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Abstract
Background: Limb girdle muscular dystrophies (LGMDs) and several other disorders which share their specific phenotype 

are rare, predominantly hereditary conditions with no curative treatment. Differential diagnosis of these myopathies is quite 
challenging and expensive in many cases. Therefore, a significant proportion of patients remains undiagnosed and untreated for 
a long time. At the same time there is a huge amount of drugs and supplements potentially able to modify the course of some of 
these muscular dystrophies. That is why a simple empirical approach able to define a patient’s reaction to a specific compound 
seems rational. Because most common basic pathogenetic mechanisms for these quite different disorders increase the vulnerability 
of muscle cells (or decrease ability for reparation) during mechanical stress, we propose a simple, noninvasive and inexpensive 
approach for individualized drug screening based on the drug’s influence on the mechanical vulnerability of peripheral blood 
mononuclear cells (PBMC).

Methods: PBMC derived from 8 patients with Duchenne muscular dystrophy (DMD), 2 patients with LGMD2A, 1 patient 
with LGMD2B, 1 with MERRF syndrome, 1 with facioscapulohumeral muscular dystrophy (FSHD) and 13 matched control 
subjects were irradiated by ultrasound in the presence of several compounds (lisinopril, vitamin D3, prednisolon, tocopherol, 
topiramate, glutargin, α-lipoic acid, essentiale®, and physiological solution). Then viability indexes of the samples were detected 
by citotoxic assays based on vital dye (neutral red and resazurin) metabolism.

Results: In cytotoxicity tests with active transport of neutral red into PBMC derived from DMD patients, the cells showed 
signs of destruction at 1.06±0.52 minutes of ultrasounding compared to 1.75±0.6 minutes in control. PBMCs from patients with 
other myopathies have either normal or decreased resistance to ultrasound. The addition of tocopherol significantly changes 
the PBMC time-destruction curves; however, these changes as well as changes caused by other compounds were inconclusive 
concerning their protective effects. In resazurin cytotoxicity tests, PBMC metabolic activity normalized to 0.9% NaCl in 
the presence of tested compounds differed significantly in experiments with and without ultrasounding. Also, profiles of the 
compounds’ protective effects were very dissimilar in patients with different myopathies.

Conclusion: We believe that peculiarities of PBCM behavior after US stress in the presence of different compounds are 
reliable patient-specific phenomena, which warrant further investigation and a proposed approach worth further improvement.
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stress; cytotoxicity; drug screening.

Introduction
Limb girdle muscular dystrophies (LGMDs) are a 

subgroup of myopathies that have rapidly grown in the last 
few decades and share a specific pattern of muscular weakness 
and wasting. LGMDs are caused by mutations in more than 19 

already known genes and have close clinical similarity to more 
common and well-studied myopathy - Duchenne Muscular 
Dystrophy (DMD). Although these muscular dystrophies 
(MDs) have a range of quite different molecular pathogenesis, 
it is possible to define their common basic pathogenetic 
mechanism as increased vulnerability of muscle cells (or 
decreased ability for reparation) during mechanical stress.

Taking into account substantial difficulties in diagnosis 
and genetic confirmation for this group of MDs, as well as 
unknown precise molecular pathogenesis for most of them, a 
strategy based on simple empirical and personalized treatment 
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selection seems quite attractive, at least for the near future. 
The current list of well-studied and safe medications or 
supplements that are potentially able for disease modification 
provides a vast amount of choices for such selection.

We hypothesized that easily accessible peripheral blood 
mononuclear cells (PBMCs), which are known to express 
several proteins of the dystrophin-glycoprotein complex, as 
well as sarcomeric and nuclear proteins, could share some 
muscle-specific mechanical and reparation functions. We 
also supposed that PBMC could be used as a simple and 
patient specific model for drug screening, at least for selected 
forms of MDs with limb-girdle phenotype. There is a lack of 
publications with extensive comparative analysis of muscle 
and PBMC proteomes and protein functions. However, such 
proteins as calpain [1,2], dysferlin [3], and nuclear envelope 
proteins (lamins, emerin, etc.) [4,5] are definitely present in 
PBMC. Although meaningful expression of dystrophin, the 
most studied muscle protein, in lymphocytes is now untenable 
[6], its presence at the mRNA level seems undoubted [7] for 
the present, as well as dystrophin presence in lymphocytes 
is supported by some indirect data concerning its function in 
lymphoblastoid cells [8].

In contrast to myocytes or myoblasts, PBMCs normally 
do not mechanically interact with connective tissue structures. 
Although this consideration makes such a model less relevant 
for myology, it opens an opportunity for selective study of 
more fundamental pathways of mechanical cytotoxicity that 
are reparative and associated with cell membranes. As a 
source of mechanical stress we have chosen ultrasound (US) 
because it is a highly adjustable tool which provides very 
wide possibilities for modeling mechanical damage in cell 
suspensions.

The aim of this study was to develop a test system for 
a personalized selection of drugs for patients with LGMD 
phenotype and to assess their protective potential.

Methods
Blood samples from the cubital vein were obtained in 

pairs (case and control) from 8 DMD patients, 2 patients with 
LGMD2A, 1 patient with LGMD2B, 1 with MERRF syndrome 
and 1 with FSHD. The control group constituted age-matched, 
randomly selected persons without neuromuscular pathology 
and any drug treatment. The mean age of MD patients was 
9.6±4.1 years, and of controls it was 8.9±2.5 years. 

PBMCs were separated on a ficoll-urographin gradient 
according to the manufacturer’s recommendation (DNK-
technologia, Russian Federation, catalog № P-006-N/2). Then 
PBMCs were washed twice in PBS, and cell density was 
adjusted to approximately 106/cm3 and dispensed in aliquots 
of 0.5 ml. Lipophylic substances were initially solubilized in 
DMSO. The tested compounds were added to PBMC aliquots 
in volume of 0.05 ml. Their final concentrations in a cultural 
medium corresponded to recommended therapeutical plasma 
concentrations. 

Mechanical stress was modeled by irradiation of cell 
suspension by 2.64 MHz US with approximate intensity of 
0.25 W/cm2. 

A neutral red-based cytotoxicity test was performed 
according the manufacturer’s recommendation with samples of 
cell suspensions consequently taken from stock cell suspension 
at US irradiation timepoints (0 min, 0.5 min, 1 min, 1.5 min, 
2 min, 2.5 min, 3 min, and 3.5 min).  After 1 hour incubation 
with dye, all samples were washed, the medium was removed, 
and samples were fixed. The dye was solubilized and its 
concentration assessed spectrophotometrically by measuring 
absorbance at 540 nm. US cytotoxicity was assessed by a 
minimum of neutral red concentration due to disruption of its 
active transport into PBMC during incubation. 

A resazurin-based cytotoxicity test (Sigma) was 
performed by measuring the absorbance (A) of multiwell plates 
at a wavelength of 600 nm right after exposure to US and then 
after 20 hours of incubation at 37оС. The plate reader GBG 
StatFax2100 (USA) was used. The difference between initial 
absorbance and absorbance after the 20-hour incubation was 
considered as an index of viability. The protective potential of 
the compounds was assessed as a difference between viability 
indexes of ultrasound irradiated samples with physiological 
solution and tested compounds (compound protection= 
(∆Acompound/∆ANaCL)*100% - 100%; ∆Acompound =A0h-A20h).

Data significance was assessed by the Student’s t-test. 
Statistical significance was determined at P<0.05.

Results
A preliminary set of experiments had shown that 

two minutes of US irradiation, as described above, 
caused destruction of approximately 20–50% of PBMC, 
predominantly affecting larger cells like monocytes and 
blasts. However, despite of considerable variation in PBMC 
cytology in all groups of individuals tested, and even in the 
same patients when samples were taken several times, indexes 
obtained in resazurin-based tests were highly reproducible, 
their general variation was less than 30%, and they correlate 
closely with assessments of cell vitality with a trypan blue test. 

Series with neutral red viability assessment revealed a 
clear tendency toward higher PBMC vulnerability of DMD 
cells for US irradiation compared to controls, which can be 
seen in Figure 1. 

Figure 1. Timepoints of PBMC US 
destruction detected by neutral red 
incorporation
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However, in general, the neutral red test demonstrated more 
complicated and less predictable results compared to the 
resazurin test. For example, it was found that PBMC derived 
from about 17–23% of patients from all groups (4 and 3 of 
17 in myopathic and control groups, respectively) have a 
much higher or lower threshold for US destruction (i.e., cells 
were not damaged or completely destructed by a 2-min US 
irradiation of chosen intensity).

It seems characteristic for PBMC derived from DMD 
patients that the time-of-irradiation/dye-incorporation 
curve has the first minimum (Figure 2), then a more or less 
distinct increase of dye incorporation and, in most of cases, 
the second decrease (Figure 2, last segment of the upper two 
curves common for PBMC of any origin), which is followed 
by probably passive dying of non-vial cell debris (has not 
shown in Figure 2). It is interesting that curve forms of PBMC 
derived from DMD boys resembled closely curves obtained 
for PBMC of their mothers.

The protective abilities of compounds tested by 
resazurin-based cytotoxiсity assessment have shown good 
reproducibility and selectivity regarding distinguishing effects 
of different substances under US stress. 

We have obtained no significant difference between 
control (25.0±4.6%) and DMD (21.1±2.3%) groups concerning 
their ability to metabolize resazurin in baseline testing with 
intact PMBC (without US irradiation and with physiologic 
solution). At the same time, in patients with other types of 
myopathies this basal cells’ metabolic activity was reduced 
significantly only in LGMD2A and LGMD2B (Fig.3). Two 
minutes of US irradiation with the addition of a physiologic 
solution (Fig.3) produced a significant decline in resazurin 
degradation by the PBMC in the following gradation: LGMD 
2B (0.8%), DMD (10.7%), MERRF (12.0%), LGMD2A 
(15.4%), FSHD (19.2%), and controls (17.5%). Thus, the 

greatest sensitivity to mechanical stress was in LGMD 2B, 
MERRF, DMD, and the smallest in LGMD 2A. US influence 
on FSHD PBMC was comparable to that of the control.

Effects of the tested compounds without US irradiation 
are shown in Figure 4. It is easy to see that the addition of 
tested compounds changes resazurin bioreduction compared 
to an indifferent physiologic solution and each compound 
to other. Glutargin and tocopherol increased the metabolic 
activity of PBMC both in the control and in DMD patients. 
Effects of lipoic acid were similar in DMD, LGMD 2A and 
FSHD patients. Topiramate did not suppress metabolic activity 
in LGMD 2A and FSHD, and glutargin also positively acted in 
these patients; only PBMC of the LGMD 2B patient reacted 
positively to lisinopril.

Figure 2. Typical examples of vital dye 
incorporation by US irradiated PBMCs 
Arrows point to the first minimum of vital 
dye incorporation that supposes death of cell 
populations. The lowest curve does not have a 
clear minimum, which was characteristic for tests 
with tocopherol samples.

Figure 3. Bioreduction of resazurin 
by PBMC without and with ultrasound 
irradiation with the addition of a 
physiologic solution (20 hours of 
incubation). *- P<0.05.

Figure 4. Difference between resazurin bioreduction in the presence 
of a physiologic solution and tested compounds in intact (A) and US 
irradiated (B) PBMCs after 20 hours of incubation. An absorbance 
change (∆ANaCL) in samples with a physiologic solution is taken as 
the zero-point on the Y-axis and is not represented on the chart. 
Compound protection indexes were calculated as a percentage of 
optical absorbance changes referred to absorbance changes in 
samples with a physiologic solution:
Protection effect = (∆Acompound/∆ANaCL)*100% - 100%; ∆Acompound =A0h-A20h). *- P<0.05.
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US irradiation adds a new set of changes (Fig.4B), 
frequently of opposite directions, which could additionally 
describe the peculiarities of patients’ metabolic and/or cellular 
structure. In US stress conditions, Glutargin and Tocopherol 
protection almost doubled in DMD PBMC compared to 
control cells. An extraordinary protective effect in these 
patients was found for D3 and Topiramate. Prednisolon was 
also very effective. However, the protective effect of the 
tested compounds was absent in the PBMCs of LGMD 2B 
and in FSHD patients. Furthermore, PBMCs of patients with 
non-dystrophin associated myopathies react distinctly to US 
irradiation in the presence of tested compounds compared 
to PBMC from DMD patients (Fig.4B). In resazurin tests, 
PBMCs originating from LGMD2A patients have shown the 
best protection indexes for Lipoic acid and topiramate (the 1st 
patient: 38.2% and 43.0%; the 2nd patient: 29.6% and 32.7%), 
while MERRF cells were protected better by glutargin and 
tocopherol (28.3% and 19.8%, respectively).

 It was found that Essentiale® solution is not suitable for 
this assessment because it directly reacts with resazurin and 
changes its color. 

Discussion
Most of the compounds we have chosen for study 

are substances that are potentially able to interact with the 
cell membrane and change its mechanical characteristics. 
However, a neutral red cytotoxicity test failed to detect clear 
membrane mechanical protection for those substances (data 
is not presented), except for tocopherol (Fig.2). Nevertheless, 
most of the substances definitely increased PBMC viability 
after US irradiation in resazurin tests, even if they suppressed 
the metabolic activity of intact cells (D3, prednisolon, 
topiramate).

It was found that in resazurin tests with PBMC from 
the DMD group, all chosen compounds, except lisinopril, 
showed more or less evident protective potential, whereas 
the vulnerability of their cells to US in neutral red tests was 
positively affected by tocopherol only.

PBMCs from patients with LGMD2A and FSHD show 
the first minimum of neutral red incorporation, as in control 
(2.0 minutes), which could be indicative of non-membrane- 
associated mechanisms of their vulnerability. 

According to neutral red tests, PBMCs derived from 
LGMD 2B patient were completely destroyed at 0.5 minutes 
(Fig.3), which was confirmed by trypan blue and resazurin 
tests. Resazurin tests after US irradiation did not detect 
bioreduction of the dye in all samples with all compounds 
(Fig.4B).

The behavior demonstrated by PBMCs from patients 
with MERRF was characterized by a neutral red incorporation 
minimum at 1.5 minutes and the best protection of tocopherol 
and glutargin. The peculiarity of these PBMCs was that 
lisinopril substantially depressed resazurin bioreduction both 
in intact and US irradiated cells.

Taking into consideration that corticosteroids are 
the only drug with proven clinical benefit for patients with 
DMD, it is important that we have got a predictable effect 

of prednisolon in our model. It has an indifferent or slight 
depressive impact on intact PBMC and a clear protective 
effect after US irradiation.

We hypothesized that different PBMC behavior in the 
resazurin tests with different compounds could be due to 
the effect on apoptotic signal pathways by tested substances 
and that the substances in the concentrations we used do not 
substantially change the mechanical endurance of PBMC. 
That is, in contrast to neutral red-based assays, which 
probably reflect early stages of damage [9] associated with 
cell membranes and take place in relatively short and cell-
type-specific periods of time. Despite the fact that it is not 
unanimous, the conventional view on resazurin metabolism 
connects it to mitochondria [10,11]; the more stable and 
reproducible results of a resazurin-based assay suggest 
evaluation of final and cell-type-independent, probably 
mitochondria associated, stages of apoptosis. 

Although the approach initially was conceived as 
a tool for empirical personalized screening of potentially 
useful drugs and supplements, it also could have potential as 
a diagnostic tool because of the clear difference in behavior 
of PBMCs from patients with different myopathies after US 
irradiation in the presence of different substances. If some 
substances can show a protective effect specific for certain 
LGMDs or other MDs, the described approach could be used 
as a very inexpensive and non-invasive test preceding a DNA 
mutation search.

Comparison of the results obtained with different 
cytotoxicity assays demonstrates the possibility of investigating 
different pathogenic pathways or different points of the same 
pathways. As understanding of molecular pathogenesis of 
LGMDs grows, it would be possible to establish a more targeted 
set of assays and adjust US characteristics. For example, the 
current view of LGMD 1B and Emery-Dreifus MD assumes 
disrupted heterochromatin localization in myocytes during 
the cell division cycle. These peculiarities could be replicated 
and investigated in tests which include PBMC culturing and 
growth. Obviously, sensitivity and selectivity of the method 
could be increased significantly by usage of homogenous 
PBMC populations or even by usage of myocytes, when the 
abilities of the method will became more clear.

Conclusions
Thus we show here that PBMCs from patients with 

selected forms of myopathy possess distinct reactions to US-
induced stress, their reactions on addition of some compounds 
differ from those of control subjects and among different 
muscular dystrophies, and some compounds probably 
have protective effects in this model. We believe that the 
peculiarities of PBMC behavior after a US stress in the 
presence of different compounds are reliable patient-specific 
phenomena, which warrant further investigation and that the 
proposed approach is worth further improvement.
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