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Abstract

Endothelial progenitor cells (EPCs) are important to tissue repair and regeneration especially after 

ischemic injury, and very heterogeneous in phenotypes and biological features. Reactive oxygen 

species are involved in regulating EPC number and function. N-acetylcysteine (NAC) inhibits 

ischemia-induced reactive oxygen species formation and promotes ischemic limb recovery. This 

study was to evaluate the effect of NAC on EPC subpopulations in bone marrow (BM) and blood 

in mice with limb ischemia. Limb ischemia was induced by femoral artery ligation in male 

C57BL/6 mice with or without NAC treatment. EPC subpopulations, intracellular reactive oxygen 

species production, cell proliferation and apoptosis in BM and blood cells were analyzed at 

baseline, day 3 (acute ischemia) and 21 (chronic) after ligation. c-Kit+/CD31+, Sca-1+/Flk-1+, 

CD34+/CD133+, and CD34+/Flk-1+ were used to define EPC subpopulations. Limb blood flow, 

function, muscle structure, and capillary density were evaluated with laser Doppler perfusion 

imaging, treadmill test, and immunohistochemistry, respectively, at day 3, 7, 14 and 21 post 
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ischemia. Reactive oxygen species production in circulating and BM mononuclear cells and EPCs 

populations were significantly increased in BM and blood in mice with acute and chronic 

ischemia. NAC treatment effectively blocked ischemia-induced reactive oxygen species production 

in circulating and BM mononuclear cells, and selectively increased EPC population in circulation, 

not BM, with preserved proliferation in mice with chronic ischemia, and enhanced limb blood 

flow and function recovery, while preventing acute ischemia-induced increase in BM and 

circulating EPCs. These data demonstrated that NAC selectively enhanced circulating EPC 

population in mice with chronic limb ischemia.
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1. Introduction

Bone marrow (BM)-derived endothelial progenitor cells (EPCs) are potential sources for 

cell-based therapy for tissue repair and regeneration after injuries especially ischemic tissue 

injury (Bianconi et al., 2018; Parikh et al., 2017). The therapeutic efficacy of EPCs could be 

largely determined by their number and/or function. A variety of factors, disease conditions, 

and pharmacological agents are involved in the regulation of the number and/or function of 

EPCs, including hypoxia, cytokines, growth factors, inflammation, diabetes mellitus, 

ischemia, and statins (Hu et al., 2018b; Steinhoff et al., 2017).

Reactive oxygen species are critically involved in the regulation of the number and/or 

function of EPCs (Cui et al., 2015b; Hu et al., 2018a). Excessive reactive oxygen species 

production could impair the effectiveness of progenitor cell therapy following limb ischemia 

(Higashi et al., 2006). reactive oxygen species -dependent mechanism was involved in the 

reduction of EPCs in mice exposed to PM2.5 or treated with ox-LDL or high-fat diet (Cui et 

al., 2015a; Cui et al., 2015b; Cui et al., 2015d). N-acetylcysteine (NAC) could effectively 

inhibit ischemia-induced reactive oxygen species production both in vitro and in vivo in 

various organ systems like kidney, lung, heart and neurological system (Cakir et al., 2003; 

Cui et al., 2015c; Holzapfel et al., 2007; Takhtfooladi et al., 2016; Wang et al., 2011). NAC 

enhances recovery of limb ischemia, decreases inflammation in human subjects and mice 

(de Medeiros et al., 2018; Martinez de Lizarrondo et al., 2017), partially prevents ischemia-

induced reactive oxygen species production, and preserves endothelial cell proliferation 

(Wang et al., 2016). However, it is unclear if NAC could increase the number and/or 

function of EPCs that may contribute to the beneficial effect of NAC on the recovery of 

ischemic limb.

EPCs are a group of very heterogeneous cell populations with different phenotypes and 

biological characteristics (Wojakowski and Tendera, 2005). There are different origins for 

EPCs with blood and BM as the major sources. The number and function of EPCs are 

reduced in a variety of cardiovascular diseases, including hypertension, atherosclerosis, 

diabetes, coronary artery disease, and heart failure, as well as cardiovascular comorbid 

conditions such as aging, hypercholesterolemia, cigarette smoking and air pollution (Cui et 
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al., 2016; Sirrs et al., 2018; Steinhoff et al., 2017). All of these conditions are associated 

with increased risk for ischemic cardiovascular injuries and increased reactive oxygen 

species production. However, changes in EPC subpopulations in response to ischemia-

induced oxidative stress varies significantly (Liu et al., 2019). The present study was 

designed to test the hypothesis that NAC could enhance the recovery of ischemic limb in 

association with increased number of EPCs. There were two objectives for the present study: 

1) to evaluate the effect of NAC on EPC subpopulations in BM and blood in mice with limb 

ischemia; 2) to determine the effect of NAC on ischemia-induced reactive oxygen species 

production and mononuclear cell proliferation and apoptosis.

2. Materials and methods

2.1 Animal models

All animal experiments were performed in accordance with the “Guide for the Care and Use 

of Laboratory Animals of the US National Institutes of Health”. All animal work was 

reviewed and approved by the Institutional Animal Care and Use Committee at the 

University of Missouri-Columbia (protocol number 9227). Limb ischemia model was 

produced in wild-type male C57BL/6 mice (6-8 weeks old, Jackson Lab, ME, USA) by 

ligation of left femoral artery as described below. To evaluate the effect of NAC on limb 

ischemia, a group of mice were pretreated with NAC (1 mg/ml in the drinking water, Sigma-

Aldrich, St. Louis, MO, A7250) as described (Cui et al., 2015c) for 24 hours before limb 

ischemia surgery and continuously for the rest of the experiments with PBS as control. NAC 

was used for the present study since it was a FDA-approved drug with long standing safety 

record and readily available for clinical use.

2.2 Hind limb ischemia and blood flow measurement

Acute hind limb ischemia was produced by femoral artery ligation (FAL) as described 

(Faber et al., 2011). Briefly, mice were anesthetized with 1.25% isoflurane/O2, and the hind 

limbs were depilated with body temperature maintained at 37±0.5 °C. Left femoral artery 

was exposed through a 2-mm incision, and transected at the site between the origin of lateral 

caudal femoral and superficial epigastric arteries and genu artery after ligation. After closure 

of the incision, mice were allowed to recover with continuous monitoring until suture 

removal (7-10 days). Recovery of blood flow in the hind limbs was determined with Laser 

Doppler perfusion imaging (LDPI) pre-operatively, immediately post-operatively, and at day 

3, 7, 14, and 21 post ischemia. Mice were placed on a heating pad at 37 °C to minimize 

temperature variation during imaging. Right limb blood flow was also measured as control. 

The ratio of blood flow (left ischemic limb blood flow/right normal limb blood flow) was 

used to monitor blood flow recovery.

2.3 Treadmill study

Mice with NAC or PBS treatment were evaluated with a treadmill test for limb function 

recovery as described (Massett and Berk, 2005). Briefly, mice were placed on a rodent 

treadmill equipped with an electric grid at the rear and allowed to run continuously until 

exhaustion (indicated by falling on the electric grid twice) at day 7, 14, and 21 after limb 

ischemia. The running time on the treadmill for each mouse was recorded. Two separate 
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trials with 8 mice with NAC treatment and 8 with PBS treatment per trial were conducted. 

All mice in each group were able to run more than 400 min before limb ischemia at baseline.

2.4 CD31 immunohistochemistry and angiogenesis analysis

For CD31 immunohistochemistry (ICH) analysis, limb tibialis anterior muscle was collected 

at day 21 after limb ischemia, fixed with 4% paraformaldehyde in PBS, sectioned with 5 μm 

thickness, and incubated with rat anti-mouse biotinylated CD31 antibody (1:200, BD 

Biosciences) followed by a biotin-conjugated secondary antibody (goat anti-rat, dilution 

1:300; AbCam) (Gounis et al., 2005; McClung et al., 2016). Hind limb muscle before 

ligation was used as control. The number of cells positive for CD31 was counted on at least 

4 pictures per mouse. Vessels with a diameter of and over 15 μm were eliminated from 

analysis to exclude arteries and arterioles (Tadeo et al., 2016). Each section was viewed with 

the pictures taken both by 20x and 40x under microscope. For vascular density 

quantification, non-overlapping 5-8 fields were captured. Capillaries were counted using 

Image J software, and the capillary density was analyzed as previously described (Brechot et 

al., 2008; Dai et al., 2009).

2.5 Intracellular reactive oxygen species detection

BM and blood cells were harvested from mice with or without NAC treatment after limb 

ischemia at day 3 and 21. Mice without limb ischemia were used as control. Red blood cells 

(RBC) were eliminated using RBC lysis as described (Houlihan et al., 2012). Intracellular 

reactive oxygen species level in BM and blood mononuclear cells after limb ischemia was 

determined using H2DCFDA (Invitrogen, Carlsbad, California, D399) as described (Bilski 

et al., 2002). After incubation with the reagent for 10 min at 37°C, the cells were washed 

twice with PBS, and then suspended in warm PBS for analysis using flow cytometry. 

Fluorescence-positive cells were quantitatively evaluated using a LSRII system (BD 

Bioscience, CA, USA) at the wavelength of 525nm as described (Robinson et al., 1988).

2.6 EPCs analysis

To determine the acute and chronic effect of limb ischemia on the populations of EPCs, BM 

and blood cells were harvested from mice after limb ischemia at day 3 and 21, and from 

control animals (without limb ischemia). After elimination of RBC with RBC lysis buffer, 

multicolor analysis for BM and circulating EPCs was performed using a LSRII system (BD 

Bioscience, CA, USA). A variety of cell markers and their combinations, including CD34+/

Flk-1+, Sca-1+/Flk-1, c-Kit+/CD31+ and CD34+/CD133+, were used to identify EPCs as 

described (Feng et al., 2012; Liu et al., 2013; Perin et al., 2012; Traverse, 2013; Westerweel 

et al., 2013; Yang et al., 2011; Zhao et al., 2013). The presence of endothelial markers, such 

as Flk-1, CD31, endothelial nitric oxide synthase (eNOS), VE-cadherin, and vWF, was used 

as indication of functional EPCs (Nguyen et al., 2015). All antibodies were from Biolegend 

(San Diego, CA, U.S, 108127, 105812, 102418, 141204) except Flk-1 APC-Cy7 (from 

Becton Dickinson Biosciences, NJ, USA, 561252), and CD34 FITC (from eBioscience, San 

Diego, CA, USA, 11-0341).
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2.7 Evaluation of bone marrow and blood mononuclear cell apoptosis and proliferation

BM and blood cell apoptotic rate was determined with FACS using apoptosis kit from BD 

Pharmingen (CA, USA, 556547). Early apoptotic cells were defined as Annexin V FITC 

positive cells, and the late apoptotic cells was defined as Annexin V FITC and propidium 

iodide (PI) double positive cells as described (Cui et al., 2015d). For in vivo BM and blood 

mononuclear cell proliferation analysis, mice were injected (i.p.) with 1 mg BrdU 12h 

before cell collection. BM and blood mononuclear cells were collected, permeabilized, and 

stained with anti-BrdU FITC using BrdU Flow Kit as per manufacture’s instruction (Becton 

Dickinson and Company BD Biosciences, San Jose, CA, 559619) as described (Cui et al., 

2015a).

2.8 Statistical analysis

All the data were presented as means ± standard deviation (S.D.), and statistically analyzed 

using unpaired Student t-test (two-sided) for two groups of data or one way ANOVA 

(analysis of variance) (PRISM Version 4.0; GraphPad Software, Inc., San Diego, CA) 

followed by post hoc conservative Tukey’s test for three or more groups of data to minimize 

type I error. Two way ANOVA (PRISM Version 4.0; GraphPad Software, Inc., San Diego, 

CA) followed by Bonferroni post-test was used for comparing the subgroups of data from 

mice with or without NAC treatment to minimize type I error. Differences were considered 

statistically significant when a two-tailed P < 0.05.

3. Result

3.1 NAC treatmant enhanced the recovery of blood flow and function of ischemic limb

After acute limb ischemia procedure, there was no measurable blood flow in the ischemic 

limb as expected (Fig. 1A and 1B), confirming successful creation of acute ischemia model. 

Blood flow in the ischemic limb slowly recovered to 66% of the limb without ligation at day 

21 after ischemia. Limb funciton as reflected by the running time on treadmill also slowly 

improved after limb ischemia (Fig. 1C). The slow recovery of limb blood flow and function 

was accompanied with limited angiogenesis as shown with CD31 immunohistochemical 

staining in Fig. 2.

Blood flow ratio in the ischemic limb was significantly higher in the mice with NAC 

treatment at day 7 (61%) after ischemia, and reached almost 82.3% of the blood flow in limb 

without ischemia at day 21 compared to the ischemic limb of control group (66%) (Fig. 1A 

and 1B). Capillary density in the ischemic limb was significantly increased in NAC-treated 

mice at day 21 (48.8±2.3; 102/mm2) as compared with the control (36.2±3.0; 102/mm2) (Fig. 

2). Limb function as reflected by the running time was significantly improved in mice with 

NAC treatment as compared with the control (Fig. 1C).

3.2 NAC blocked ischemia-induced reactive oxygen species generation, and selectively 
incrased the population of circulating EPCs in mice with chronic limb ischemia

Flow cytometry analysis showed that both BM and blood intracellular reactive oxygen 

species were significantly increased shortly after limb ischemia that lasted for up to 21 days. 

NAC treatment effectively blocked ischemia-induced reactive oxygen species production in 
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mice as expected (Fig. 3A and 3B). BM cells positive for CD34+/Flk-1+ and Sca-1+/Flk-1+ 

(EPCs) were significantly increased up to 7 and 4 folds, respectively, at day 3 after ischemia, 

and remained at the same level at day 21 after ischemia (Fig. 4A and 4B). However, BM c-

Kit+/CD31+ cell population did not change at day 3 after ischemia, but increased at day 21 

(Fig. 4C). BM CD34+/CD133+ cell population slightly increased at day 3, then remained at 

this level at day 21 (Fig. 4D). Circulating Sca-1+/Flk-1+ cell population was initially 

increased significantly at day 3, then returned to baseline level at day 21 (Fig. 5B and 5D). 

CD34+/Flk-1+ cell population in blood remained at low level at day 3, and only slightly 

increased at day 21 (Fig. 5A). The levels of all circulating EPCs were significantly increased 

by 2-3 folds at day 21 in mice treated with NAC compared to control mice (Fig. 5A-5D), 

while no significant difference was observed for the population of BM EPCs in the mice 

with limb ischemia with NAC treatment as compared to the control (Fig. 4A-4D). In 

contrast, NAC treatment significantly prevented ischemia-induced increase in the 

populations of BM Sca-1+/Flk-1+ cells, c-Kit+/CD31+ cells, and CD34+/CD133+ cells, as 

well as circulating Sca-1+/Flk-1+ cells and CD34+/CD133+ cells in mice at day 3 after limb 

ischemia. Of note, based on previous report and our published data (Liu et al., 2019; 

Takahashi et al., 1999), the EPC levels peaked at day 3 after limb ischemia, and remained at 

the same level at day 7 for both circulating EPCs and BM EPCs. Thus, the data on EPC 

populations at day 7 after limb ischemia was not shown in the present study.

3.4 NAC treatment preserved the proliferation of blood mononuclear cells following limb 
ischemia

We evaluated BM and blood mononuclear cell apoptosis and proliferation. As shown in Fig. 

6A, 6B and 7A, there was no significant change in BM cell apoptotic or proliferation rate at 

day 3 and day 7 after limb ischemia. However, both apoptotic and proliferation rate of blood 

mononuclear cells were significantly decreased at day 7 following limb ischemia (Fig. 6C, 

6D and 7B). When the mice were pre-treated with NAC, there were no significant changes 

in BM mononuclear cell apoptotic and proliferation rate as well as blood mononuclear cell 

apoptotic rate after limb ischemia compared with the control except decreased late apoptosis 

for BM mononuclear cells with NAC treatment. At day 7, blood mononuclear cell 

proliferation was much higher than that at day 3 and baseline in NAC-treated mice, which 

was much higher than that in the control (Fig. 7B).

4. Disscusion

In the present study, we demonstrated that both acute and chronic limb ischemia increased 

reactive oxygen species production in circulating and BM mononuclear cells, and 

significantly increased EPCs levels in both BM and blood. NAC treatment effectively 

blocked ischemia-induced reactive oxygen species production in circulating and BM 

mononuclear cells, and selectively increased the population of circulating EPCs (not BM 

EPCs) in mice with chronic limb ischemia (at day 21 after ischemia), and significantly 

enhanced the recovery of blood flow and function of the ischemic limb. The data also 

showed that NAC treatment significantly prevented ischemia-induced increases in the sub-

populations of BM Sca-1+/Flk-1+ cells, c-Kit+/CD31+ cells, and CD34+/CD133+ cells, as 

well as circulating Sca-1+/Flk-1+ cells and CD34+/CD133+ cells in mice with acute limb 
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ischemia at day 3 after limb ischemia. This was the first time to report that NAC 

significantly and selectively increased the populations of circulating EPCs (not BM EPCs) in 

mice with chronic (not acute) limb ischemia. The present study also demonstrated that 

changes in the subpopulations of EPCs in BM and blood were dynamic and variable in 

response to limb ischemia, and NAC treatment had very different effects on the same 

subpopulations of EPCs in BM and blood in mice with acute vs chronic limb ischemia.

NAC, as a potent antioxidant, improves tissue recovery following ischemic injury, including 

central nerves system, kidney, lung, heart, and limb in mouse, rat and human (Cakir et al., 

2003; Cui et al., 2015c; Takhtfooladi et al., 2016; Wang et al., 2011). The mechanisms are 

largely believed to be related to its ability to prevent reactive oxygen species production and 

attenuate inflammation (Dludla et al., 2018). Other mechanisms include promoting arterial 

thrombolysis mainly through interruption of vWF that cross-links platelets in arterial 

thrombi without significant damage of normal hemostasis (Martinez de Lizarrondo et al., 

2017), and preventing Bach1-induced endothelial cell apoptosis, and suppression of cell 

proliferation (Wang et al., 2016). Pre-reperfusion administration of NAC could decrease 

ischemia/reperfusion injury-induced allodynia through inhibiting N-methyl-D-aspartate 

receptor phosphorylation. NAC could restore reactive oxygen species -impaired cell 

adhesion, and recover the decreased function of human umbilical vein endothelial cells 

(HUVECs) under oxidative stress (Huang et al., 2016). Additionally, NAC accelerates the 

healing of amputation stumps in the setting of diabetes and ischemia through stimulating 

HUVEC migration and proliferation with a phospholipase C β-dependent mechanism and 

decreased Gαq palmitoylation (Zayed et al., 2017).

EPCs play an important role in cardiovascular repair and regeneration after injuries like limb 

ischemia, and are associated with cardiovascular morbidity and mortality (Bianconi et al., 

2018; Inampudi et al., 2018; Wojakowski and Tendera, 2005). EPCs could repair 

endothelium via direct differentiation and proliferation at the injured sites and release of 

various pro-angiogenic molecules (Bianconi et al., 2018). Reactive oxygen species 

formation and inflammation following limb ischemia could limit the survival and function of 

EPCs (Higashi et al., 2006). Antioxidant could prevent reactive oxygen species production 

in EPCs following limb ischemia (Bolcal et al., 2007; Iacobazzi et al., 2014). NAC could 

protect EPCs from hostile in vivo microenvironment with excessive oxidative stress in 

conditions like hyperlipidemia and diabetes (Cui et al., 2015b; Hayes et al., 2018). The 

finding from the present study that NAC significantly increased the population of circulating 

EPCs in mice with chronic limb ischemia could provide another mechanism that might 

contribute to the beneficial effect of NAC on the functional recovery of ischemic limb. 

However, future studies are needed to address the following important questions: 1) how 

could increase circulating EPCs contribute to the recoveries of blood flow and function of 

the ischemic limb; 2) does differentiation of circulating EPCs into endothelial cells in the 

place of ischemia play an important role in mediating the beneficial effects on the recoveries 

of blood flow and function of ischemic limb? 3) how could growth factors secreted from 

circulating EPCs contribute to the growth of endothelial cells and capillary vessels after limb 

ischemia? 4) does NAC has direct impact on muscle cells and/or endothelial cells at the 

ischemic site such as apoptosis or reactive oxygen species production that may contribute to 
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the recoveries of blood flow and limb function after ischemia? And 5) do antioxidants other 

than NAC have similar effects on blood flow and limb function recoveries?

The present study showed that NAC effectively blocked limb ischemia (acute and chronic)-

induced reactive oxygen species production in both BM and blood cells, yet, only 

significantly increased the populations of circulating EPCs in mice with chronic ischemia, 

and interestingly, prevented ischemia-induced increase in EPC numbers in both BM and 

blood in mice with acute limb ischemia. We previously demonstrated that the role of reactive 

oxygen species could be very different in the regulation of EPCs populations in different 

conditions. Short-term treatment with oxidized low-density lipoproteins or hyperlipidemia 

significantly increased reactive oxygen species production and resulted in a reactive oxygen 

species-dependent increase in circulating CD34+/Flk-1+ cell population in mice (Cui et al., 

2015b). On the other hand, fine particulate matter (PM2.5) exposure could lead to a 

significant reactive oxygen species-dependent reduction in the population of circulating 

CD34+/CD133+ cells in mice (Cui et al., 2015d). In the present study, NAC treatment 

effectively blocked ischemia-induced reactive oxygen species formation in the cells in both 

BM and blood in mice with acute and chronic limb ischemia, and yet, had very different 

effects on the sub-populations of EPCs in BM and blood in acute and chronic ischemia. The 

reason(s) for the dramatic difference in the role of reactive oxygen species in the regulation 

of the same cell population in different locations and different duration of ischemia is 

unknown as yet. Clearly the local microenvironment (such as local oxygen level in BM and 

blood) could be an important factor that contributes significantly to the impact of reactive 

oxygen species on individual cell populations like BM EPCs. Indeed, different oxygen level 

has different effects on EPCs (Csete, 2005; Gallagher et al., 2006). It is known that BM is a 

very hypoxic environment with oxygen saturation between 4% and 7% (Lennon et al., 2001) 

even as low as 1-2% (Cipolleschi et al., 1993; Ma et al., 2009), while the average oxygen 

saturation is about 70% in mixed venous blood, and 95.5% in arterial blood (Collins et al., 

2015). Hypoxic condition in the BM is also suitable for EPCs survival with decreased 

apoptosis (Zhou et al., 2017), and enhanced mobilization into peripheral circulation 

(Gallagher et al., 2006). The differential effects of oxygen at different levels on EPCs are 

believed to be related to different reactive oxygen species levels in the local environment, 

and naturally, higher oxygen level leads to more reactive oxygen species production (Hao et 

al., 2011). These observations are consistent with the findings from the present study that the 

basal reactive oxygen species level in BM is much lower than that in blood (Fig. 3A and 

3B). Two EPCs subpopulations (Sca-1+/Flk-1+ and CD34+/CD133+) were significantly 

lower in blood than the control after inhibiting reactive oxygen species production by NAC 

shortly after limb ischemia (3 days). However, at day 21 after ischemia, all circulating EPCs 

populations in mice with limb ischemia with NAC treatment were significantly increased 

over the control. It is certainly possible that increased reactive oxygen species level may 

promote EPCs migration from BM to peripheral blood in the early phase after limb 

ischemia, while sustained increase in reactive oxygen species level could decrease the 

number of EPCs in the late phase after limb ischemia. Clearly, further studies are needed to 

define the mechanism(s) on the selective role of reactive oxygen species in the regulation of 

circulating EPCs at different anatomical locations (BM vs blood) at early and late phase of 

limb ischemia.
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Some disease and pathological conditions like hyperlipidemia, diabetes mellitus, smoking, 

and air pollution are associated with increased reactive oxygen species formation and 

decreased EPC number and function (Cui et al., 2015a; Cui et al., 2015b; Cui et al., 2015d). 

Patients with these conditions especially diabetes mellitus have significantly increased risk 

for developing severe PAD with critical limb ischemia and unhealing chronic ulcers. 

Treatment options are often very limited for these patients with poor outcome, and 

amputation is frequently required (Gulanti et al., 2015; Forsythe and Hinchliffe 2016). The 

present study showed that NAC significantly increased circulating EPCs and enhanced the 

recoveries of blood flow and function of chronic ischemic limb in mice. Thus, the findings 

in the present study could have substantial clinical significance and therapeutic value for 

patients with chronic critical limb ischemia. A clinical study is needed to confirm the 

findings of the mouse model in patients with significant PAD and critical limb ischemia who 

are not candiadates for re-vasculizaiton.

In conclusion, the data from the present study demonstrated that NAC effectively attenuated 

ischemia-induced reactive oxygen species production in both BM and blood cells, and 

selectively enhanced the populations of circulating EPCs in mice with chronic limb 

ischemia. Further studies are needed to investigate the mechanisms for the differential role 

of ischemia-induce reactive oxygen species in regulating the number and function of EPCs.
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Fig.1. Mice with NAC treatment exhibited enhanced recovery of blood flow and limb function 
after limb ischemia.
Limb ischemia was induced in C57BL/6 mice with or without NAC treatment by left hind 

limb femoral artery ligation. Mouse hind limb blood flow was measured using LDPI before, 

after ligation, and at day 3, 7, 14, and 21 after limb ischemia procedure. Mouse limb 

function was evaluated using the running time on treadmill at baseline and at day 7, 14, and 

21 after limb ischemia. No measurable blood flow was present in the limb immediately after 

femoral artery ligation (A), confirming successful creation of the limb ischemia model. The 

recovery of blood flow (B) and limb function (C) was significantly enhanced in mice with 

NAC treatment compared to the control. NAC: C57BL/6 mice with NAC treatment; Ctrl: 
C57BL/6 mice with PBS control. Ischemic limb/normal limb: ratio of mouse ischemic left 

hind limb blood flow to normal right hind limb blood flow. *Day14 or 21 vs day7, P <0.01, 

n=8; #ctrl vs NAC, P <0.01, n=8.
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Fig. 2. NAC treatment promoted angiogenesis after limb ischemia.
CD31 immunohistochemistry staining was performed on isolated TA muscle at day 21 after 

limb ischemia to evaluate angiogenesis. Each section was viewed with pictures taken by 

both 20X and 40X under microscope. The level of angiogenesis in the limb muscle after 

ischemia as reflected by capillary vessel density was significantly higher in the mice with 

NAC treatment than the control. Normal: normal right limb; Ischemia: ischemic left limb. 

#ctrl vs NAC, P <0.01, n=8.
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Fig.3. NAC treatment attenuated reactive oxygen species production in BM and blood cells 
following limb ischemia in mice.
Murine BM and blood cells were collected for intracellular reactive oxygen species test after 

limb ischemia at day3 and 21. Mice without limb ischemia were used as control. Limb 

ischemia significantly increased intracellular reactive oxygen species production in BM and 

blood mononuclear cells that was effectively prevented by NAC treatment in mice. *Day3 or 

21 vs Baseline, P <0.05, n≥8; $Day21 vs 3, P <0.05, n≥8; #ctrl vs NAC, P <0.05, n≥8.
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Fig. 4. Effect of NAC treatment on the population of BM EPCs in mice following limb ischemia.
BM cells were collected for EPCs analysis at day 3 and 21 after limb ischemia. Mice 

without limb ischemia were used as control. Flow cytometry analysis showed that BM cells 

positive for CD34+/Flk-1+ and Sca-1+/Flk-1+ (EPCs) were significantly increased up to 7 

and 4 folds, respectively, at day 3 after ischemia, and remained at the same level at day 21 

after ischemia (A and B). However, BM c-Kit+/CD31+ cell population did not change at day 

3 after ischemia, but increased at day 21 (C). BM CD34+/CD133+ cell population slightly 

increased at day 3, and remained at this level at day 21 (D). No significant difference in the 

population of BM CD34+/Flk-1+, Sca-1+/Flk-1+, c-Kit+/CD31+ and CD34+/CD133+ cell 

population were observed between the mice treated with NAC at day 21 after limb ischemia 

and the control mice; however, NAC treatment significantly prevented ischemia-induced 

increases in the populations of BM Sca-1+/Flk-1+ cells, c-Kit+/CD31+ cells, and CD34+/

CD133+ cells in mice at day 3 after limb ischemia (A-D). BM: bone marrow; Ctrl: mice 

without limb ischemia; Day3: 3 days after limb ischemia; Day 21: 21 days after limb 

ischemia. *Day3 or 21 vs Ctrl, P <0.05, n≥8; $Day21 vs 3, P <0.05, n≥8; #ctrl vs NAC, P 

<0.05, n≥8.

Cui et al. Page 16

Eur J Pharmacol. Author manuscript; available in PMC 2021 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. NAC treatment resulted in sustained elevation of circulating EPCs population in mice 
with chronic limb ischemia.
Blood cells were collected for EPCs analysis after limb ischemia at day 3 and 21. Mice 

without limb ischemia were used as control. Flow cytometry analysis demonstrated that 

circulating Sca-1+/Flk-1+ cell population was initially increased significantly at day 3, then 

returned to baseline level at day 21 (B and D). CD34+/Flk-1+ cell population in blood was at 

low level at day 3, and only slightly increased at day 21 (A). The levels of all circulating 

EPCs were significantly increased by 2-3 folds at day 21 in mice treated with NAC 

compared to the control mice (A-D). On the other hand, NAC treatment resulted in a 

sustained elevation of circulating EPCs population (CD34+/Flk-1+, Sca-1+/Flk-1+, c-Kit+/

CD31+ and CD34+/CD133+) in mice at day 21 of limb ischemia compared to the control, 

while leading to a significant reduction in the number of circulating Sca-1+/Flk-1+ cells and 

CD34+/CD133+ cells in mice at day 3 after limb ischemia. *Day 3 or 21 vs Ctrl, P <0.05, 

n≥8; $Day21 vs 3, P <0.05, n≥8; #ctrl vs NAC, P <0.05, n≥8.
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Fig. 6. Effect of NAC treatment on apoptosis of mononuclear cells in mice with limb ischemia.
Murine BM and blood cells were collected to determine the apoptotic rate at day3 and 7 

using flow cytometry analysis. Mice without limb ischemia were used as control. There was 

no significant change in the BM cell apoptotic rate at day 3 and day 7 after limb ischemia. 

However, the apoptotic rate of blood mononuclear cells was significantly decreased at day 7 

following limb ischemia. When the mice were pre-treated with NAC, there was no 

significant change in the apoptotic rate in BM and blood mononuclear cells after limb 

ischemia compared with the control except decreased late apoptosis for BM mononuclear 

cells with NAC treatment. *Day3 or 7 vs Baseline, P <0.05, n≥8; $Day7 vs 3, P <0.05, n≥8.
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Fig. 7. NAC treatment preserved blood mononuclear cell proliferation in mice with limb 
ischemia.
Murine BM and blood cells were collected to determine the proliferation rate at day3 and 7 

using flow cytometry analysis. Mice without limb ischemia were used as control. There was 

no significant change in the BM cell proliferation rate at day 3 and day 7 after limb 

ischemia. However, the proliferation rate of blood mononuclear cells were significantly 

decreased at day 7 following limb ischemia. When the mice were pre-treated with NAC, 

there was no significant change in the BM mononuclear cell proliferation rate after limb 

ischemia compared with the control. At day 21, the blood mononuclear cell proliferation 

was preserved to the same level as day 3 and 7 in NAC-treated mice, which was much higher 

than that in the control. *Day3 or 7 vs Baseline, P <0.05, n≥8; $Day7 vs 3, P <0.05, n≥8; 

#ctrl vs NAC, P<0.05, n≥8.
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