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SHORT COMMUNICATION

Beneficial role of amino acids in mitigating
cytoskeletal actin glycation and improving F-actin
content: In vitro

K. N. Sulochana*, C. Indra, M. Rajesh, V. Srinivasan and S. Ramakrishnan

Biochemistry Research Department, Vision Research Foundation, Sankara Nethralaya, 18, College Road, Chennai, India

Aims: The actin filaments present in circulating leukocytes facilitate their passage through microvenules and capillaries
by helping in their deformability. Decreased deformability of granulocytes is now known to cause occlusion of the retinal
microcapillaries leading to hypoxia and the subsequent development of diabetic retinopathy. Structural and functional
loss of proteins, due to non-enzymatic glycation and glycoxidation, has been reported to cause diabetic pathogenesis. As
amino acids have been earlier reported to have antidiabetic properties, the present study involves the investigation of the
susceptibility of the cytoskeletal actin to glycation and its mitigation by free amino acids. This study also involves
quantifying F-actin in cultured mononuclear cells obtained from diabetic and normal healthy volunteers and on the effect
of glucose and free amino acids on F-actin content. Methods: Commercial non-muscle actin and actin immuno-pre-
cipitated from granulocytes obtained from (a) normal healthy human volunteers and (b) patients with type 2 diabetes
mellitus were subjected to glycation studies using [U] 14C glucose. The effect of free amino acids, as antiglycating agents,
was determined using various concentrations of lysine, arginine, alanine, aspartic acid and glutamic acid. F-actin content
in cultured mononuclear cells was estimated by flow cytometry using fluorescein isothiocynate (FITC)-Phalloidin.
Results: Commercial actin at physiological conditions of pH and temperature was found to undergo non-enzymatic
glycation. The extent of in vitro glycation was significantly low (P< 0.001) in actin isolated from patients with type2
diabetes when compared to the non-diabetic group, suggesting an increased in vitro structural modification of actin in
patients with diabetes. All the free amino acids tested were found to have varying degrees of antiglycating effect. The F-
actin content in the intact mononuclear cells obtained from diabetic patients was found to be low when compared with
normal healthy volunteers (P< 0.001). Similarly the F-actin content was significantly low when the normal mononuclear
cells were incubated with glucose. This effect was reversed upon the addition of free amino acids to the incubation
mixture. Conclusions: Free amino acids can play a positive role in improving leukocyte deformability by mitigating
cytoskeletal actin glycation and improving F-actin content.
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Introduction

Diabetes mellitus (DM) represents a major medical problem

affecting millions of people all over the world. One of the most

devastating microvascular complications of diabetes is diabetic

retinopathy (DR) [1]. Despite a significant improvement over

the past two decades in our understanding and treatment of

ocular complications of DM, many aspects about DR need to

be elucidated, because the management and treatment of DR

still remains one of the most formidable challenges before the

medical profession. It is now evident that structural and

functional loss of proteins due to non-enzymatic glycation/

glycoxidation is the common event in the multi cascade

process leading to DR [2]. Accumulation of advanced

glycation end products (AGEs) has been associated with the

pathogenesis of micro- and macrovascular complications of

DM [3]. Intervention of glycation may prove to be beneficial

to patients suffering from DM [3].
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Decreased granulocyte deformability has been implicated in

the pathogenesis of DR [4]. Granulocytes contain abundant

actin filaments, which aid in cell-cell interaction, focal

adhesion, cell motility, cell shape regulation and inter cellular

signaling [5]. In addition to this, glycation of axonal

cytoskeletal actin has been attributed to the pathogenesis of

diabetic neuropathy [6]. Moreover, the content of F-actin in

diabetes has been reported to be decreased [7]. We hypothesize

that non-enzymatic glycation may impair the structural and

functional integrity of cytoskeletal actin, which may be

responsible for the decreased deformability of granulocytes.

The present study has been undertaken to find out the degree

of susceptibility of cytoskeletal actin to non-enzymatic

glycation, and the effect of free amino acids on this glycation.

We used amino acids to inhibit non-enzymatic glycation, as

free amino acids are known to mitigate the glycation of lens

protein, delay cataractogenesis and bring down blood sugar in

diabetic rats [8,9]. In addition to this, our findings include the

levels of F-actin content in isolated mononuclear cells

obtained from diabetic and non diabetic individuals, and the

effect of free amino acids on the level of F-actin content in

cultured cells from these subjects.

Materials and methods

Subjects

Blood samples from 11(F¼ 4, M¼ 7) individuals with type-2

diabetes mellitus and 11(F¼ 5,M¼ 6) non-diabetic indivi-

duals were used for the study. The clinical and demographic

data of patients with Type 2 diabetes mellitus i.e age, duration

of diabetes and plasma postprandial blood sugar were 56� 3.2

(yrs), 12� 5 (yrs) and 15.5� 4.3 (mM) respectively. For non-

diabetic healthy volunteers it was 52� 4.8 (yrs) and 5� 1.6

(mM). All the values mentioned above are mean� SD. The

volunteers chosen were non-obese, non-alcoholic, non-smok-

ing and free from any systemic disease. Consent was obtained

from all the patients and volunteers for the use of their blood

in the isolation of actin in our experiments. Approval was

obtained from the Research Board and Advisory Committee of

the institution for this project. All procedures were carried out

in terms of the tenets of the Helsinki declaration.

All the chemicals used in this study were from Sigma

chemical company, USA, unless otherwise specified.

Isolation of granulocytes

Peripheral blood samples were collected from the anticubital

vein, using 5-ml syringe containing 100 units of heparin. The

blood was diluted with an equal volume of PBS pH 7.4. The

diluted blood was overlaid over an equal volume of percoll

density gradient (Amersham Pharmacia, USA) and the

granulocytes were isolated as per the manufacturer’s protocol.

The presence of granulocytes was confirmed by performing

Leishman stain on a cytospin smear [10]. The yield of the cells

was quantified using Neubauer counting chamber.

Immunoprecipitation of actin

Granulocytes (2� 105cells) were suspended in 1.0 ml of radio

immuno precipitation assay buffer (RIPA) containing 1%

nonidet-p40, 0.1% sodium dodecyl sulphate, 0.5% sodium

deoxy cholate, 30 ml=ml aprotinin, and 10 ml=ml phenyl methyl

sulphonyl fluoride. The cells were incubated for 30 min in ice

cold condition, then lysed by repeated aspiration and

dispersion by passing through a 21-gauge needle, then

incubated again in ice cold condition for 30 min and

centrifuged at 10,000 rpm for 15 min at 4�C.

One ml of total cell lysate (with known protein concentra-

tion) was incubated with 0.2 mg of polyclonal goat actin

antibody (Santa Cruz Biotechnology Inc., USA) for an hour at

4�C. This was followed by addition of 20 ml of protein A/G

agarose conjugate (Santa Cruz Biotechnology Inc., USA) and

continued incubation for 18 hrs at 4�C in rocker platform. The

immunoprecipitate thus obtained was washed thrice in RIPA

buffer, by centrifuging each time at 3,000 rpm 3–5 min at 4�C.

Finally the actin molecule was retrieved from the immuno-

precipitate by the method described earlier [12]. At every step

during isolation of actin, protein estimation was done by

Lowry method [11].

The protein profile of the cell lysate was analysed by silver

stain after performing12% SDS PAGE [13,14]. The purity of

actin in the immunoprecipitate was assessed by performing

Western blot.

Glycation studies on actin

Glycation studies on actin were carried out as described earlier

[8]. Briefly 20 mg of actin (either commercially available non-

muscle actin or immunoprecipitated actin from granulocytes)

was incubated with either 5 or 10 mM glucose, along with

0.2 mci of U14C glucose in phosphate buffer pH 7.4, and

0.01% sodium azide for 72 hours at 37�C. The total volume of

the incubation mixture was 1.5 ml. After the incubation period,

the contents were dialyzed against milli Q water using a

cellulose membrane to remove the free glucose. The process

was continued until the solution outside the membrane gave

nil disintegration per minute (DPM) of radioactivity. The

contents were then transferred to scintillation vials along with

4 ml of scintillation cocktail, and the amount of U14C glucose

incorporated in the protein was measured by a Beckman liquid

scintillation system (LS 6500). The extent of glycation was

quantified and expressed in terms of mg glucose incorporated

mg�1 actin, and a percentage of glucose incorporated.

Anti- glycation studies were carried out as described above,

except that the incubation mixture contained 10 mM glucose

along with either 2,5,10 mM solutions of arginine, aspartic

acid, glutamic acid, and alanine or mixture of all these free

amino acids. Quantification of glycation was done as

described above.
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Determination of F-actin content

All experiments were performed on mononuclear cells isolated

from healthy and diabetic subjects. The peripheral blood

mononuclear cells were isolated by ficoll hypaque density

gradient centrifugation technique [15]. Cell density was

adjusted to 2� 105=ml using RPMI 1640 medium supple-

mented with antibiotics and 5%FCS. They were incubated

with or without 10 mM glucose along with 10 mM mixture of

amino acids in sterile eppendrof tubes at 37�C under 5% CO2

environment for 24 hrs. The F-actin content was estimated by

flow cytometry using fluorescein isothiocynate (FITC)-

phalloidin [16]. The cells were fixed with 2% paraformalde-

hyde, permeabilized with 0.1% Triton X-100, and labelled

with FITC-phalloidin for 30 min at room temperature. The

samples were then immediately analysed using FACS (Becton

& Dickinson). Fluorescence emission for FITC was detected

by selectively collecting at 480nm to 515nm on 10,000 labeled

cells gated to include mononuclear cells to exclude lympho-

cytes, other non-monocytic cells. The data were collected

using logarithmic amplification of 10,000 cells excluding cell

debris by a combination of a forward and side scatters. The

total number of cells fluorescing positively=10,000 cells was

expressed as percentage F-actin content. The data were

analysed using Cell Quest software (Becton & Dickinson &

Co.).

Statistical analysis

Students t test was used to assess the statistical significance of

the data obtained. P value< 0.05 was considered significant.

Results

Protein content in cell lysates of control and diabetic group

were 3.2� 0.3 mg=ml and 2.8� 0.2 mg=ml respectively.

Protein content in the immunoprecipitates of control and

diabetic group were 0.22� 0.02 mg=mg protein and

0.17� 0.01 mg=mg protein respectively. Final yields of actin

retrieved from immunoprecipitate were 0.138� 0.02 mg

actin=mg protein and 0.104� 0.01 mg actin=mg protein in

control and diabetic groups. These results indicate a significant

difference in the synthesis and yield of actin between the two

groups studied.

In vitro glycation of actin

The results are given in Table 1. The amount of glucose

incorporated in actin was maximum in standard actin,

followed by actin isolated from healthy volunteers and least

in diabetic patients.

Effect of free amino acids on glycation of actin

The results are summarized and presented in Table 2. The

results established significantly lower levels of glycation in the

presence of the free amino acids used in the study. This effect

was found to be dose dependent on various concentrations of

amino acids tested. Though all amino acids used in this study

were found to have varying degrees of antiglycating effect,

alanine was found to be most effective, followed by the

mixture of free amino acids. Arginine was found to have the

least effect.

F-actin content

The F-actin content as a total percentage of mononuclear cells

fluorescing, is given in the form of a histogram (Figure 1). The

F-actin content in diabetic mononuclear cells was found to be

40.23� 13.64%, while in normal cells obtained from healthy

volunteers it was 87� 7.5%. There was a significant decrease

in the content of F-actin (33.7� 13.7%) in the normal cells

when they were cultured in the presence of 10 mM of glucose.

Further the F-actin content was improved to 83� 8.5% when

they were cultured in the presence of 10 mM glucose and

10 mM of mixture of free amino acids.

Discussion

In this study, we have demonstrated that free amino acids

decrease the in vitro glycation of cytoskeletal actin. They not

Table 1. Extent of in vitro incorporation of glucose in standard actin and actin isolated from granulocytes of individuals with=without
diabetes.

5mM glucose 10mM glucose

Actin source

mg of glucose
incorporated=
mg of actin

% of glucose
incorporated

mg of glucose
incorporated=
mg of actin

% of glucose
incorporated

Sigma standard 4.2� 0.01 5.67 11.2� 0.7 7.5
Actin isolated from
patients with diabetes n¼ 11

0.78� 0.01 1.04 2.4� 0.2 1.6

Actin isolated from non
diabetic individuals n¼ 11

3.3� 0.02 4.4 9.7� 0.4 6.4

Values are Mean�SD. Values when compared between standard and diabetes were found to be statistically significant (P< 0.001). Similar results
were obtained between diabetes and control (P<0.001).
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only decreased the glycation of actin, but also improved the F-

actin content in the mononuclear cells (Figure 1). The damage

done by glucose to actin was found to be inhibited by free

amino acids.

The low yields of protein in cell lysate from the diabetic

group in our study could be attributed to the fact that in

diabetes the synthesis of cellular proteins is impaired [17]. The

decreased yield of immunoprecipitate and actin molecules

retrieved from immunoprecipitate in diabetic patients, could be

due to in vivo glycation and other related structural alterations

such as post glycation modifications, glycoxidation etc., [18].

In the in vitro experiments using radioactive glucose, for the

same concentrations of actin isolated from samples belonging

to both the groups, incorporation of glucose into actin

obtained from normal controls was four-fold higher (Table

1) when compared to actin isolated from diabetic subjects.

Significantly low in vitro incorporation of glucose in the

diabetic group could be due to increased in vivo alterations

taking place in the hyperglycemic environment. The above

results could be attributed to: glycation in hyperglycemic

condition of one or more of the 20 free amino groups=
molecule of actin (19 free e amino groups of lysine residues

and one free N terminal amino group) [19]. Besides, post

glycation changes in the form of intramolecular rearrange-

ments, hemiacetal formation with more glucose molecules,

condensation reactions between aldehyde group of glucose

and free hydroxyl groups of serine and threonine residues of

actin, hydrogen bonding, etc., which could have also caused

severe structural impairment in diabetic patients.

The efficacy of aminoguanidine (an antiglycating agent) and

its role in mitigating the complications of diabetes mellitus has

been a subject under immense investigation for the past decade

[20]. However, it is important to stress that, while aminoguan-

idine inhibits the glycation at a later stage in the multi-step

glycation pathway and prevents protein–protein cross-linking,

free amino acids inhibit the first step in the pathway of

glycation cascade, by competitive inhibition [reviewed in

reference 21]. A recent clinical trail undertaken by us with the

supplementation of 1 g of free amino acid per day to type 2-

DM patients did not reveal any side effect or abnormal renal or

hepatic functions. In addition, their postprandial blood sugar

was found to be significantly decreased when compared to

placebo group. It is reported that supplementation of 40 g of

amino acid to elderly individuals, improved their nitrogen

balance and tissue protein synthesis with no adverse side effect

[22]. These findings substantiate our use of free amino acid

concentrations of 2, 5 and 10 mM, in our in vitro studies,

which cannot be deemed high or unphysiological. It is also

pertinent to note that we have used only physiological

concentrations of glucose in our studies. pH and temperature

were also maintained at 7.4 and 37�C respectively.

F-actin is the functional form of actin. Adequate energy is

necessary to assemble G-actin (the monomer unit) into F-

actin. For want of energy in the form of ATP, the assembly of

G form to F form may be impaired in diabetic cells [23]. In our

present study we have found that F-actin content was

significantly low in patients with diabetes when compared to

non diabetic subjects. This was improved by addition of free

amino acids. Therefore it is concluded that non-enzymatic

glycation of actin at least in part, may be responsible for the

decreased deformability of leukocytes. Unlike erythrocytes,

leukocytes, owing to their size, need more deformability to

pass through microcapillaries particularly in the retina.

Therefore this might result in capillary occlusion in retina

and subsequent development of DR.

In conclusion, we have demonstrated that cytoskeletal actin

is prone to non-enzymatic glycation and free amino acids

mitigate this glycation. In addition to this effect, free amino

Table 2. The effect of 5mM free amino acids on in vitro glycation of standard actin, actin isolated from granulocytes of patients with
diabetes and normal healthy subjects.

Effect of 5mM

Standard actin

incorporation of
glucose

Actin isolated

from diabetic group
incorporation
of glucose

Actin isolated from

controls incorporation
of glucose

amino acid with
10mM glucose

mg Glucose
mg protein

% of
glucose

mg Glucose
mg protein

% of
glycation

mg Glucose
mg protein

% of
glycation

10 mM glucose alone 11.2� 0.7 7.5 2.4� 0.2 1.6 9.7� 0.4 6.5

Lysine 0.8� 0.2 0.55 1.0� 0.1 0.7 1.7� 0.6 1.1
Arginine 1.0� 0.2 0.7 1.3� 0.1 0.9 2.5� 0.4 1.7
Aspartic acid 0.5� 0.1 0.33 0.8� 0.2 0.53 1.9� 0.3 1.3
Glutamic acid 0.9� 0.1 0.6 0.9� 0.3 0.63 0.9� 0.2 0.6

Alanine 0.5� 0.1 0.32 0.6� 0.1 0.43 0.7� 0.2 0.46
Mixture of all the
above amino acids

0.8� 0.3 0.5 0.7� 0.1 0.44 0.6� 0.1 0.4

Note: n¼ 5 in each group. P< 0.001 between 10mM glucose and various amino acid treatment to the actin obtained from a commercial source,
normal healthy or diabetic patients. Experiments when repeated with 10mM glucose, with 2 or 10mM amino acids revealed similar results. Values
are mean�SD.
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acid lysine improves the F-actin content in leukocytes. This

study has also provided us the impetus for further investigation

on glycation of actin, and the molecular mechanisms of free

amino acids in mitigating the glycation of cytosketelal actin in

retinal pigment epithelial cells, pericytes and endothelial cells,

since these are directly involved in the pathogenesis of DR.
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