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Abstract
Background Mesenchymal stromal cells (MSCs) and endo-
thelial progenitor cells (EPCs) are used in cell-based regener-
ative therapy. HMG CoA reductase inhibitors (statins) appear
promising in blocking apoptosis, prolonging progenitor cell
survival and improving their capacity to repair organ function.
Methods We performed a systematic review of preclinical and
clinical studies to clarify whether statins can improve cell-
based repair of organ injury. MEDLINE, EMBASE, and
PUBMED databases were searched (1947 to June 25, 2013).
Controlled clinical and pre-clinical studies were included that
evaluated statin therapy used alone or in combination with
MSCs or EPCs in patients or animals with organ injury.
Results After screening 771 citations, 100 records underwent
full eligibility screening of which 38 studies met eligibility
and were included in the review: Studies were grouped into
pre-clinical studies that involved statin treatment in combina-
tion with cell therapy (18 studies), preclinical studies of statin
therapy alone (13 studies) and clinical studies of statin therapy
(7 studies). Studies addressed cardiac injury (14 studies), vas-
cular disorders (15 studies), neurologic conditions (8 studies)
and bone fractures (1 study). Pre-clinical studies of statins in

combination with MSC infusion (15 studies) or EPC therapy
(3 studies) were described and despite marked heterogeneity
in reporting outcomes of cellular analysis and organ function,
all of these cell-based pre-clinical studies reported improved
organ recovery with the addition of statin therapy. Moreover,
13 pre-clinical studies involved the administration of a statin
drug alone to animals. An increase in EPC number and/or
function (no studies of MSCs) was reported in 11 of these
studies (85 %) and improved organ function in 12 studies
(92%).We also identified 7 clinical studies and none involved
the administration of cells but described an increased number
and/or function of EPCs (no studies of MSCs) and improved
organ function with statin therapy (1.2-fold to 35-fold im-
provement over controls) in all 7 studies.
Conclusion Our systematic review provides a foundation of
encouraging results that support further study of statins in regen-
erative therapy to augment the number and/or function ofMSCs
used in cell-based repair and to augment the number and func-
tion of EPCs in vivo to repair damaged tissues. Larger studies
are needed to ensure safety and confirm clinical benefits.
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therapy . Endothelial progenitor . Mesenchymal stromal cell .
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Introduction

Regenerative cell-based therapy is an emerging field with in-
creasing global activity and investment [1]. Two principal
classes of progenitor cells used in cell-based regenerative ther-
apy are mesenchymal stromal cells (MSCs) and vascular
endothelial-like progenitor cells (EPCs). MSCs are adult stro-
mal cells that can be isolated and expanded from bonemarrow
or adipose tissue and have the ability to differentiate into
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adipocytes, osteoblasts, and chondroblasts in vitro [2]. They
sense hypoxia in damaged tissues and migrate to sites of in-
jury, recruit other cells to initiate the repair process, reduce
inflammation and mitigate maladaptive scarring and fibrosis
[3]. On the other hand, EPCs include several cell types of
blood-derived or vessel-derived cells with vascular repair
function that are recruited to injured tissues and produce fac-
tors that facilitate vascular repair [4]. They may be expanded
from peripheral blood or umbilical cord blood and have been
studied in several models of vascular injury. Particular sub-
types of EPCs, termed endothelial colony-forming cells
(ECFCs), can integrate into sites of injury to augment neovas-
cularization and improve tissue recovery [5]. Both MSCs and
EPCs secrete paracrine factors and microvesicles that contain
cytokines, chemokines and growth factors that can coordinate
the overall repair response [6].

Statins are widely used clinically as cholesterol-lowering
agents to prevent cardiovascular disease and have been used
for many years with a favourable safety profile. More recently,
it has been shown that statins can activate alternative signalling
pathways to block apoptosis. In MSCs, lovastatin can activate
the PI3K/Akt pathway and protect MSCs against hypoxia-
induced apoptosis [7]. In a similar manner, simvastatin prevents
the down-regulation of canonical Wnt signalling that reduces
beta-catenin expression in renal mesangial cells in response to
high glucose [8]. Statins have also demonstrated benefit in re-
cent clinical studies, including the study of patients with kidney
injury [9] and cancer patients [10] while statins were not effec-
tive in reducing exacerbations of COPD in a recent prospective
trial [11], although the role of MSCs and EPCs were not ad-
dressed in these studies. While many promising studies have
been reported, the extent to which statins can mobilize cells
involved with tissue repair remains unknown and the role of
statins in facilitating recovery of organ function in the context
of cell-based therapy remains incompletely understood.

In this systemic review, we sought to summarize the results
of preclinical and clinical studies that addressed the use of
statins to augment MSC and EPC function in the context of
cell-based therapy to repair organ function. Specifically, our
aim was to identify whether statins improved organ recovery
following tissue injury through the improved functioning of
cells used in regenerative therapy. Moreover, we sought to
characterize study quality and identify potential threats to bias
to provide a platform for developing future clinical studies
addressing use of statins in cell-based tissue repair strategies.

Methods

Search Strategy, Study Selection and Data Extraction

A systematic literature search was performed in accordance
with recommendations by the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) [12]. A
search strategy was developed by an information specialist to
identify studies in MEDLINE, EMBASE, and PUBMED da-
tabases using the following search terms: (mesenchymal stro-
mal cell or endothelial progenitor cell) AND (HMG co-A
reductase or statin) AND (animals, animal experimentation,
animal models of disease OR clinical study). Databases were
searched from 1947 to June 25, 2013. The electronic search
strategy is presented in appended supplemental material. In
addition, reference lists of relevant studies were searched
manually to identify any studies that may have been missed
in the database search. Titles and abstracts of studies identified
in the systematic search were screened for relevance indepen-
dently by two investigators (AP and SP). After initial screen,
relevant articles were retrieved for complete assessment of
eligibility criteria (see below). Studies were classified based
on clinical or preclinical nature of the study (ie. animal mod-
el), the type of injury or affected organ, and whether MSCs or
EPCs were exposed to statins ex vivo as part of cellular ther-
apy or in vivo as part of systemic combination treatment. Data
was extracted independently by two individuals using stan-
dardized electronic forms. Discrepancies or disagreements
were resolved by a third investigator.

Eligibility Criteria for Systematic Search

We included all pre-clinical controlled studies describing in
vivo experiments involving the use of statin therapy or the
administration of cells treated with a statin ex vivo and tested
in animal models of organ injury, tumor growth or modulation
of immune responses. Controlled clinical studies were included
if patients received statin therapy or cells that were treated with
a statin ex vivo and the function of specific progenitor cells
were correlated with organ recovery following injury. Review
articles, editorials, abstracts and studies describing only in vitro
data were excluded. Articles that did not report measures of
progenitor cell number or function or that did not include spe-
cific measures of organ functionwere excluded. Articles written
in languages other than English or French were excluded.

Summary Measures and Synthesis of Results

In the absence of sufficient or appropriate data for pooling,
results of individual studies were presented descriptively.
Measures of study quality were extracted. For preclinical stud-
ies, we extracted key parameters of study design that would
reduce the bias of investigators associated with preclinical
studies, including whether a clear description was provided
in the BMethods^ section regarding the number of treated
animals, whether randomization of the animals was per-
formed, whether details regarding how many animals contrib-
uted to data were reported in the study, and whether blinding
of investigators and/or lab personnel was described. These key
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parameters were recently identified as threats to validity in a
systematic review of guidelines for preclinical studies [13].
For clinical studies, we extracted data related to study design
that would reduce the risk of bias, including method of ran-
domization and blinding (if used), and whether allocation of
study subjects was concealed. We also extracted information
regarding the specific statin used in the study, the specifics of
the organ damage under study including the animal model
used, and the details and timing of specific endpoints reported.

Results

Our systematic search yielded 771 citations. Following an ini-
tial screen for relevance, a total of 100 citations were identified
and underwent detailed eligibility screening. In total, 38 studies
met eligibility and were included in the review. Sixty two stud-
ies were excluded for the following reasons: abstract only with
insufficient information available (29 reports); foreign language
articles not in English or French which precluded reproducible
data extraction (12 reports); duplicates (5 reports); editorials (1
reports); no control for statin treatment (6 reports); no measures
of organ function reported (6 reports); in vitro data only (2
reports); and no data regarding the enumeration or function of
MSCs or EPCs (1 report). Of the 38 studies that met the eligi-
bility criteria and underwent data extraction, 31 were pre-
clinical studies involving animal models and 7 were clinical
studies involving human subjects (see Table 1). The study se-
lection process is summarized in Fig. 1.

Studies were grouped into pre-clinical studies that involved
statin treatment in combination with cell therapy (18 studies),
preclinical studies of statin therapy alone (13 studies) and
clinical studies of statin therapy (7 studies). Studies addressed
cardiac injury (14 studies), vascular disorders (15 studies),
neurologic conditions (8 studies) and bone fractures (1 study).
Studies described the use of 6 different statins (atorvastatin
used in 23 studies), given at various dosages (10–40 mg daily
of atorvastatin in clinical studies; 10–30 mg/kg of atorvastatin
in animal studies) and for differing durations (single injection
to 6 months), precluding an analysis of dosage. All 18 of the
preclinical studies using statins in combination with cell-based
therapy and 11 of 13 studies using statins without cell therapy
reported improved EPC or MSC number and/or function.
Notably, pre-clinical studies addressing the administration of
statins directly to animals measured the effects on EPCs only,
and not MSCs, while 15 of 18 pre-clinical studies of statins in
combination with cell-based therapy investigated the effects
on MSCs. Despite marked variation in defining cell types, the
specifics of inducing organ damage and timing and nature of
specific endpoints of organ function, all but one of the preclin-
ical studies reported improvement in organ function or organ
perfusion with statin treatment (see below for more complete
analysis and description). A total of 7 clinical studies of statin
therapy were identified and none involved the administration
of MSCs or EPC-like cells (see Table 1). All clinical studies
involved the administration of statins or placebo to patients
and measured the change in number and/or function of EPCs
(no studies of MSCs) that were characterized from peripheral

Table 1 Summary of
identified studies included
in our analysis

Clinical studies Pre-clinical studies

Organ system Statin therapy only Statin with cell therapy Statin therapy only

Cardiac, studies (subjects) 5 (141) 7 (274) 2 (36)

Myocardial infarction 7 (274) 1 (24)

Coronary artery disease 2 (67) 1 (12)

Congestive heart failure 3 (74)

Vascular, studies (subjects) 1 (15) 5 (106) 9 (132)

Hindlimb Ischemia 4 (72) 1 (12)

Hypertension 1 (5)

Diabetic vascular disorders 3 (47)

Othera 1 (15) 1 (34) 4 (68)

Neurologic, studies (subjects) 1 (16) 5 (105) 2 (26)

Stroke 1 (16) 2 (31)

Traumatic brain injury 2 (64) 1 (10)

Otherb 1 (10) 1 (16)

Orthopedic, studies (subjects) 1 (16)

Bone fractures 1 (16)

a Includes: non-cardiac atherosclerosis, artery injury, transplant arteriosclerosis, small diameter vascular grafts,
endothelial damage due to smoking, and acute kidney injury
b Includes diabetic retinopathy and spinal cord injury
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blood samples and correlated with recovery of organ-specific
measurement outcomes (see Table 4). Three main organ sys-
tems were addressed in the clinical studies, including cardiac
(5 studies, [45–49]), neurologic (1 study, [50]) and vascular
systems (1 study, [51]). All 7 clinical studies reported im-
proved EPC number and/or function and improved organ re-
covery with the use of statin therapy. Specifics of the studies
and outcomes are described in more detail below and present-
ed in Tables 2, 3 and 4.

Pre-clinical Studies of Cell Transplantation and Statin
Therapy

A total of 18 pre-clinical studies combined statins with cell-
based therapy using MSCs (15 studies) or EPCs (3 studies) to
repair organ damage following acute myocardial infarction (7
studies, [14–20]), hindlimb ischemia (4 studies, [21–24]),
neurologic damage (5 studies, [25–29]), orthopedic injury (1
study, [30]) or arterial injury (1 study, [31]) (see Tables 1 and
2). Amongst the seven studies that investigated MI [14–20],
three used the swine as the animal model, three used rats, and
one usedmice. Studies administeredMSCs as cell therapy and
compared outcomes with controls that included MSCs only (6
studies), or saline (1 study). Four studies used atorvastatin as
the statin of choice, two used rosuvastatin and one used sim-
vastatin. All 7 studies reported improvement in cellular out-
comes, including improved survival of transplanted cells (5
studies) ranging from 1.7-fold to 4.4-fold greater than controls
and three studies reported decreased cell apoptosis (1.4-fold to
4.4-fold reduction compared with controls), and one study
reported an increase in the proliferation of transplanted cells
(see Table 2). All 7 studies of statins in combination with
MSCs in animals withMI reported an improvement in cardiac
function, including improved LVEF (1.4-fold to 8.7 fold
greater improvement in LVEF or a 6.2–8.9 % absolute differ-
ence in LVEF compared with controls), reduced fibrosis (5

studies), reduced inflammation (5 studies), and reduced infarct
size (4 studies) among other parameters of cardiac function
(see Table 2).

Four studies addressed hindlimb ischemia [21–24] and the
combined effect of statin therapy and MSC infusion (2 stud-
ies) or EPC therapy (2 studies). All four of these studies used
mice. All of the studies reported improved outcomes, includ-
ing greater incorporation of transplanted cells into sites of
injury (1.6-fold to 2.2-fold greater than controls with cells
only and 2.9-fold greater compared to saline), and decreased
apoptosis in ischemic muscle in 2 studies (1.6-fold and 2.9-
fold reduced compared with cells only). All four studies re-
ported an improvement in capillary density at the site of injury
(1.5-fold compared with cells only or with saline) and two
studies also reported improved perfusion in the affected limb
(1.1-fold greater than cells only and 2.2-fold greater than sa-
line controls) (see Table 2).

Two studies investigated the effect of combined statin and
cellular therapy in stroke [25, 26]. Both used rats and admin-
istered MSCs and simvastatin in comparison to control ani-
mals receiving MSCs alone. One study reported greater en-
graftment of transplanted cells (1.5-fold greater than MSCs
only), while the other study did not report on cellular out-
comes (see Table 2). Both studies, however, reported im-
proved organ function with cell therapy combined with statin
treatment, reporting a 2.5-fold improvement in somatosensory
and 2.0-fold improvement in motor deficits compared with
cells only. One study also reported a 1.6-fold improvement
in modified Neurologic Severity Scores (mNSS), a 1.6-fold
increase in vessel density and a 1.3-fold improvement in arte-
rial density compared to MSCs only (see Table 2).

Two studies of traumatic brain injury in rats combined
MSCs with simvastatin or atorvastatin in comparison to cell
therapy alone [27, 28]. One study reported a 2.8-fold increase
in the number of transplanted cells while the other study found
no difference in transplanted cell number compared with

771 studies identified through 
database searching

100 studies reviewed

38 studies included in review 

62 studies excluded:
• 29 abstract only
• 12 language other than 

English or French
• 5  duplicates
• 1 editorial
• 6 no control group
• 6 no outcomes of organ 

function
• 2 in vitro data only
• 1 no data on MSCs, 

EPCs or other cells

7 clinical studies 31 pre-clinical studies

Fig. 1 Results of systemic search
of literature
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controls (see Table 2). Both studies, however, reported a 4-
fold improvement in mNSS scores. One study also found an
improvement spatial learning and angiogenesis with com-
bined therapy compared to controls.

MSC transplantation combined with simvastatin was in-
vestigated in a rat model of spinal cord injury [29] compared
with cells alone and found that combined therapy increased
survival of transplanted cells (8.2-fold greater) and differenti-
ation of transplanted cells (3.5-fold greater) as well as im-
proved spinal cord reparation with reduced motor deficits
(1.4-fold) and lesion volume (2.1-fold).

One study looked at the effect of combined therapy on
bone fractures in a rat model [30], transplanting MSCs and
using simvastatin. When compared against MSC administra-
tion alone, combined therapywas associatedwith an increased
number of transplanted cells and improved bone union (1.9-
fold). Finally, one paper studied artery injury in a rat model
[31], administering EPCs and simvastatin compared with cells
only or saline and reported an improvement in mobilization
and adhesion of transplanted cells in sites of injury (2.5-fold
greater) and reported improved re-endothelialization (1.3-fold
greater) (see Table 2).

Pre-clinical Studies with Statin Therapy Alone

Amongst 13 pre-clinical studies that used statin therapy alone
without cell-based therapy in animal models of organ damage,
6 studies explored effects on the peripheral vascular system
(studies on vascular effects in diabetes are described separate-
ly below), including arteriosclerosis [32], atherosclerosis [33],
acute kidney injury [34], hindlimb ischemia [35], hyperten-
sion [36], and vascular grafts [37]. Avariety of animal models
were used, including mouse (3 studies), rat (1 study), swine (1
study), and dog (1 study). Four studies used atorvastatin for
statin therapy and the remaining two studies used simvastatin.
Four studies enumerated EPC-like cells which were defined as
c-kit + cells, Sca1/flk-1+ cells, CD34+ cells or CD34+/KDR+
cells and increased 29–90 % compared to untreated controls
after 3 days to 24 weeks of treatment (see Table 3). One study
reported no change in CD34+/KDR+ cells after 12 weeks of
statin treatment [36] and one study reported an increase in
EPC colony-forming units after 2 weeks of statin therapy
compared with controls [35] (see Table 3). Increased prolifer-
ation of EPCs (1 study), increased adhesion of EPCs (1 study),
reduced apoptosis (1 study) and increased migration of EPCs
(1 study) were also reported although no change in migration
was reported in 1 study. Notably, all six of the studies on
vascular injury reported improvement in at least one measure-
ment of organ function following treatment with statin therapy
in comparison to controls, including reduced vessel or graft
occlusion, improved endothelialisation, better blood flow and
greater blood vessel density ranging from 1.4-fold to 4.3-fold
improvement of various functional parameters (see Table 3).

Given the significant variation in disease models, duration of
treatment and measurement of outcomes, pooling of data was
not performed.

Three pre-clinical studies specifically investigated vascular
defects in diabetes [38–40]. Two studies used a swine model
and one study involved mice. All of the studies reported an
increase in EPC number with statin therapy (CD34 + KDR+
cells or CD45-negative side population cells) between 2 and
2.3-fold compared with controls after 2 weeks–3 months of
treatment. In 2 of 3 studies, improvement was reported in at
least one measure of vascular function, including improved
blood flow (1 study), improved FMD (1 study), improved
angiogenesis and arteriogenesis (1 study), as well as a reduc-
tion in necrotic toes (1 study) (see Table 3).

Two pre-clinical studies explored the effect of statin thera-
py on repair of coronary artery disease [41] and myocardial
infarction (MI) [42] using a swine and mouse model, respec-
tively. The study of CAD used simvastatin and/or pravastatin
whereas the MI study used atorvastatin. The study of CAD
reported an increase in EPC colony-forming units while the
MI study reported increased circulating EPC numbers. Both
studies reported an improvement in organ function with a
46 % increase in capillary density after 30 days of statin treat-
ment in pigs with CAD compared with controls and a 1.5-fold
improvement in LVEF compared with controls following
4 weeks of statin therapy in mice with acute MI (see Table 3).

We identified two final pre-clinical studies that addressed
the effects of statin therapy on neurologic injury, including
traumatic brain injury [43] and diabetic retinopathy [44] using
atorvastatin and simvastatin, respectively. Both studies used
the rat model and correlated in vivo effects on CD31+ EPCs
with organ repair. Following traumatic brain injury, EPC
levels increased 2.2-fold in the ipsilateral cortex with statin
therapy and greater incorporation of CD31+ EPCs was ob-
served in retinal tissue of diabetic mice following statin ther-
apy (1.5-fold greater compared to controls) (see Table 3).
Mice with traumatic brain injury and treated with statins has
a 1.3-fold greater improvement in mNSS scores compared to
controls and long-term spatial learning was improved. Mice
with diabetic retinopathy and treated with statins also had
improved functional outcomes, including a 1.5-fold reduction
in retinal edema compared to controls (see Table 3).

Clinical Studies with Statin Therapy Alone

All 7 clinical studies addressed the effects of statin therapy on
EPCs which was similar to preclinical studies using statin
therapy alone. Clinical studies of congestive heart failure (3
studies) and stroke (1 study), however, had not been reported
previously in the pre-clinical setting and involved 90 patients
(52 % of patients in published clinical trials) (see Table 4).

Three clinical studies explored the effect of statin therapy
in patients with chronic heart failure (CHF) [45–47]. Two

334 Stem Cell Rev and Rep (2016) 12:327–339



studies used rosuvastatin and one used atorvatastin. All three
measured changes in EPCs although the studies utilized differ-
ent cell markers and tests to define the EPC populations of
interest. Cells with surface marker expression of CD34,
CD34 and KDR co-expression with or without CD133, or
acetylated LDL-positive cells were enumerated by flow cy-
tometry and endothelial colony-forming cells were quantified
in a culture-based assay in a third study (see Table 4). All three
studies reported a significant increase in circulating levels of
EPCs compared with controls (see Table 4). Migration and
adhesion function were also measured in two of these studies
with marked improvement in statin-treated patients (48–91 %
improvement over baseline after 3–6 months of therapy). All
of the studies also exhibited improved cardiac function, includ-
ing improvement of flow-mediated dilatation (FMD) of 1.2-
fold to 4-fold greater than controls receiving placebo (2 stud-
ies), improved LVEF from 30±1% to 38±2% compared with
a 3 % improvement in the placebo group, a 9-fold improve-
ment (p<0.001) and a reduction of 14 % in pulmonary artery
pressure compared with 5 % reduction with placebo (p<0.01)
in 1 study (see Table 4). Given the heterogeneity in terms of the
tests used to quantify EPCs and measure changes in cell func-
tion, the variable duration of therapy and the different clinical
end points reported, pooling of data was not performed.

Two additional clinical studies looked at the effect of statin
therapy on coronary artery disease (CAD) [48, 49]. One study
used atorvastatin and the other used rosuvastatin. One study
reported an increase in circulating levels of EPCs after 5 days
of statin therapy and the other reported greater numbers of
colony-forming units after 6 months of treatment (see Table
4). Both studies reported clinical improvement in treated pa-
tients, with a 1.3-fold improvement in FMD in one study and
reduced mediastinal drainage, fewer wound infections, re-
duced incidence of atrial fibrillation and other complications
after following cardiac surgery.

One clinical study of patients with stroke investigated the use
of atorvastatin or simvastatin and found a 4-fold increase
(p=0.002) in ECFCs after 7 days of treatment in statin-treated
patients compared with placebo [50]. Moreover, treated patients
had reduced infarct size on imaging (1.8-fold reduced compared
with placebo group). A significant difference between atorva-
statin and simvastatin as therapy was not reported (see Table 4).

A final clinical study that was identified studied the effect
of statin therapy on smoking-related endothelial damage and
found no change in EPC number after the administration of
pitatastatin, however, FMD was increase by 49±18 % with
statin treatment vs. 1.4 ± 9.1 % in placebo (35-fold greater
improvement, p=0.022) [51] (see Table 4).

Threats to Bias

Twenty-two (58 %) of the 38 studies that underwent full re-
view provided information in the BMethods^ section

regarding patient or animal randomization into treatment or
control groups: 9 pre-clinical studies with combined statin and
cell therapy [14–20, 26, 29], 7 pre-clinical studies with statin
therapy alone [34, 37–40, 42, 43], and 6 clinical studies with
statin therapy alone [45–49, 51]. Details of the randomization
method, however, were lacking in most studies.

A total of 18 of the 22 randomized studies (82 %) provided
information in the BMethods^ section regarding blinding.
Three clinical studies were double-blinded [45, 46, 48] while
the remainder were single-blinded. Single blinding in pre-
clinical studies meant that lab personnel performing lab test-
ing on organ function or cellular testing were blinded to the
treatment allocation. While all studies provided information in
the results on the number of treated individuals, few studies
provided a sample size calculation and no studies provided
explicit information regarding animals that may have been
treated but not accounted for in the results.

Discussion

In this systematic review, we have synthesized the pre-clinical
and clinical experience describing the use of statin drugs in
published studies to augment the function of MSCs and EPCs
for regenerative cell-based therapy. The use of statins in com-
bination with EPCs or MSCs in the context of cellular therapy
appears promising in preclinical studies but has not been re-
ported in human studies. A significant proportion of pre-
clinical and clinical studies were randomized and were
blinded, however, specific methodological details were not
universally reported. Moreover, few preclinical studies pro-
vided sufficient detail to ensure that all treated animals were
accounted for in the results and baseline testing of animal
organ function or cellular function of MSCs or EPCs was
rarely reported. A range of specific statins were used in the
studies with few direct comparisons and no apparent advan-
tage for any particular member of this drug class.Most clinical
studies were randomized and reported on the effects of statin
therapy on EPCs in the context of cardiovascular or other
vascular injury. Remarkably, all preclinical and clinical studies
reported benefit with statin therapy and improved MSC or
EPC function and/or number. It was interesting to note that
pre-clinical and clinical studies of statin therapy administered
directly to subjects investigated the effects on EPCs and mea-
sures of vascular repair while studies of statins in combination
with cell-based regenerative therapy studied MSCs. Studying
the effects of statins on MSCs in clinical studies may be more
challenging due to difficulties growing MSCs from peripheral
blood samples. While the results were universally encourag-
ing, important validation work remains and the possibility of
important publication bias should temper enthusiasm. The use
of statins to enhance cell-based vascular repair appears prom-
ising and warrants further study.

Stem Cell Rev and Rep (2016) 12:327–339 335



Strategies to enhanceMSC and EPC function are needed to
improve autologous-based treatment platforms due to known
impairment in the function and/or mobilization of MSCs and
EPCs in certain groups of patients. In particular, studies in
patients with diabetes [52–54] and studies addressing the ef-
fects of aging [55] and smoking [56] have revealed reduced
regenerative capacity and/or reduced numbers of MSCs and
EPCs.Whether statins could be used in these patient groups to
improve regenerative capacity will require further study.
Increasing attention on the use of statins to improve organ
function has raised interest in this area but studies do not focus
on statin-induced MSC or EPC-based repair. The studies de-
scribed in our systematic search reported benefit in studies of
heart failure, coronary artery disease and stroke but the extent
to which these cells were dysfunctional prior to administering
statins is unknown. Baseline testing of cell function prior to
the intervention and formal testing of organ function before
treatment would increase the meaningfulness of observations.
Moreover, autologous cell-based regenerative therapy typical-
ly involves the ex vivo expansion of MSCs, EPCs or other
cells prior to re-infusion and the use of statins ex vivo to
augment the function of autologous or allogeneic cells has
not been addressed in published studies. Augmenting the
number and function of MSCs and EPCs in third party collec-
tions remains highly relevant. The increasing practice of um-
bilical cord blood banking and placental tissue banking pro-
vides increasing options to grow specialised cellular products
for regenerative therapy or immune modulation from banked
cord blood [57]. The breadth of disorders treated with cord
blood-derived cells continues to increase and was recently
reviewed [58]. Strategies that build upon the efforts to bank
umbilical cord blood would increase the impact of these in-
vestments. Other strategies to augmentMSC and EPC number
and function have also been described, including epigenetic
modifications [59], enhanced homing strategies [60], and
others.

Statin drugs were first tested in large cohorts of patients
with hypercholesterolemia and then more broadly in patients
with coronary artery disease [61, 62]. More recently, statins
have been tested in newer indications, such as chronic kidney
disease [9] and to prevent immune complications after blood
stem cell transplantation [63]. High dose statin therapy has
also been tested and appears to be well tolerated, even in older
patients [64] . Statins have a favorable safety profile but can
induce autoantibody formation in some patients which may
contribute to myositis or rhabdomyolysis [65]. Ex vivo prim-
ing of cells during culture would limit systemic exposure of
patients to significant levels although autoantibody production
would still be a consideration and needs to be addressed in
safety studies. Although the safety profile of statins is well
established and appears favorable, reporting safety and toler-
ance in future preclinical trials and early phase clinical trials
will remain essential.

Statins induce EPC mobilization in mice through the
phosphatol inositol / Akt pathway [66]. Simvastatin rapidly
activates Akt protein kinase and enhances the proliferation,
migration and survival of EPCs in mice [67]. Lovastatin has
been shown to induce similar changes in rat marrow-derived
MSCs via the PI3K/Akt pathway and through ERK1/2 sur-
vival pathways [7]. Rosuvastatin was also shown to prolong
MSC survival through PI3K/Akt signalling and increase ther-
apeutic efficacy of adipose-derived MSCs in an animal model
of myocardial infarction [20]. Additional drugs that activate
the PI3K/Akt pathway may be worth considering as strategies
to augment MSC or EPC-based cellular therapy. It is also
possible that statins have more pleiotropic effects in progeni-
tor cells and other mechanisms of action may be relevant.

We acknowledge that systematic reviews of preclinical
studies may present a bias towards an overestimation of
favourable outcomes since results of negative preclinical stud-
ies are less likely to be published. This may be particularly
true in our study as all published preclinical studies reported
benefit with statin therapy.Moreover, the quality of preclinical
studies is typically reduced in comparison to human clinical
trials and several threats to validity have been recently report-
ed [13] and have been considered. Threats to the validity of
preclinical studies can complicate or delay the translation of
preclinical studies into the clinical realm. For example, pre-
clinical studies are less likely to involve robust randomization
methods or blinding and this was observed in some of the
studies included in our systematic review. Moreover, the rel-
ative homogeneity of animals used in preclinical studies is in
stark contrast to the heterogeneity that characterizes the real-
ities of clinical studies. This may explain the observation that
studies in our review did not provide baseline characteristics
of animals with regard to organ function and this appears to be
the reality of preclinical trials at this juncture. Pre-clinical
studies also may not provide precise details regarding the ex-
act allocation of animals to each treatment group or account
for all treated animals in their results, which can bias the in-
terpretation of results. In addition, clinical trials of statins in
combination with MSCs or EPCs will be essential for validat-
ing the observations reported to date in preclinical studies.
Since our systematic review did not identify any clinical stud-
ies of cell-based therapy in combination with statin treatment,
it would be interesting to perform correlative analysis of con-
comitant drug usage in cohort studies of cell-based regenera-
tive therapy to gain additional insight on the role of statins to
augment the regenerative function of progenitor cells in the
clinical setting.

In summary, our systematic review provides a foundation
of encouraging results that support further study of statins in
regenerative therapy to augment the number and/or function
of MSCs and EPCs. Our systematic search highlights poten-
tial publication bias, however, and enthusiasm should be tem-
pered when considering these positive results. More work is
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needed to accelerate progress in the area of statin treatment in
combination with MSCs or EPCs in cell-based regenerative
medicine.
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