affinity of the resulting peptide, 

whereas the side chain deletion of the residues in positions 6, 7, 

9 and 12 was less effective in improving the peptide-enzyme 

complementarity. In other words, the original side chains in 

those positions do not seem to be well adapted to the 

PCSK9D374Y counterpart, since their substitution by a methyl 

group improved the affinity of the resulting peptides.  

The preliminary biochemical evaluation of the T9D8A ability 

to impair the binding of the PCSK9D374Y to its target LDLR was 

performed by in vitro experiments. Results indicated that 

T9D8A reduced the PCSK9-LDLR PPI by 31.3±1.79% at the 

fixed concentration of 100 µM. However, T9D8A did not 

exhibit a clear dose-response profile, when it was tested in the 

concentration range of 0.1 µM - 1 mM (data not shown). 

Probably, the substitution of a negatively charged side chain (D) 

by a methyl group (A) altered the peptide folding and the overall 

physical-chemical properties.  

As a consequence, it was hypothesized that the T9 primary 

structure could be additionally enhanced by the substitution of 

the amino acids in the “non-hot” positions. Accordingly, in a 

second step, 10,000 possible 6, 7, 9, and 12 T9D8A analogs 



 

were designed and their affinity for PCSK9 were evaluated by 

the PRIME tool, implemented in the Schrödinger modeling 

suite. Only two simultaneous sequence mutations were 

accepted in those calculations, to avoid huge alterations of the 

original peptide sequence. Finally, the complexes between 

PCSK9 and the top ranked peptide analogs (i.e. the ten showing 

the lowest ΔAffinity values, Table 2) were submitted to MD 

simulations and their ΔG* values estimated by MM-GBSA 

calculations (Table 2).   

Surprisingly, whereas by ΔΔG calculated by PRIME all 

analogs were hypothetically more active than T9, the majority 

of them showed MM-GBSA estimations not lower than peptide 

T9D8A (Table 2). These results were rationalized by the visual 

inspection of the MD simulations trajectories obtained 

simulating the T9D8A_A analog. Here, a conformational 

instability of the peptide N-terminal end was noted. Therefore, 

a second stage of PRIME calculations was accomplished, 

mutating the positions 3, 5, and 7. Once again, two 

simultaneous changes in the sequence were accepted in the 

PRIME calculations. The following MD simulations and MM-

GBSA calculations on the ten top ranked PCSK9D37Y/T9 

analogs led to the results collected in Table 3. Here, the 

T9D8A_1 peptide acquired the lowest estimated binding free 

energy value by both approaches. Considerably, this peptide 

displayed the expected conformational stability, over more than 

400 ns-long MD simulations (Figure S2, Supporting 

information). The attained trajectory suggested that the novel 

T9 analog was firmly bound on the PCSK9D374Y surface (Figure 

2) by: 1) two H-bond/salt bridges by the C-terminus (R14) with 

the PCSK9D374Y R215 residue and by K6 with 

PCSK9D374YD238; 2) van der Waals contacts of the indole ring 

of W5 and the hydrophobic pocket sized by PCSK9D374Y F379, 

P156 and I369 residues; 3) a H-bond by the NH of M12 and the 

side chain of PCSK9D374Y Y374; 4) a H-bond by the NH of G10 

and the backbone of PCSK9D374YF379; 5) the side chains of Q2 

and Q4 with the PCSK9D374Y N-terminus (S153). Additionally, 

an internal salt bridge between the side chains of R3 and E9, 

strongly limited the conformational freedom of the novel 

peptide. 

 

 

Figure 2. Expected binding mode of T9D8A_1 on PCSK9D374Y 

surface, as resulted by docking and MD simulations. Dotted yellow 

lines depict the H-bond network. The enzyme solvent accessible 

surface is depicted according to the partial charge of the residues, 

blue for positive and red for negative areas. 

In agreement with these outcomes, peptide T9D8A_1 was 

synthesized by the GenScript Company and submitted to 

biochemical and cellular investigations. 

Biochemical evaluation of the T9D8A_1 ability to impair 

the PCSK9D374Y-LDLR PPI. With the aim at evaluating the 

ability of the T9 analog to reduce the binding of PCSK9D374Y to 

its target LDLR, in vitro experiments were performed. More in 

details, T9D8A_1 was tested in the concentrations range of 0.1 

µM- 1 mM. Figure 3A indicates that the T9 analog decreases 

the PPI in a concentration-response manner with an IC50 value 

of 147.8±3.23 µM versus the untreated sample (Figure 3A). 

 

 

Table 2. Estimated binding affinity values of the new designed peptides (column 1-2), calculated by Prime software (ΔAffinity, 

column 3) and by standard MD/MM-GBSA calculations (ΔG* values, column 4). See supporting material for details. 

Peptide Name Mutation 
Sequence 

ΔAffinity 

[kcal/mol] 

ΔG* value 

[kcal/mol ± (Std. Err. of Mean)] 

T9D8A D8A GQEQSHQAEGVIVR 0 -45.1 ± 0.8 

T9D8A_A H6K-D8A-I12M GQEQSKQAEGVMVR -14.1 -43.0 ± 0.8 

T9D8A_B H6R-D8A-E9M GQEQSRQAMGVIVR -14.0 -39.8 ± 0.8 

T9D8A_C H6R-Q7R-D8A GQEQSRRAEGVIVR -16.2 -37.4 ±  0.7 

T9D8A_D H6W-Q7R-D8A GQEQSWRAEGVIVR -13.2 -35.1 ± 0.6 

T9D8A_E H6F-Q7R-D8A GQEQSFRAEGVIVR -12.4 -34.2 ± 0.6 

T9D8A_F H6K-Q7R-D8A GQEQSKRAEGVIVR -14.4 -33.4 ± 0.8 

T9D8A_G H6P-Q7R-D8A GQEQSPRAEGVIVR -12.7 -31.0 ± 0.6 

T9D8A_H H6L-Q7R-D8A GQEQSLRAEGVIVR -12.3 -29.8 ± 0.6 

T9D8A_J H6R-Q7W-D8A GQEQSRWAEGVIVR -16.1 -27.6 ± 0.9 

T9D8A_K H6Y-Q7R-D8A GQEQSYRAEGVIVR -12.5 -24.0 ± 0.6 

 

 

 



 

Table 3. Estimated binding affinity values of the new designed peptides (columns 1-2), calculated by Prime software 

(ΔAffinity, column 3) and by standard MD/MM-GBSA calculations (ΔG* values, column 4). See supporting materials for 

details. 

Peptide Name Mutation Sequence 
ΔAffinity 

[kcal/mol] 

ΔG* value 

[kcal/mol ± (Std. Err. of Mean)] 

T9D8A_A H6K-D8A-I12M GQEQSKQAEGVMVR 0 -43.0 ± 0.8 

T9D8A_1 E3R-S5W-H6K-D8A-I12M GQRQWKQAEGVMVR -28.9 -54.7 ± 1.0 

T9D8A_2 E3W-S5W-H6K-D8A-I12M GQWQWKQAEGVMVR -25.2 -49.1 ± 0.6 

T9D8A_3 E3I-S5W-H6K-D8A-I12M GQIQWKQAEGVMVR -25.7 -39.8 ± 1.4 

T9D8A_4 E3T-S5W-H6K-D8A-I12M GQTQWKQAEGVMVR -25.1 -34.6 ± 0.6 

T9D8A_5 E3R-S5F-H6K-D8A-I12M GQRQFKQAEGVMVR -22.9 -34.0 ± 0.9 

T9D8A_6 E3R- H6K-Q7R-D8A-I12M GQWQSKRAEGVMVR -24.1 -31.1 ± 0.6 

T9D8A_7 E3W-S5L-H6K-D8A-I12M GQWQLKQAEGVMVR -23.9 -29.9 ± 0.8 

T9D8A_8 E3M-S5W-H6K-D8A-I12M GQMQWKQAEGVMVR -25.2 -29.4 ± 0.5 

T9D8A_9 E3S-S5W-H6K-D8A-I12M GQSQWKQAEGVMVR -23.5 -28.6 ± 1.1 

T9D8A_10 E3L-S5W-H6K-D8A-I12M GQLQWKQAEGVMVR -24.3 -19.0 ± 0.8 

This value indicates that the computationally designed 

T9D8A_1 is twice more active than T9 in inhibiting the 

PCSK9D374Y/LDLR PPI. In fact, recent results demonstrated 

that T9 inhibits this PPI by an IC50 value of 285.6±2.46 µM.19 

Based on these in vitro results, further experiments were carried 

out to characterize in a deeper way the T9 analog ability to 

modulate the LDLR protein level and activity at cellular level. 

 

Figure 3. Panel A) Dose-response effects of peptide T9D8A_1 on 

the PPI between PCSK9 and the LDLR. Each point represents the 

average ± s.d. of three experiments in duplicate. T9D8A_1 peptide 

improves the ability of HepG2 cells to uptake extracellular LDL 

(panel B) due to an increase of the LDLR protein level located on 

the cell surfaces (panel C). Bars represent averages ± s.d. of three 

independent experiments in triplicates. (∗) p <0.05, (∗∗) p < 0.001, 

and (∗∗∗) p < 0.0001 versus control (C). K9D374Y: PCSK9D374Y. 

 T9D8A_1 ameliorates the HepG2 ability to uptake LDL 

increasing the LDLR protein level on the cell surface. After 

a 2 h treatment in the presence of PCSK9D374Y (4.0 µg/mL), the 

ability of HepG2 cells to uptake the LDL-C from the 

extracellular environment was reduced by 42.1±1.6% versus 

control, whereas the treatment with 10.0 µM T9D8A_1 totally 

re-establishes the uptake level up to 102.3±4.8% versus the 

untreated sample (Figure 3B). This result strongly suggests 

that T9D8A_1 is 35-times more active than T9 from a 

functional point of view. In fact, when the parent peptide T9 

was co-incubated with the same concentration of GOF 

mutated PCSK9, it restored the uptake level of HepG2 cells 

only at the concentration of 350 M.19 This result suggests 

the potential involvement of an additional mechanism of 

action by which T9D8A_1, after permeation of HepG2 cells, 

might modulate other molecular targets involved in the 

cholesterol pathway. In facts, the potential ability of the 

parent peptide T9 to inhibit the HMGCoAR enzyme has been 

also predicted by computational study.23 Of course, 

additional biological experiments are needed to confirm this 

hypothesis.  

The functional results, which are in agreement with the in 

vitro findings, are linked to the ability of the T9 analog to 

modulate the LDLR protein activity on the hepatic cell surface. 

By performing in cell-western (ICW) experiments,19, 24 it was 

observed that, in the presence of PCSK9D374Y (4.0 µg/mL), the 

LDLR protein levels on the HepG2 cell surface was diminished 

by 39.6±0.7% versus the control cells and that T9D8A_1 (10 

µM) restored the LDLR protein levels up to 83.8±4.3% (Figure 

3C). This is a clear evidence that the increased ability of hepatic 

cells to uptake the LDL-C from the extracellular environment 

in the presence of mutated PCSK9 after treatment with 

T9D8A_1 is correlated with the augmentation of the activity of 

the LDLR expressed on the cell surface. Moreover, this result 

confirms that T9D8A_1 is 35-times more active than T9, not 

only from a functional (in terms of HepG2 cell ability to 

uptake LDL from the extracellular level), but also from a 

molecular point of view (effect on the active amount of 

LDLR located on the surface of hepatic cells). In facts, recent 

results have indicated that peptide T9 (350 µM), when co-

incubated with GOF mutated PCSK9, restores the LDLR 

protein level by 74.3 ± 4.4%.19 For this reason, T9D8A_1 

reestablishes the LDLR protein level by 12.7% more than the 

parent T9. 



 

 

5 

   In conclusion, the prediction of the binding free energy 

values of the alanine mutated T9 analogs suggested that the 

residues in positions 11, 13, and 14 can be considered hot spots 

of the PCSK9D374Y/T9 interaction, considering that their 

mutation into alanine significantly weakened the binding free 

energy. At the end of this procedure, peptide T9D8A showed 

the highest estimated affinity than that predicted for the 

reference peptide T9. A further optimization of the structure, in 

order to design new and more potent PCSK9D374Y inhibitors, 

was achieved by accomplishing additional mutations into the 

“non-hot” residues, replacing them by different natural amino 

acids. Applying the MM-GBSA approach and two steps of 

PRIME calculations, the T9 analog named T9D8A_1 was 

designed and synthesized. Experimental in vitro tests, as well 

as cellular assays, confirmed the success of the applied strategy 

to improve the biological activity of these peptides. 

Based on these evidences, the T9D8A_1 analog possesses 

great potentiality for further structural optimization, being more 

biologically active than T9. We are aware that peptides are not 

usually considered highly bioavailable drugs, however, they are 

valuable biochemical tools and starting points for designing 

new small-molecule, such as peptidomimetics, active on the 

GOF PCSK9D374Y. 

EXPERIMENTAL PROCEDURES 

The PCSK9D374Y/T9 model and peptide binding free 

energy estimation. The PCSK9D374Y model were previously 

developed by us.19 T9, as well as the new designed analogs, 

were charged on the N- and C-terminal ends. The rough 

PCSK9D374Y/T9 model was optimized by energy minimization 

and 400 ns long MD simulations, by pmemd.cuda algorithm of 

Amber 2017 package.20 Then, the acquired trajectory was 

examined by visual inspection with VMD,27 ensuring that the 

thermalization did not cause any structural distortion. For 

additional details, see the experimental section of references 5, 

19, 25 and 26. MM-GBSA calculations were performed on the 

mutants PCSK9D374Y/T9 complexes. The alanine mutants were 

built systematically altering the peptide sequence on the 

PCSK9D374Y/T9 complex, by tleap module of Ambertools16.20 

The resulting complexes were energy minimized and 

equilibrated once more by MD simulations, adopting the 

procedure and the parameters previously applied.5 In these 

cases, more than 100 ns of MD simulations were accomplished 

in the production runs, for each mutant complex. A hundred 

snapshots were regularly extracted from the trajectories to 

ensure the lowest standard error in the free energy estimation 

and the lowest calculation time. The time intervals for the 

extraction were chosen dividing by 100 the number of frames 

in which the systems showed the geometrical stability. MM-

GBSA calculations were performed by MM-PBSA.py module28 

of Amber 2017 package20, keeping parameters in the default 

values. In these calculations, the single trajectory approach was 

applied and the entropy contributions to the binding free 

energy, coming from the normal mode analysis, was neglected. 

For this reason the estimated binding free energy values are 

termed ΔG*. 

PRIME calculations. Aiming to improve the affinity of 

T9D8A, a systematic mutation of the “non-hot” positions 

suggested by alanine scanning analysis were carried out. The 

‘protein preparation wizard’ module implemented in the 

Schrodinger suite for molecular modeling ensured the accuracy 

of the PCSK9D374Y/T9D8A complex conformation equilibrated 

by MD simulations.  In particular, the procedure permitted: (1) 

to correctly assign the residue protonation state at pH 7.4, (2) to 

check the residue completeness and, (3) to eliminate atomic 

clashes. Then, 10,000 possible peptides were generated by 

mutations on the selected positions were generated. The 

resulting complexes were minimized by Prime MM-GBSA, 

which uses OPLS329 as force field and a continuum solvent 

models to include the solvent effect into the calculations. 

Finally, affinity maturation functionality in BioLuminate 

(Prime MM-GBSA, Schrödinger, LLC, New York, NY, 2017) 

estimated the change in affinity (G) between PCSK9D374Y 

and the generated peptides with respect to T9D8A.  

Chemicals. All reagents and kits used for the biological 

characterization were purchased from commercial sources. 

More details are reported in Supporting Information.  

PCSK9D374Y-LDLR PPI evaluation. Peptides T9D8A and 

T9D8A_1 (0.1 μM - 1.0 mM) was investigated using the in vitro 

PCSK9-LDLR binding assay from CircuLex, following the 

conditions previously described.19 More details are reported in 

Supporting Information.  

Cell culture and treatment conditions. The HepG2 cell line 

was cultured following the procedure previously described.30 

The HepG2 cells (3 x 104/well) were starved over night (ON) 

and then, they were treated with 4.0 μg/mL PCSK9D374Y and 

10.0 µM T9D8A_1 in presence of 4.0 μg/mL PCSK9D374Y, and 

vehicle (H2O) for 2 h at 37 °C in the 5% CO2 incubator.  

Cell fixation and in cell Western (ICW). Treated HepG2 

cells were fixed in 4% paraformaldehyde for 20 min at room 

temperature (RT) and samples have been processed for ICW 

assay following the procedure described in Supporting 

Information.  

Fluorescent LDL uptake cell-based assay. The fluorescent 

LDL uptake cell-based assay was carried out using the 

procedure previously reported.5 Additional details are reported 

in Supporting information. 

Statistically analysis. Statistical analyses were carried out 

by t-student (Graphpad Prism 6). Values were expressed as 

means ± s.d.; P-values < 0.05 were considered significant. 
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