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Abstract 

Ischemic stroke is a major global health issue and characterized by acute vascular dysfunction and subsequent neu-
roinflammation. However, the relationship between these processes remains elusive. In the current study, we inves-
tigated whether alleviating vascular dysfunction by restoring vascular nitric oxide (NO) reduces post-stroke inflam-
mation. Mice were subjected to experimental stroke and received inhaled NO (iNO; 50 ppm) after reperfusion. iNO 
normalized vascular cyclic guanosine monophosphate (cGMP) levels, reduced the elevated expression of intercellular 
adhesion molecule-1 (ICAM-1), and returned leukocyte adhesion to baseline levels. Reduction of vascular pathology 
significantly reduced the inflammatory cytokines interleukin-1β (Il-1β), interleukin-6 (Il-6), and tumor necrosis factor-α 
(TNF-α), within the brain parenchyma. These findings suggest that vascular dysfunction is responsible for leukocyte 
adhesion and that these processes drive parenchymal inflammation. Reversing vascular dysfunction may there-
fore emerge as a novel approach to diminish neuroinflammation after ischemic stroke and possibly other ischemic 
disorders.

Introduction
Each year, approximately 12.2 million people worldwide 
experience a stroke [1]. Current therapeutic approaches 
include thrombolysis and endovascular thrombectomy; 
however, due to their high level of complexity—even in 
industrialized countries—only 15% of patients undergo 
these procedures [2]. Moreover, although recanalization 

can successfully restore cerebral blood flow, oxygen sup-
ply, and metabolic substrates to post-ischemic tissues, 
they do not prevent secondary inflammatory events, 
which may persist even after reperfusion.

Post-ischemic neuroinflammation plays a substan-
tial role in the pathophysiology of ischemic stroke [3]. 
Emerging experimental evidence and clinical studies 
show that the immune system is intimately involved in 
many stages of the ischemic pathological cascade by 
activating both innate and adaptive immune responses 
[4]. This process eventually results in the production of 
inflammatory cytokines and an upregulation of adhe-
sion molecules, promoting the infiltration of leukocytes 
into the brain [5–7]. This notion is supported by studies 
showing that depleting leukocytes and/or inhibiting the 
adhesion of leukocytes to the cerebral endothelium have 
neuroprotective effects [8–10]. Unfortunately, however, 
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subsequently developed immunomodulatory thera-
pies such as pharmacologically blocking either cytokine 
receptors or leukocyte adhesion molecules were not suc-
cessful in clinical trials [11]. Thus, new, effective anti-
inflammatory approaches are urgently needed in order to 
improve patient outcome.

The signaling molecule nitric oxide (NO) has a wide 
range of key functions in the body, ranging from control-
ling cellular homeostasis to regulating neural, endothe-
lial, and immune processes [12, 13]. Following ischemic 
stroke, a genetically induced increase in vascular NO has 
been shown to confer a strong neuroprotective effect in 
animal models [14, 15]; however, systemic application of 
an NO donor acutely reduce blood pressure, making this 
therapy undesirable for use in patients following a stroke 
[16]. To overcome these side effects associated with sys-
temic NO donors, inhaled NO (iNO) may be a clinically 
acceptable alternative; indeed, iNO has been shown pre-
viously to have a protective effect in animal models of 
ischemic stroke and cardiac ischemia [17–19]. However, 
the underlying mechanism is currently unknown.

Here, we examined whether iNO can exert anti-
inflammatory effects following experimental stroke. 
Specifically, we examined whether iNO increases the 
bioavailability of systemic NO, whether iNO affects the 
leukocyte–endothelium interaction, and how iNO affects 
the molecular mechanisms involved in the adhesion of 
leukocytes to the cerebrovascular endothelium.

Results
Nitrite and nitrate levels in blood, urine, and brain 
after iNO
Nitrite and nitrate, which serve as storage forms of NO 
in mammals [20], were measured in plasma and brain 
homogenates 6  h after stroke induction using a chemi-
luminescence assay. As expected, we found that MCAo 
alone had no effect on plasma nitrite or nitrate lev-
els compared to sham operated  mice; in contrast, both 
nitrite and nitrate levels were significantly increased 
in the iNO-treated MCAo group (Fig.  1B). Excess NO 
metabolites are eliminated via renal excretion, and we 
found a slight but significant increase in urine nitrite lev-
els in the iNO-treated group compared to the untreated 
MCAo group (Fig.  1C). Finally, we found no significant 
difference between groups with respect to the cortical 
levels of either nitrite or nitrate (Fig. 1D).

Inhaled NO modulates downstream signaling molecules 
involved in leukocyte adhesion
To investigate the role of inhaled NO on downstream 
signaling involved in leukocyte–endothelium interac-
tion following cerebral ischemia, we collected the brain 
6 h after stroke induction. We measured endothelial NO 

synthase (eNOS), neuronal NO synthase (nNOS), induc-
ible NO synthase (iNOS), the NO receptor sGC (soluble 
guanylyl cyclase), the sGC product cGMP, and cGMP-
dependent protein kinase (PKG) levels in brain lysates 
and/or isolated cerebral vessels (Fig.  2A). We found no 
significant difference between groups with respect to 
the cortical mRNA levels of either the sGCα (Fig. 2B) or 
sGCβ (Fig. 2C) subunit. In contrast, cortical cGMP lev-
els were significantly reduced in the  MCAo group, and 
this reduction was prevented by iNO treatment (Fig. 2D). 
Finally, we measured a slight but significant decrease in 
cortical PKGα expression in the sham-operated mice 
compared to naïve mice, but no other significant dif-
ferences in either PKGα (Fig.  2E) or PKGβ expression 
between groups (Fig. 2F).

Next, we isolated cerebral vessels and measured the 
effects of iNO treatment on sGC and PKG protein lev-
els following MCAo (Fig. 2G). Using western blot analy-
sis (Fig. 2H), we found no significant difference between 
groups with respect to sGC (Fig. 2I) or PKG (Fig. 2J) pro-
tein levels. Thus, the application of inhaled NO had no 
effect on the expression of sGC or PKG following MCAo.

Lastly, we found no significant difference between 
groups with respect to either eNOS (Fig.  2K) or nNOS 
(Fig.  2L) mRNA levels measured in the cerebral cortex. 
We were unable to detect the expression of iNOS in any 
group (data not shown). Thus, inhaled NO did not affect 
the expression of proteins involved in NO-sGC-cGMP 
signaling but restored the ischemia-induced reduction of 
the endothelial signaling molecule cGMP.

Inhaled NO reduces leukocyte–endothelium interactions 
in vivo
To measure leukocyte–endothelium interactions in the 
cerebral cortex 3 h after reperfusion following 60 min of 
middle cerebral artery occlusion (MCAo), the cerebral 
vessels were stained with FITC-dextran (to visualize the 
vessel lumen) and rhodamine 6G (to visualize leuko-
cytes), and in vivo 2-photon microscopy was performed 
for 2  h starting 4  h after MCA occlusion (Additional 
file  1: Fig. S1A). Consistent with a neuroinflammatory 
response, we found large numbers of rolling leuko-
cytes in the ipsilateral hemisphere of mice in the MCAo 
group, but not in the contralateral hemisphere or sham-
operated mice (Fig. 3A, B). In contrast, virtually no roll-
ing leukocytes were observed in the iNO-treated MCAo 
group (Fig. 3C, D).

After tracking rolling leukocytes along the vessel 
wall, we then identified immune cells that were firmly 
adhered to the endothelium, defined here as "adherent" 
when they were stationary for at least 5  min (Fig.  3C); 
we then counted the number of adherent leukocytes 
in a volume of interest of 0.39   mm3. We found that the 



Page 3 of 15Sienel et al. Journal of Neuroinflammation          (2023) 20:301  

Fig. 1 Experimental protocol and plasma, urine, and cortical nitrite and nitrate levels. A Time course depicting the protocol for inducing acute 
transient cerebral ischemia. Quantification of nitrite and nitrate concentrations measured in plasma (B), urine (C), and brain (D) samples collected 
from the indicated groups. *p < 0.05 and ***p < 0.001; one-way ANOVA (B–D) or Kruskal–Wallis test p: 0.217 (C: Urine nitrate); n = 7–10 per group
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Fig. 2 Effect of iNO on downstream signaling molecules. A Illustration depicting the NO signaling pathway. B–F Quantification of sGCα mRNA 
(B), sGCβ mRNA (C), cGMP levels (D), PKGα mRNA (E), and PKGβ mRNA (F) measured in the ipsilateral hemisphere in the indicated mice, expressed 
relative to the contralateral hemisphere. G Illustration depicting the strategy used to isolate and purify cerebral vessels (created using BioRender). 
H–J Representative western blot (H) and quantification (I and J) of the indicated proteins measured in vessels isolated from the indicated groups 
(c, contralateral; i, ipsilateral). K, L Quantification of eNOS and nNOS mRNA levels measured in the ipsilateral cerebral cortex in the indicated groups, 
expressed relative to the contralateral hemisphere. *p < 0.05 one-way ANOVA; n = 4–8 per group
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sham-operated animals had an average of approximately 
4 leukocytes/0.39   mm3, and this number increased sig-
nificantly (to approximately 12 leukocytes/0.39   mm3) 
in the MCAo group, but was reduced to baseline levels 
in the iNO-treated MCAo group (Fig. 3D). As an inter-
nal control, the contralateral hemisphere in the MCAo 
group had approximately 6 leukocytes/0.39   mm3 (not 
significantly different from the ipsilateral hemisphere), 
confirming that inducing stroke does not affect leukocyte 
adhesion in the contralateral hemisphere (Fig. 3D).

iNO alters the profile of circulating leukocytes 
following stroke
Next, we examined the profile of circulating leukocytes 
by collecting whole blood samples and performing FACS 
analysis (Fig. 3E). We found that sham-operated animals 
had significantly increased numbers of circulating mono-
cytes and neutrophils compared to control (i.e., naïve) 
animals (Fig. 3F). Following MCAo, the number of mono-
cytes decreased, while neutrophils were unchanged, and 
this reduction in circulating monocytes was prevented in 
iNO-treated animals (Fig. 3F).

iNO decreases the expression of adhesion molecules 
in the brain following stroke
Given that iNO decreased the interaction between leuko-
cytes and the cerebrovascular endothelium and restored 
the number of circulating immune cells, we examined the 
effect of iNO on the expression of adhesion molecules. 
Specifically, we measured the mRNA levels of the genes 
expressing E-selectin (SELE), P-selectin (SELP), inter-
cellular adhesion molecule 1 (ICAM1), and vascular cell 
adhesion molecule 1 (VCAM1) in the brain using qPCR; 
we examined these specific selectins and integrin ligands 
because these molecules mediate the rolling and firm 
adhesion of immune cells to the vascular wall of post 
capillary venules. We found that the mRNA levels of all 
four adhesion molecules were significantly increased 5 h 
after stroke induction compared to both naïve and sham-
operated mice (Fig.  3G). Interestingly, iNO treatment 

significantly reduced the expression of ICAM1 and 
VCAM1 (Fig. 3G), the main adhesion molecules respon-
sible for the firm adhesion of leukocytes to the vascular 
endothelium, but did not significantly affect the other 
two adhesion molecules (Fig. 3G).

In addition, we examined the counter ligands of 
endothelial adhesion molecules expressed on circulating 
immune cells by isolating myeloid cells from the periph-
eral blood and performing flow cytometry (Fig. 4A). We 
found that sham surgery significantly up-regulated both 
CD18 and PSGL-1 expression in neutrophils (Fig.  4B) 
and monocytes (Fig.  4C) compared to naïve mice, and 
both MCAo alone and iNO treatment in MCAo mice 
had similar effects as sham surgery. Finally, we found that 
CD49d expression was similar between all four experi-
mental groups (Fig. 4B, C).

iNO reduces cerebral cytokine levels following stroke
To further investigate the putative anti-inflammatory 
properties of iNO following stroke, we measured the 
expression of the pro-inflammatory cytokines interleu-
kin 6 (IL-6), interleukin 1β (IL-1β), and tumor necrosis 
factor-alpha (TNF-α) in brain tissue and IL-6 and TNF-α 
in peripheral blood 5 h after reperfusion. Due to limited 
sample volume Il-1ß was not measured in plasma. We 
found that the plasma levels of IL-6 were significantly 
higher in sham-operated mice compared to naïve mice, 
and neither MCAo alone nor iNO treatment significantly 
affected these levels (Fig.  5A). With respect to plasma 
TNF-α levels, we found similar levels between naïve, 
sham-operated, and MCAo mice, with iNO treatment 
significantly reducing plasma TNF-α levels in MCAo 
mice (Fig. 5B).

The matrix metalloproteinase family member MMP-9 
plays an important role in disrupting the blood–brain 
barrier following ischemia. Therefore, we measured 
MMP-9 in the plasma 5  h after reperfusion and found 
no significant difference between groups with respect to 
plasma MMP-9 levels (Fig. 5C).

Fig. 3 Leukocyte–endothelium interactions measured in vivo increased following stroke and were reduced by iNO treatment. A Example 
images of rolling leukocytes along the wall of cerebral venules measured 4 h after sham surgery (left), MCAo (center), and MCAo followed by iNO 
treatment (right); leukocytes and vessels were stained with rhodamine 6G (magenta) and FITC-dextran (cyan), respectively. The direction of blood 
flow is indicated by the arrow, and scale bars represent 10 μm. B Summary of the number of rolling leukocytes measured in the cerebrovascular 
endothelium. C Representative images of adhered leukocytes (magenta) and the cerebral vasculature (cyan); arrows indicate stalled leukocytes, 
and scale bars represent 50 μm. D Quantification of the total number of leukocytes adhered to the endothelium in the indicated groups. E Flow 
cytometry gating strategy used to analyze the immune cells in the blood samples. F Quantification of Ly6G-high (neutrophils) and Ly6C-high 
(monocytes) cells in the indicated groups. G The mRNA levels of the indicated selectins and integrin ligands were measured in the ipsilateral 
cerebral cortex in the indicated groups and are expressed relative to the corresponding contralateral hemisphere. *p < 0.05, **p < 0.01, 
and ***p < 0.001; Kruskal–Wallis (B p: 0.0006, F: p: 0.006 (Neutrophils) and G p: 0.0017 and 0.0005 (selectins)) or one-way ANOVA (D, F (Monocytes) 
and G (integrin ligands)); n = 5–10 per group

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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In contrast to our results regarding pro-inflamma-
tory cytokines in the circulation, we found that cer-
ebral ischemia significantly up-regulated the expression 
of IL-1β (Fig.  5D), TNF-α (Fig.  5F), and IL-6 (Fig.  5E) 

mRNA in cortical tissue. This upregulation was signifi-
cantly reduced by iNO-treatment (Fig. 5D–F).

Finally, consistent with our results on plasma MMP-
9, we found no significant difference between groups 
with respect to MMP-9 expression measured in the 
cortex (Fig. 5G).

Fig. 4 Adhesion molecule markers measured on circulating leukocytes. A The gating strategy used for flow cytometry. B, C Quantification 
of Ly6G-high (neutrophils; B) and CD11b-high (monocytes; C) cells and the indicated surface adhesion molecules measured in the indicated 
groups. *p < 0.05; one-way ANOVA; n = 3–7 per group
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Discussion
The pathophysiology of stroke is complex and remains 
poorly understood. However, both preclinical and clini-
cal studies have shown that stroke can elicit a robust 
neuroinflammatory response. Although this neuroin-
flammation is essential for the healing and repair pro-
cess occurring days and weeks after stroke, it can cause 
additional brain damage within the first hours following 
stroke. Thus, therapeutic strategies that target neuroin-
flammation must be designed and applied with care [21].

A wealth of experimental data suggests that targeting 
neuroinflammation within the first few hours following 
the onset of ischemic stroke may represent a promising 
therapeutic strategy [11, 22]. To test this hypothesis, we 
investigated the anti-inflammatory effects of adminis-
tering NO by inhalation immediately following experi-
mental stroke. The effects of NO on the autoregulation 
of cerebral blood flow are well known, and a lack of NO 
following cerebral ischemia has been shown to cause 
vasoconstriction and additional brain damage [17, 23–
26]. Indeed, NO was previously delivered by inhalation 
to avoid systemic side effects and was shown to restore 
vascular function in both small-animal and large-animal 
models of ischemic stroke and brain trauma [17, 27–29]. 
In addition to its vasoactive properties, NO also has 
anti-adhesion properties [18, 30–32]; thus, inhaled NO 

may reduce the interaction between leukocytes and the 
cerebrovascular endothelium, thereby providing neuro-
protection following focal cerebral ischemia. We used 
deep brain in vivo 2-photon microscopy to visualize the 
early phases of post-stroke inflammation (specifically, 
4 h after a 1-h MCA occlusion followed by reperfusion). 
Our results show that iNO potently reduced leukocyte 
rolling and adhesion to baseline levels without causing 
any apparent systemic side effects (Additional file 2: Fig. 
S2). Nevertheless, potential side effects of iNO should 
be considered; we therefore delivered a relatively low 
concentration of NO by inhalation (50  ppm) together 
with physiologically relevant oxygen concentrations, as 
reported by other groups [33–35].

NO produced by endothelial cells has a well-known 
antiadhesive effect on circulating blood leukocytes and 
platelets, which is most likely, mediated by the suppres-
sion of adhesion molecules by continuous NO-mediated 
signaling through the cGMP/PKA [36–38]. Since cer-
ebral ischemia reduces cerebral cGMP and iNO reverses 
this process, we assume that the molecular mecha-
nisms responsible for the anti-inflammatory effect of 
iNO is most likely mediated by reinitiating cGMP/PKA 
signaling.

By measuring the expression of several adhesion pro-
teins, we found that iNO reduced ICAM1 mRNA levels 

Fig. 5 Pro-inflammatory cytokines increased in the cortex following MCAo and were decreased by iNO treatment. A–C Quantification of IL-6, 
TNF-α, and MMP-9 levels measured in the plasma using ELISA. D–G Quantification of IL-1β, IL-6, TNF-α, and MMP-9 mRNA measured in the ipsilateral 
hemisphere in the indicated groups, expressed relative to the corresponding contralateral hemisphere. *p < 0.05, **p < 0.01, and ***p < 0.001; 
Kruskal–Wallis p: 0.0006 (A) or one-way ANOVA (B–G); n = 4–8 per group
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in the cerebral cortex following MCAo, consistent with 
reports by other groups using other disease models 
and peripheral organs [38–41]. This reduction of adhe-
sion proteins may provide a plausible explanation for 
how iNO prevents the interaction between circulat-
ing leukocytes and the cerebrovascular endothelium, 
thereby reducing the transmigration of leukocytes into 
the ischemic brain tissue. In contrast to its effects on 
the expression of ICAM-1 and VCAM-1 molecules that 
promote firm adhesion—iNO had no apparent effect on 
E-selectin or P-selectin expression following cerebral 
ischemia. This finding is in contrast with other studies 
that found that NO caused a decrease in selectins [38, 41, 
42]. These apparent discrepancies may be due to differ-
ences in the timing and/or duration of the treatment, as 
well as the animals’ physiological condition [38, 41, 42].

Another putative regulatory target of NO is the expres-
sion of adhesion molecules on leukocytes, which serve 
as the counterpart to the adhesion molecules expressed 
on endothelial cells. We found that iNO caused a slight—
albeit not significant—decrease in CD49d (the coun-
terpart to VCAM-1) expression in both neutrophils 
and monocytes in mice following MCAo; in contrast, 
iNO had virtually no effect on CD18 (the counterpart 
to ICAM-1) expression. Although previous studies sug-
gest that NO can inhibit CD18 [43–45], the mechanism 
of action is currently unknown. Interestingly, Banick 
et al. suggested that NO inhibits CD18 on neutrophils by 
affecting the activity of guanylyl cyclase at the cell mem-
brane [44]. This would in turn inhibit the conformational 
change in the CD18 molecule and prevent its binding to 
ICAM-1 on the endothelium. Moreover, two additional 
studies suggest that a multifaceted series of events medi-
ate inhibition via the cytoskeleton in neutrophils [45, 46]. 
Thus, despite previously reported findings, the adhesion 
molecules expressed on leukocytes do not appear to be 
the primary target mediating the observed anti-adhesion 
effects of iNO, and further research is warranted in order 
to investigate this issue in more detail.

In addition to regulating the leukocyte–endothelium 
interaction, NO is a potent endogenous inhibitor of 
pro-inflammatory cytokines, molecules that up-regulate 
the expression of cell adhesion molecules and attract 
phagocytic cells [38, 47]. Three major pro-inflammatory 
cytokines—IL-1β, TNF-α, and IL-6—both mediate and 
aggravate the inflammatory response following stroke 
[48]. We found that all three of these pro-inflammatory 
cytokines were up-regulated in the ischemic cortex, con-
sistent with previous studies suggesting a connection 
between these pro-inflammatory cytokines and infarct 
size in experimental stroke [49]. We also found that iNO 
significantly reduced the increase in these three cytokines 
in the affected hemisphere. However, studies have shown 

that in addition to causing a local increase in cytokines, 
stroke also increases systemic cytokine levels. For exam-
ple, Clausen et al. recently reported that cytokine levels 
are increased in both the cerebrospinal fluid and periph-
eral blood in patients following ischemic stroke [50]. 
Therefore, cytokines—particularly TNF, IL-1, and IL-6—
have attracted considerable interest as potential markers 
for stroke severity and neurological outcome [51, 52]. In 
our study, we observed a slight—albeit not significant—
increase in plasma IL-6 and TNF-α levels in mice fol-
lowing MCAo, and iNO was more effective at reducing 
TNF-α levels compared to IL-6 levels. Thus, it is reason-
able to speculate that iNO may either reduce the produc-
tion of cytokines in the ischemic tissue thereby reducing 
their spill over into the systemic circulation or may act 
at both local and systemic levels to reduce inflammation. 
In any case, inhaled NO significantly reduces brain and 
plasma cytokine levels following ischemic stroke and may 
thereby prevent further brain damage.

Previous studies involving peripheral tissues have 
shown that reducing NO levels by pharmacologically 
blocking NO production or genetically ablating NOS 
enzymes induces leukocyte adhesion [18, 53–55]. Con-
versely, restoring NO availability was shown to reduce 
leukocyte adhesion in various organs in the context of 
ischemia/reperfusion injury [18, 32]. Extending these 
experimental results to a clinical context has confirmed 
the anti-inflammatory potential of NO; however, the 
negative systemic effects of administering NO limit the 
clinical value of these therapies. Therefore, the delivery 
of NO via inhalation is a promising alternative, as it can 
potentially avoid the effects associated with systemic NO 
administration and can restrict the effects of NO to the 
affected area. Outside the brain the favorable anti-inflam-
matory effects of iNO have already been shown in clinical 
settings, for example following knee surgery and liver and 
heart transplantation [30–32]. Under these conditions, 
the anti-adhesion effects of NO were seen predominantly 
in the capillaries and venules, however, as hypoperfusion 
shifts hemoglobin deoxygenation towards the arterioles, 
NO may also inhibit leukocyte–endothelium interactions 
in these vessels [56, 57].

Delivering NO application via the pulmonary circu-
lation raises the question of whether the NO reaches 
the desired location (in this case, the brain). However, 
the vascular effects of inhaled NO have been shown 
to extend beyond the pulmonary circulation via the 
formation of NO carriers such as nitrite, nitrate, and 
S-nitrosothiols (e.g., hemoglobin, cysteine, glutathione, 
and albumin) [18, 20, 58]. Here, we report that plasma 
nitrite and nitrate levels were significantly higher in 
iNO-treated mice, suggesting that these metabolites 
potentially serve as the principal transporters of NO. 
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This notion is supported by other studies using iNO 
and suggests that these intermediates—either indi-
vidually or together—may contribute to the putative 
neuroprotective effects of NO [59, 60]. In the presence 
of oxygenated hemoglobin, nitrite is rapidly oxidized 
to form nitrates [61], potentially explaining the larger 
increase in plasma nitrate levels seen in our study. In 
the presence of reduced tissue oxygenation and acidosis 
that occur in cerebral ischemia, NO is produced locally 
and released directly from heme groups, along with a 
reduction in oxygen, S-nitroso-albumin, and/or from 
nitrite by the activity of nitrite reductases including 
potentially deoxyhaemoglobin and xanthine oxidore-
ductase [58, 62]. Thus, NO delivered via inhalation can 
exert its effects as a vasodilator beyond the pulmonary 
circulation.

We also investigated the effects of NO on downstream 
signaling in the brain and found that iNO slightly—albeit 
not significantly—increased the expression of sGCα. 
Thus, it is reasonable to speculate that inhaled NO 
increases the expression of the principal cGMP-produc-
ing enzyme that has reduced function following stroke 
due a reduction in the sGCα subunit [63, 64]. By help-
ing to maintain sGC (GC-1) expression, iNO treatment 
was also able to increase cortical cGMP levels following 
stroke. Together, our findings suggest that iNO treatment 
reduces the expression of pro-inflammatory adhesion 
molecules and helps restore neuroprotective signaling via 
the sGC-cGMP signaling pathway.

Finally, we also examined the expression of several NO 
synthases, as the application of iNO may have affected 
endogenous NO levels by modulating these enzymes. 
We found that MCAo either alone or followed by iNO 
treatment had no significant effect on either eNOS or 
nNOS expression. Under physiological conditions, NO 
produced by eNOS localized in the Golgi apparatus and 
neighboring caveolae suppresses inflammatory activation 
of the endothelium [65]. Thus, the activation of inflam-
matory mediators during ischemia may up-regulate 
eNOS [66, 67].

A secondary observation of our study is that a surgi-
cal intervention alone can induce a pronounced immune 
response. For example, we found that mice that under-
went sham surgery at the neck (without occlusion of 
the MCA) displayed an increased proportion of cir-
culating neutrophils and monocytes and substantially 
increased the expression of adhesion molecules on their 
surface compared to naïve animals. The increased num-
ber of peripheral monocytes is likely derived from the 
spleen, an immediate reservoir for monocytes [68]. This 
observation was only possible because we used unhan-
dled (naïve) mice as controls. These results clearly indi-
cate that appropriate controls are indispensable when 

investigating peripheral immune responses in animal 
models which require surgery.

In summary, a growing body of evidence suggests 
that inflammatory processes contribute to the forma-
tion of injury following cerebral ischemia. Here, we pre-
sent evidence that NO delivered via inhalation, that is 
via the pulmonary system, inhibits leukocyte adhesion 
and suppresses pro-inflammatory signaling in the brain 
parenchyma, in addition to its vasoactive properties. 
Thus, iNO, which is clinically approved for the treatment 
of acute respiratory failure and pulmonary hyperten-
sion, positively modulates several stroke-related patho-
physiological pathways and may represent a novel and 
potentially safe therapeutic strategy for use in patients 
following stroke.

Materials and methods
Animals
Male C57BL/6 mice (6–8 weeks, 24–26 g; Charles River 
Laboratories, Sulzfeld, Germany) were used for this 
study. All animals had free access to tap water and pellet 
food, and all experiments were conducted in accordance 
with institutional guidelines approved by the government 
of Upper Bavaria (license number 17-152). The animals 
were randomly assigned to the various experimental 
groups (sham, MCAo, and MCAo + iNO), and the data 
were analyzed by researchers who were blind with 
respect to the treatment groups. In this study two 
cohorts of animals were investigated: one received cranial 
windows and was used for intravital microscopy and a 
second one did not receive cranial windows and was used 
for biochemical analysis.

Transient focal cerebral ischemia
To induce focal ischemia, the left middle cerebral artery 
(MCA) was transiently occluded as described previously 
[5–7]. In brief, the mice were anesthetized with 2% iso-
flurane in air supplemented with oxygen (30%) deliv-
ered via a nasal mask for the duration of the surgery 
(< 25 min), during which the animal’s body temperature 
was maintained at 37 ± 0.1 °C using a feedback-controlled 
heating pad (FHC, Bowdoinham, ME). Focal cerebral 
ischemia was induced by occluding the MCA with a sili-
cone-coated filament (Doccol Corporation, Sharon, MA; 
catalog #701912PK5Re). Complete occlusion of the MCA 
was confirmed by measuring regional cerebral blood flow 
(rCBF) in the affected area using a PeriFlux System 5000 
laser Doppler fluxmeter (Perimed, Järfälla, Sweden). The 
animal was subsequently re-anesthetized with isoflurane, 
the filament was removed 60 min after insertion to allow 
reperfusion, and the wound was subsequently closed. 
Sham-operated animals underwent the same surgical 
procedure, but without vessel occlusion.
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Nitric oxide (NO) inhalation
Directly after reperfusion, the animals were placed in a 
custom-made air-tight box and exposed to ambient air 
supplemented with 50  ppm NO (268  mg/m3  N2; Linde, 
Dublin, Ireland) for 2  h. The concentrations of NO and 
 N2O were monitored continuously using a gas detector 
(Industrial Scientific, Pittsburgh, PA). Thereafter, animals 
were anesthetized by an intraperitoneal (i.p.) injection of 
medetomidine (0.5  mg/kg), midazolam (5  mg/kg), and 
fentanyl (0.05 mg/kg), intubated, and mechanically venti-
lated (MiniVent Type 845 Hugo Sachs Elektronik, March, 
Germany) with oxygen-enriched air (50%  O2) supple-
mented with 50 ppm NO for four additional hours while 
preparing the cranial window for intravital microscopy.

Intravital microscopy
An acute cranial window was prepared over the MCA 
area, and the fluorescent dyes FITC-dextran and rho-
damine 6G (0.5% in phosphate-buffered saline (v/v); 
Sigma-Aldrich, St. Louis, MO) were injected via an 
arterial catheter to visualize the vasculature and leuko-
cytes, respectively. The mouse was then placed under a 
2-photon microscope (LSM 7 MP Zeiss, Oberkochen, 
Germany) equipped with a Li:Ti laser (Coherent, Inc., 
Santa Clara, CA) and fixed using a head ring and a pal-
ate plate holder (David Kopf Instruments, Tujunga, CA). 
A 20 × water-immersion objective (Plan Apochromat, NA 
1.0; Zeiss, Oberkochen, Germany) was used for imag-
ing. To measure adhesion, Z-stacks (607.28 × 607.28 µm; 
512 × 512 pixels) at a 1-µm step distance were collected 
to a depth of 400  µm and later combined to generate a 
three-dimensional reconstruction. Time series (1  min 
duration) images 327 × 76.64 µm (512 × 120 pixels) in size 
were also recorded to measure the properties of rolling 
immune cells. Randomly selected segments (20–50 µm in 
length) of pial arteries were scanned 1000 times at maxi-
mum speed (in line scan mode) and used to calculate of 
the moving erythrocytes (to measure blood flow veloc-
ity). Physiological parameters were monitored through-
out the entire procedure (Additional file 2: Fig. S2).

Isolation of cerebral vessels
Frozen brain hemispheres were used to isolate cerebral 
vessels. Specifically, the tissues were cut into small pieces 
and homogenized using a glass tissue grinder (DWK 
Life Sciences, Wertheim, Germany) in 15 mL cold mini-
mum essential medium (MEM, Thermo Fisher Scientific, 
Waltham, MA). The homogenate was mixed with Ficoll 
(Sigma-Aldrich; catalog #F4375-500G) to a final con-
centration of 15%, and then centrifuged at 6000×g for 
20 min at 4  °C. The supernatant was discarded, and the 
pellet was suspended in 1% (w/v) bovine serum albumin 
(Sigma-Aldrich) in cold PBS, transferred onto a 40-µm 

nylon mesh (Becton Dickinson, Franklin Lakes, NJ), and 
washed thoroughly with cold PBS. The purified vessels 
were collected by washing the inverted nylon mesh with 
PBS and pelleted by centrifugation at 3000×g for 5 min. 
The purity of the resulting vessels was confirmed using an 
Eclipse TS 100 light microscope (Nikon, Tokyo, Japan).

Protein extraction and Western blot analysis
To extract protein from isolated cerebral vessel a SDT 
lysis buffer (4% (w/v) SDS, 100  mM Tris–HCl pH 7.6, 
100  mM DTT) was used. Samples were incubated for 
30  min at room temperature and afterwards homog-
enized by Precellys tissue homogenizer (5 × 30  s, 
10,000  rpm, 30  s pause). Homogenates were heated for 
5 min at 95 °C and subsequently sonicated with a VialT-
weeter sonicator (5 times, 30  s, amplitude 100%, duty 
cycle 50%) (Hielscher, Teltow, Germany). A centrifuga-
tion step at 18,000×g for 30  min at 15  °C followed. The 
supernatant was collected and protein concentration 
determined using the colorimetric 660-nm assay accord-
ing to the manufacturer’s instructions (Thermo Fisher 
Scientific). Protein lysates were analyzed by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and 
electrotransfer onto 0.2-µm nitrocellulose membranes 
using the Mini-Protean and Trans-Blot system (Bio-Rad 
Laboratories, Hercules, CA, USA). Membranes were 
blocked with 5% skim milk powder dissolved in Tris-
buffered saline supplemented with 0.1% Tween (TBS-
T) for 1  h at RT and then incubated with anti-ICAM-1 
(ab222736, Abcam 1:1000), anti-PKG-1 (#3248, Cell 
Signaling, 1:1000), or anti- Guanylate Cyclase β1 subu-
nit (#160897, Caymanchem, 1:200) primary antibody 
(diluted in blocking buffer) overnight at 4  °C. Subse-
quently, blots were washed and probed with horseradish 
peroxidase-conjugated anti-rabbit (Thermo) secondary 
antibody diluted 1:7500 in blocking buffer for 1 h at RT. 
Immuno-reactive bands were visualized using chemi-
luminescence development (Immobilon ECL detection 
reagent, Merck Millipore) and the Fusion FX7 imaging 
system (Vilber Lourmat). For quantification, signal inten-
sity was analyzed using ImageJ software.

Nitrite/nitrate quantification
The measurements were carried out as described previ-
ously [69]. In brief, a protease inhibitor mixture contain-
ing 4-(2-Aminoethyl)benzenesulfonyl fluoride (1  mg/
mL), antipain, aprotinin, benzamidine, leupeptin, and 
pepstatin A, all at a concentration of 10 μg/mL was added 
to tissue and homogenized at 4  °C using a Precellys tis-
sue homogenizer (Bertin Instruments, Montigny-le-
Bretonneux, France). Followed by a centrifugation step 
at 10,000×g, 5  min, 4  °C. The supernatant was purified 
and concentrated using centrifugal filters (Sartorius, 
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Göttingen, Germany; catalog #VS0192). The eluate 
was stored at − 80  °C until further use. Urine samples 
were used directly, with no prior processing steps. The 
amounts of nitrite and nitrate in the liquid samples were 
measured using an ozone-based chemiluminescence ana-
lyzer (NOA 280i, Analytix, Boldon, UK) as per previous 
publications [70].

Flow cytometry analysis
Blood samples were collected in EDTA tubes and diluted 
1:1 with PBS. 1 µL of a CD16/CD32 monoclonal anti-
body mix (Thermo Fisher Scientific, Waltham, MA, USA) 
was added to block non-specific Fc domains to minimize 
false-positive results. The following anti-mouse anti-
bodies were used to stain the cells in accordance with 
the manufacturer’s instructions: anti-CD3 (clone 17A2; 
FITC; Invitrogen, Waltham, MA), anti-CD11b (clone 
M1/70; PerCP-Cy5.5; Invitrogen), anti-CD11c (clone 
HL3; BV510; BD Horizon, Franklin Lakes, NJ), anti-CD19 
(clone eBio1D3; APC-Cy7; Invitrogen), anti-CD45 (clone 
30-F11; eFlour450; Invitrogen), anti-Ly6C (clone HK1.4; 
APC; eBioscience, San Diego, CA), and anti-Ly6G (clone 
RB6-8C5; PE-Cy7; eBioscience. For analysis of adhesion 
molecule expression on myeloid cells blood samples were 
diluted 1:1 with PBS. 1 µL of a CD16/CD32 monoclonal 
antibody was added to block non-specific Fc domains to 
minimize false-positive results. Equal volumes of blood 
were distributed into four round-bottom tubes. The fol-
lowing anti-mouse antibodies were used to stain the cells 
in accordance with the manufacturer´s instructions: anti-
CD45 (clone 30-F11; eFlour450; Invitrogen), anti-CD11b 
(clone M1/70; APC-Cy7; Invitrogen), anti-PSGL-1 (clone 
4RA10; PE; Invitrogen), anti-CD49d (clone R1-2; FITC; 
BioLegend), anti-L-selectin (clone MEL-14; Cy5.5; Bio-
Legend), anti-CD18 (clone H155-78; APC; BioLegend), 
anti-CD3 (clone 17A2; PE-Cy7; BioLegend), anti-CD19 
(clone 6D5; PE-Cy7; BioLegend), anti-Ly6C (clone HK1.4; 
PE-Cy7; BioLegend), and anti-Ly6G (clone 1A8-Ly6g; 
PE-Cy7; BD Pharmingen). The cells were measured using 
a FACSCalibur flow cytometer (Becton Dickinson) and 
analyzed using FlowJo v10.7 (Becton Dickinson).

Quantitative real-time PCR (qRT-PCR)
Total RNA was purified from the brain tissues using the 
RNeasy Mini Kit (Qiagen, Hilden, Germany), and 1 µg/µl 
RNA was used to synthesize cDNA using the Omniscript 
Reverse Transcription Kit Quick-Start (Qiagen Hilden, 
Germany). The relative expression of adhesion molecules 
and cytokines was measured using a LightCycler 480 II 
(Roche Life Sciences, Penzberg, Germany) using the fol-
lowing primers (all obtained from Metabion Interna-
tional, Planegg, Germany):

Target gene Sequence (5’ to 3’) Sequence (5’ to 3’)

Icam-1 CAA TTT CTC ATG 
CCG CAC AG

AGC TGG AAG ATC GAA 
AGT CCG 

Vcam-1 TCT TAC CTG TGC GCT 
GTG AC

ACT GGA TCT TCA GGG 
AAT GAG T

SELE CCG TCC CTT GGT 
AGT TGC A

CAA GTA GAG CAA TGA 
GGA CGA TGT 

Gapdh ATT GTC AGC AAT 
GCA TCC TG

ATG GAC TGT GGT CAT 
GAG CC

IL1B AGT GAC GGA CCC 
CAA AAG 

AGC TGG ATG CTC TCA 
TCA GG

TNF TCT TCT CAT TCC TGC 
TTG TGG 

GGT CTG GGC CAT AGA 
ACT GA

IL6 GCT ACC AAA CTG 
GAT ATA ATC AGG A

CCA GG AGC TAT GGT 
ACT CCA GAA 

SELP GCC ATT CAG TGT 
GCT GAC TC

CGG AAA CTC TGG ACA 
TTG C

MMP9 AGA CGA CAT AGA 
CGG CAT CC

TCG GCT GTG GTT CAG 
TTG T

GUCY1A1 TCT CCC TGG TAT CAT 
TAA AGC GG

CAC AAA CTC GGT ACA 
GTC ACT TC

GUCY1B1 TGC TGG TGA TCC 
GCA ATT ATG 

GGT TGA GGA CTT TGC 
TTG CAG 

PRKG1A GAC AGC GAC CGT 
CAA GAC TC

GAG GAT TTC ATC AGG 
AAG GCT C

PRKG1B ACC CTG CGG GAT 
TTA CAG TAT 

CGT CCT TCT GAT CCA 
ACT CCA 

NOS3 CGA AGC GTG TGA 
AGG CAA C

TTG TAC GGG CCT GAC 
ATT TCC 

NOS1 CTG GTG AAG GAA 
CGG GTC AG

CCG ATC ATT GAC GGC 
GAG AAT 

The mRNA levels were normalized to Gapdh using 
the  2−ΔΔCt method and are expressed relative to the con-
tralateral hemisphere.

Statistical analysis
GraphPad Prism 9 software (GraphPad Software Inc., 
San Diego, CA) was used to perform all statistical analy-
ses. Unless stated otherwise, summary data are expressed 
as the mean ± the standard deviation (SD). All data were 
first tested for normality; normally distributed data were 
analyzed using a one-way ANOVA, while non-normally 
distributed data were analyzed using the Kruskal–Wallis 
test. Differences between groups were considered signifi-
cantly different at p < 0.05.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12974- 023- 02988-3.

Additional file 1: Figure S1. Distribution of adhered Leukocytes 4 h 
after MCAo. A) Representative image of cerebral vasculature (cyan) and B) 
quantification of leukocyte adhesion from the cortical surface to a depth 
of 400 µm (scale bar = 50 µm). n = 5–10 per group.

Additional file 2: Figure S2. Physiological parameters during in vivo 
imaging. A) Venous blood flow velocity was measured in vivo by 
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performing a line scan and dividing the traveled distance of erythrocytes 
(µm) by the respective traveled time (msec.). B) Diameter of venules 
and capillaries was measured in a randomly chosen vessel from the 3D 
two-photon images with ImageJ. C) Vital parameters were measured and 
monitored throughout the entire surgery via LabChart software. D) Blood 
gas values after imaging. n = 5–10 per group.

Acknowledgements
The authors wish to thank Dr. Curtis Barrett for his linguistic revision.

Author contributions
Conception and study design: NP, BFS, and RIS. Surgery and histology: RIS, UM, 
JB, BS. Vessel isolation: RIS, AZ, and CH. Flow cytometry: RS, SR and AL. Nitric 
oxide metabolite analysis: RS, TP, RSK and AA. Data analysis and interpretation: 
RIS, BFS, CH, NP. Statistical analysis: RS, BS. Manuscript preparation: RIS, BFS and 
NP. Critical revision of the manuscript: all authors.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study 
received funding from the European Union Marie-Curie Horizon2020 pro-
gram (EVOluTION 675111; RS and TP) as well as from the Westfalen Foundation 
(NP).

Availability of data and materials
The dataset(s) will supporting the conclusions of this article is (are) available 
in the Open Science Foundation repository, https:// doi. org/ 10. 17605/ OSF. IO/ 
XQB3Z.

Declarations

Ethics approval and consent to participate
All procedures and the group size calculation were reviewed and approved by 
the Animal Ethics Board of the Government of Upper Bavaria (Regierung von 
Oberbayern) under the license number Vet_02-17-152.

Competing interests
The authors declare that they have no competing interests. AA is a Co director 
of Heartbeet Ltd.

Received: 7 September 2023   Accepted: 7 December 2023

References
 1. Feigin VL, et al. World Stroke Organization (WSO): global stroke fact sheet 

2022. Int J Stroke. 2022;17:18–29. https:// doi. org/ 10. 1177/ 17474 93021 
10659 17.

 2. Henderson SJ, Weitz JI, Kim PY. Fibrinolysis: strategies to enhance the 
treatment of acute ischemic stroke. J Thromb Haemost. 2018;16:1932–40. 
https:// doi. org/ 10. 1111/ jth. 14215.

 3. Jayaraj RL, Azimullah S, Beiram R, Jalal FY, Rosenberg GA. Neuroinflam-
mation: friend and foe for ischemic stroke. J Neuroinflamm. 2019;16:142. 
https:// doi. org/ 10. 1186/ s12974- 019- 1516-2.

 4. Iadecola C, Anrather J. The immunology of stroke: from mechanisms to 
translation. Nat Med. 2011;17:796–808. https:// doi. org/ 10. 1038/ nm. 2399.

 5. Perez-de-Puig I, et al. Neutrophil recruitment to the brain in mouse and 
human ischemic stroke. Acta Neuropathol. 2015;129:239–57. https:// doi. 
org/ 10. 1007/ s00401- 014- 1381-0.

 6. Neumann J, et al. Beware the intruder: real time observation of infiltrated 
neutrophils and neutrophil-Microglia interaction during stroke in vivo. 
PLoS ONE. 2018;13: e0193970. https:// doi. org/ 10. 1371/ journ al. pone. 
01939 70.

 7. Sienel RI, Kataoka H, Kim SW, Seker FB, Plesnila N. Adhesion of leukocytes 
to cerebral venules precedes neuronal cell death and is sufficient to 

trigger tissue damage after cerebral ischemia. Front Neurol. 2021;12: 
807658. https:// doi. org/ 10. 3389/ fneur. 2021. 807658.

 8. El Amki M, et al. Neutrophils obstructing brain capillaries are a major 
cause of no-reflow in ischemic stroke. Cell Rep. 2020;33: 108260. https:// 
doi. org/ 10. 1016/j. celrep. 2020. 108260.

 9. Arumugam TV, et al. Contributions of LFA-1 and Mac-1 to brain injury and 
microvascular dysfunction induced by transient middle cerebral artery 
occlusion. Am J Physiol Heart Circ Physiol. 2004;287:H2555-2560. https:// 
doi. org/ 10. 1152/ ajphe art. 00588. 2004.

 10. Zhang L, et al. Effects of a selective CD11b/CD18 antagonist and 
recombinant human tissue plasminogen activator treatment alone and 
in combination in a rat embolic model of stroke. Stroke. 2003;34:1790–5. 
https:// doi. org/ 10. 1161/ 01. STR. 00000 77016. 55891. 2E.

 11. Drieu A, Levard D, Vivien D, Rubio M. Anti-inflammatory treat-
ments for stroke: from bench to bedside. Ther Adv Neurol Disord. 
2018;11:1756286418789854. https:// doi. org/ 10. 1177/ 17562 86418 789854.

 12. Ghimire K, Altmann HM, Straub AC, Isenberg JS. Nitric oxide: what’s new 
to NO? Am J Physiol Cell Physiol. 2017;312:C254–62. https:// doi. org/ 10. 
1152/ ajpce ll. 00315. 2016.

 13. Cyr AR, Huckaby LV, Shiva SS, Zuckerbraun BS. Nitric oxide and endothe-
lial dysfunction. Crit Care Clin. 2020;36:307–21. https:// doi. org/ 10. 1016/j. 
ccc. 2019. 12. 009.

 14. Niwa M, Inao S, Takayasu M, Kawai T, Kajita Y, Nihashi T, Kabeya R, Sugi-
moto T, Yoshida J. Time course of expression of three nitric oxide synthase 
isoforms after transient middle cerebral artery occlusion in rats. Neurol 
Med Chir. 2001;41:63–73.

 15. Angelis D, Savani R, Chalak L. Nitric oxide and the brain. Part 1: mecha-
nisms of regulation, transport and effects on the developing brain. 
Pediatr Res. 2021;89:738–45. https:// doi. org/ 10. 1038/ s41390- 020- 1017-0.

 16. Bath PM, Krishnan K, Appleton JP. Nitric oxide donors (nitrates), L-arginine, 
or nitric oxide synthase inhibitors for acute stroke. Cochrane Database 
Syst Rev. 2017;4: CD000398. https:// doi. org/ 10. 1002/ 14651 858. CD000 398. 
pub2.

 17. Terpolilli NA, et al. Inhalation of nitric oxide prevents ischemic brain dam-
age in experimental stroke by selective dilatation of collateral arterioles. 
Circ Res. 2012;110:727–38. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 111. 
253419.

 18. Fox-Robichaud A, Payne D, Hasan SU, Ostrovsky L, Fairhead T, Reinhardt P, 
Kubes P. Inhaled NO as a viable antiadhesive therapy for ischemia/reper-
fusion injury of distal microvascular beds. J Clin Invest. 1998;101:2497.

 19. Nagasaka Y, et al. Pharmacological preconditioning with inhaled nitric 
oxide (NO): organ-specific differences in the lifetime of blood and tissue 
NO metabolites. Nitric Oxide. 2018;80:52–60. https:// doi. org/ 10. 1016/j. 
niox. 2018. 08. 006.

 20. Lundberg JO, Weitzberg E. NO generation from nitrite and its role in 
vascular control. Arterioscler Thromb Vasc Biol. 2005;25:915–22. https:// 
doi. org/ 10. 1161/ 01. ATV. 00001 61048. 72004. c2.

 21. Malone K, Amu S, Moore AC, Waeber C. The immune system and stroke: 
from current targets to future therapy. Immunol Cell Biol. 2019;97:5–16. 
https:// doi. org/ 10. 1111/ imcb. 12191.

 22. Zhang S, et al. Rationale and design of combination of an immune mod-
ulator fingolimod with alteplase bridging with mechanical thrombec-
tomy in acute ischemic stroke (FAMTAIS) trial. Int J Stroke. 2017;12:906–9. 
https:// doi. org/ 10. 1177/ 17474 93017 710340.

 23. Fung C, et al. Inhaled nitric oxide treatment for aneurysmal SAH patients 
with delayed cerebral ischemia. Front Neurol. 2022;13: 817072. https:// 
doi. org/ 10. 3389/ fneur. 2022. 817072.

 24. Terpolilli NA, et al. Nitric oxide inhalation reduces brain damage, prevents 
mortality, and improves neurological outcome after subarachnoid 
hemorrhage by resolving early pial microvasospasms. J Cereb Blood Flow 
Metab. 2016;36:2096–107. https:// doi. org/ 10. 1177/ 02716 78x15 605848.

 25. Liu K, Li Q, Zhang L, Zheng X. The dynamic detection of NO during stroke 
and reperfusion in vivo. Brain Inj. 2009;23:450–8. https:// doi. org/ 10. 1080/ 
02699 05090 28381 73.

 26. Kuebler WM, et al. Inhaled nitric oxide induces cerebrovascular effects in 
anesthetized pigs. Neurosci Lett. 2003;348:85–8. https:// doi. org/ 10. 1016/ 
s0304- 3940(03) 00722-5.

 27. Khan MF, Azfar MF, Khurshid SM. The role of inhaled nitric oxide beyond 
ARDS. Indian J Crit Care Med. 2014;18:392–5. https:// doi. org/ 10. 4103/ 
0972- 5229. 133931.

https://doi.org/10.17605/OSF.IO/XQB3Z
https://doi.org/10.17605/OSF.IO/XQB3Z
https://doi.org/10.1177/17474930211065917
https://doi.org/10.1177/17474930211065917
https://doi.org/10.1111/jth.14215
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.1038/nm.2399
https://doi.org/10.1007/s00401-014-1381-0
https://doi.org/10.1007/s00401-014-1381-0
https://doi.org/10.1371/journal.pone.0193970
https://doi.org/10.1371/journal.pone.0193970
https://doi.org/10.3389/fneur.2021.807658
https://doi.org/10.1016/j.celrep.2020.108260
https://doi.org/10.1016/j.celrep.2020.108260
https://doi.org/10.1152/ajpheart.00588.2004
https://doi.org/10.1152/ajpheart.00588.2004
https://doi.org/10.1161/01.STR.0000077016.55891.2E
https://doi.org/10.1177/1756286418789854
https://doi.org/10.1152/ajpcell.00315.2016
https://doi.org/10.1152/ajpcell.00315.2016
https://doi.org/10.1016/j.ccc.2019.12.009
https://doi.org/10.1016/j.ccc.2019.12.009
https://doi.org/10.1038/s41390-020-1017-0
https://doi.org/10.1002/14651858.CD000398.pub2
https://doi.org/10.1002/14651858.CD000398.pub2
https://doi.org/10.1161/CIRCRESAHA.111.253419
https://doi.org/10.1161/CIRCRESAHA.111.253419
https://doi.org/10.1016/j.niox.2018.08.006
https://doi.org/10.1016/j.niox.2018.08.006
https://doi.org/10.1161/01.ATV.0000161048.72004.c2
https://doi.org/10.1161/01.ATV.0000161048.72004.c2
https://doi.org/10.1111/imcb.12191
https://doi.org/10.1177/1747493017710340
https://doi.org/10.3389/fneur.2022.817072
https://doi.org/10.3389/fneur.2022.817072
https://doi.org/10.1177/0271678x15605848
https://doi.org/10.1080/02699050902838173
https://doi.org/10.1080/02699050902838173
https://doi.org/10.1016/s0304-3940(03)00722-5
https://doi.org/10.1016/s0304-3940(03)00722-5
https://doi.org/10.4103/0972-5229.133931
https://doi.org/10.4103/0972-5229.133931


Page 14 of 15Sienel et al. Journal of Neuroinflammation          (2023) 20:301 

 28. Papadimos TJ, Medhkour A, Yermal S. Successful use of inhaled nitric 
oxide to decrease intracranial pressure in a patient with severe traumatic 
brain injury complicated by acute respiratory distress syndrome: a role for 
an anti-inflammatory mechanism? Scand J Trauma Resusc Emerg Med. 
2009;17:5. https:// doi. org/ 10. 1186/ 1757- 7241- 17-5.

 29. Pastor P, Curvello V, Hekierski H, Armstead WM. Inhaled nitric oxide 
protects cerebral autoregulation through prevention of impairment of 
ATP and calcium sensitive K channel mediated cerebrovasodilation after 
traumatic brain injury. Brain Res. 2019;1711:1–6. https:// doi. org/ 10. 1016/j. 
brain res. 2019. 01. 008.

 30. Gianetti J, et al. Supplemental nitric oxide and its effect on myocardial 
injury and function in patients undergoing cardiac surgery with extracor-
poreal circulation. J Thorac Cardiovasc Surg. 2004;127:44–50. https:// doi. 
org/ 10. 1016/j. jtcvs. 2002. 08. 001.

 31. Lang JD Jr, et al. Inhaled NO accelerates restoration of liver func-
tion in adults following orthotopic liver transplantation. J Clin Invest. 
2007;117:2583–91. https:// doi. org/ 10. 1172/ JCI31 892.

 32. Hataishi R, et al. Inhaled nitric oxide decreases infarction size and 
improves left ventricular function in a murine model of myocar-
dial ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol. 
2006;291:H379-384. https:// doi. org/ 10. 1152/ ajphe art. 01172. 2005.

 33. Inglessis I, et al. Hemodynamic effects of inhaled nitric oxide in right ven-
tricular myocardial infarction and cardiogenic shock. J Am Coll Cardiol. 
2004;44:793–8. https:// doi. org/ 10. 1016/j. jacc. 2004. 05. 047.

 34. Frostell C, Fratacci MD, Wain JC, Jones R, Zapol WM. Inhaled nitric oxide. A 
selective pulmonary vasodilator reversing hypoxic pulmonary vasocon-
striction. Circulation. 1991;83:2038–47. https:// doi. org/ 10. 1161/ 01. cir. 83.6. 
2038.

 35. Krejcy K, et al. Role of nitric oxide in hemostatic system activation in vivo 
in humans. Arterioscler Thromb Vasc Biol. 1995;15:2063–7. https:// doi. 
org/ 10. 1161/ 01. atv. 15. 11. 2063.

 36. Waldow T, Witt W, Weber E, Matschke K. Nitric oxide donor-induced 
persistent inhibition of cell adhesion protein expression and NFkappaB 
activation in endothelial cells. Nitric Oxide. 2006;15:103–13. https:// doi. 
org/ 10. 1016/j. niox. 2005. 12. 005.

 37. Carreau A, Kieda C, Grillon C. Nitric oxide modulates the expression of 
endothelial cell adhesion molecules involved in angiogenesis and leuko-
cyte recruitment. Exp Cell Res. 2011;317:29–41. https:// doi. org/ 10. 1016/j. 
yexcr. 2010. 08. 011.

 38. De Caterina R, et al. Nitric oxide decreases cytokine-induced endothe-
lial activation. Nitric oxide selectively reduces endothelial expression 
of adhesion molecules and proinflammatory cytokines. J Clin Invest. 
1995;96:60–8. https:// doi. org/ 10. 1172/ jci11 8074.

 39. Jiang MZ, et al. Effects of antioxidants and NO on TNF-alpha-induced 
adhesion molecule expression in human pulmonary microvascular 
endothelial cells. Respir Med. 2005;99:580–91. https:// doi. org/ 10. 1016/j. 
rmed. 2004. 10. 007.

 40. Lo HP, Ackland-Berglund CE, Pritchard KA Jr, Guice KS, Oldham KT. Attenu-
ated expression of inducible nitric oxide synthase in lung microvascular 
endothelial cells is associated with an increase in ICAM-1 expression. J 
Pediatr Surg. 2001;36:1136–42. https:// doi. org/ 10. 1053/ jpsu. 2001. 25731.

 41. Liu P, et al. NO modulates P-selectin and ICAM-1 mRNA expression and 
hemodynamic alterations in hepatic I/R. Am J Physiol. 1998;275:H2191-
2198. https:// doi. org/ 10. 1152/ ajphe art. 1998. 275.6. H2191.

 42. Ahluwalia A, et al. Antiinflammatory activity of soluble guanylate cyclase: 
cGMP-dependent down-regulation of P-selectin expression and leuko-
cyte recruitment. Proc Natl Acad Sci U S A. 2004;101:1386–91. https:// doi. 
org/ 10. 1073/ pnas. 03042 64101.

 43. Mathru M, Huda R, Solanki DR, Hays S, Lang JD. Inhaled nitric oxide atten-
uates reperfusion inflammatory responses in humans. Anesthesiology. 
2007;106:275–82. https:// doi. org/ 10. 1097/ 00000 542- 20070 2000- 00015.

 44. Banick PD, Chen Q, Xu YA, Thom SR. Nitric oxide inhibits neutrophil beta 
2 integrin function by inhibiting membrane-associated cyclic GMP 
synthesis. J Cell Physiol. 1997;172:12–24. https:// doi. org/ 10. 1002/ (sici) 
1097- 4652(199707) 172:1% 3c12:: Aid- jcp2% 3e3.0. Co;2-g.

 45. Bhopale VM, Yang M, Yu K, Thom SR. Factors associated with nitric 
oxide-mediated β2 integrin inhibition of neutrophils. J Biol Chem. 
2015;290:17474–84. https:// doi. org/ 10. 1074/ jbc. M115. 651620.

 46. Thom SR, et al. Nitric-oxide synthase-2 linkage to focal adhesion kinase 
in neutrophils influences enzyme activity and β2 integrin function. J Biol 
Chem. 2013;288:4810–8. https:// doi. org/ 10. 1074/ jbc. M112. 426353.

 47. Giustizieri ML, Albanesi C, Scarponi C, De Pità O, Girolomoni G. Nitric 
oxide donors suppress chemokine production by keratinocytes in vitro 
and in vivo. Am J Pathol. 2002;161:1409–18. https:// doi. org/ 10. 1016/ 
s0002- 9440(10) 64416-1.

 48. Pawluk H, et al. The role of selected pro-inflammatory cytokines in 
pathogenesis of ischemic stroke. Clin Interv Aging. 2020;15:469–84. 
https:// doi. org/ 10. 2147/ CIA. S2339 09.

 49. Zhu H, et al. Interleukins and ischemic stroke. Front Immunol. 2022;13: 
828447. https:// doi. org/ 10. 3389/ fimmu. 2022. 828447.

 50. Clausen BH, et al. Characterization of the TNF and IL-1 systems in 
human brain and blood after ischemic stroke. Acta Neuropathol Com-
mun. 2020;8:81. https:// doi. org/ 10. 1186/ s40478- 020- 00957-y.

 51. Emsley HC, et al. Clinical outcome following acute ischaemic 
stroke relates to both activation and autoregulatory inhibition of 
cytokine production. BMC Neurol. 2007;7:5. https:// doi. org/ 10. 1186/ 
1471- 2377-7-5.

 52. Jickling GC, Sharp FR. Blood biomarkers of ischemic stroke. Neurother-
apeutics. 2011;8:349–60. https:// doi. org/ 10. 1007/ s13311- 011- 0050-4.

 53. Tsao PS, McEvoy LM, Drexler H, Butcher EC, Cooke JP. Enhanced 
endothelial adhesiveness in hypercholesterolemia is attenuated by 
L-arginine. Circulation. 1994;89:2176–82. https:// doi. org/ 10. 1161/ 01. cir. 
89.5. 2176.

 54. Ma XL, Weyrich AS, Lefer DJ, Lefer AM. Diminished basal nitric oxide 
release after myocardial ischemia and reperfusion promotes neutrophil 
adherence to coronary endothelium. Circ Res. 1993;72:403–12. https:// 
doi. org/ 10. 1161/ 01. res. 72.2. 403.

 55. Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous modulator 
of leukocyte adhesion. Proc Natl Acad Sci U S A. 1991;88:4651–5. https:// 
doi. org/ 10. 1073/ pnas. 88. 11. 4651.

 56. Vovenko EP, Chuikin AE. Tissue oxygen tension profiles close to brain 
arterioles and venules in the rat cerebral cortex during the development 
of acute anemia. Neurosci Behav Physiol. 2010;40:723–31. https:// doi. org/ 
10. 1007/ s11055- 010- 9318-0.

 57. McMahon TJ, Doctor A. Extrapulmonary effects of inhaled nitric oxide: 
role of reversible S-nitrosylation of erythrocytic hemoglobin. Proc Am 
Thorac Soc. 2006;3:153–60. https:// doi. org/ 10. 1513/ pats. 200507- 066BG.

 58. Cannon RO, et al. Effects of inhaled nitric oxide on regional blood flow 
are consistent with intravascular nitric oxidedelivery. J Clin Investig. 
2001;108:279–87. https:// doi. org/ 10. 1172/ jci20 01127 61.

 59. Li H, Samouilov A, Liu X, Zweier JL. Characterization of the magnitude 
and kinetics of xanthine oxidase-catalyzed nitrate reduction: evaluation 
of its role in nitrite and nitric oxide generation in anoxic tissues. Biochem-
istry. 2003;42:1150–9. https:// doi. org/ 10. 1021/ bi026 385a.

 60. Webb AJ, et al. Mechanisms underlying erythrocyte and endothelial 
nitrite reduction to nitric oxide in hypoxia: role for xanthine oxidoreduc-
tase and endothelial nitric oxide synthase. Circ Res. 2008;103:957–64. 
https:// doi. org/ 10. 1161/ CIRCR ESAHA. 108. 175810.

 61. Moncada S, Bolanos JP. Nitric oxide, cell bioenergetics and neurodegen-
eration. J Neurochem. 2006;97:1676–89. https:// doi. org/ 10. 1111/j. 1471- 
4159. 2006. 03988.x.

 62. Kapil V, et al. The noncanonical pathway for in vivo nitric oxide genera-
tion: the nitrate-nitrite-nitric oxide pathway. Pharmacol Rev. 2020;72:692–
766. https:// doi. org/ 10. 1124/ pr. 120. 019240.

 63. Atochin DN, et al. Soluble guanylate cyclase alpha1beta1 limits stroke 
size and attenuates neurological injury. Stroke. 2010;41:1815–9. https:// 
doi. org/ 10. 1161/ STROK EAHA. 109. 577635.

 64. Langhauser F, et al. A diseasome cluster-based drug repurposing of solu-
ble guanylate cyclase activators from smooth muscle relaxation to direct 
neuroprotection. NPJ Syst Biol Appl. 2018;4:8. https:// doi. org/ 10. 1038/ 
s41540- 017- 0039-7.

 65. Zhang Q, et al. Functional relevance of Golgi- and plasma membrane-
localized endothelial NO synthase in reconstituted endothelial cells. 
Arterioscler Thromb Vasc Biol. 2006;26:1015–21. https:// doi. org/ 10. 1161/ 
01. ATV. 00002 16044. 49494. c4.

 66. Sánchez FA, et al. Functional significance of differential eNOS transloca-
tion. Am J Physiol Heart Circ Physiol. 2006;291:H1058-1064. https:// doi. 
org/ 10. 1152/ ajphe art. 00370. 2006.

 67. Marín N, et al. S-Nitrosation of β-catenin and p120 catenin: a novel 
regulatory mechanism in endothelial hyperpermeability. Circ Res. 
2012;111:553–63. https:// doi. org/ 10. 1161/ circr esaha. 112. 274548.

https://doi.org/10.1186/1757-7241-17-5
https://doi.org/10.1016/j.brainres.2019.01.008
https://doi.org/10.1016/j.brainres.2019.01.008
https://doi.org/10.1016/j.jtcvs.2002.08.001
https://doi.org/10.1016/j.jtcvs.2002.08.001
https://doi.org/10.1172/JCI31892
https://doi.org/10.1152/ajpheart.01172.2005
https://doi.org/10.1016/j.jacc.2004.05.047
https://doi.org/10.1161/01.cir.83.6.2038
https://doi.org/10.1161/01.cir.83.6.2038
https://doi.org/10.1161/01.atv.15.11.2063
https://doi.org/10.1161/01.atv.15.11.2063
https://doi.org/10.1016/j.niox.2005.12.005
https://doi.org/10.1016/j.niox.2005.12.005
https://doi.org/10.1016/j.yexcr.2010.08.011
https://doi.org/10.1016/j.yexcr.2010.08.011
https://doi.org/10.1172/jci118074
https://doi.org/10.1016/j.rmed.2004.10.007
https://doi.org/10.1016/j.rmed.2004.10.007
https://doi.org/10.1053/jpsu.2001.25731
https://doi.org/10.1152/ajpheart.1998.275.6.H2191
https://doi.org/10.1073/pnas.0304264101
https://doi.org/10.1073/pnas.0304264101
https://doi.org/10.1097/00000542-200702000-00015
https://doi.org/10.1002/(sici)1097-4652(199707)172:1%3c12::Aid-jcp2%3e3.0.Co;2-g
https://doi.org/10.1002/(sici)1097-4652(199707)172:1%3c12::Aid-jcp2%3e3.0.Co;2-g
https://doi.org/10.1074/jbc.M115.651620
https://doi.org/10.1074/jbc.M112.426353
https://doi.org/10.1016/s0002-9440(10)64416-1
https://doi.org/10.1016/s0002-9440(10)64416-1
https://doi.org/10.2147/CIA.S233909
https://doi.org/10.3389/fimmu.2022.828447
https://doi.org/10.1186/s40478-020-00957-y
https://doi.org/10.1186/1471-2377-7-5
https://doi.org/10.1186/1471-2377-7-5
https://doi.org/10.1007/s13311-011-0050-4
https://doi.org/10.1161/01.cir.89.5.2176
https://doi.org/10.1161/01.cir.89.5.2176
https://doi.org/10.1161/01.res.72.2.403
https://doi.org/10.1161/01.res.72.2.403
https://doi.org/10.1073/pnas.88.11.4651
https://doi.org/10.1073/pnas.88.11.4651
https://doi.org/10.1007/s11055-010-9318-0
https://doi.org/10.1007/s11055-010-9318-0
https://doi.org/10.1513/pats.200507-066BG
https://doi.org/10.1172/jci200112761
https://doi.org/10.1021/bi026385a
https://doi.org/10.1161/CIRCRESAHA.108.175810
https://doi.org/10.1111/j.1471-4159.2006.03988.x
https://doi.org/10.1111/j.1471-4159.2006.03988.x
https://doi.org/10.1124/pr.120.019240
https://doi.org/10.1161/STROKEAHA.109.577635
https://doi.org/10.1161/STROKEAHA.109.577635
https://doi.org/10.1038/s41540-017-0039-7
https://doi.org/10.1038/s41540-017-0039-7
https://doi.org/10.1161/01.ATV.0000216044.49494.c4
https://doi.org/10.1161/01.ATV.0000216044.49494.c4
https://doi.org/10.1152/ajpheart.00370.2006
https://doi.org/10.1152/ajpheart.00370.2006
https://doi.org/10.1161/circresaha.112.274548


Page 15 of 15Sienel et al. Journal of Neuroinflammation          (2023) 20:301  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 68. Swirski FK, et al. Identification of splenic reservoir monocytes and their 
deployment to inflammatory sites. Science. 2009;325:612–6. https:// doi. 
org/ 10. 1126/ scien ce. 11752 02.

 69. Khambata RS, et al. Antiinflammatory actions of inorganic nitrate stabilize 
the atherosclerotic plaque. Proc Natl Acad Sci U S A. 2017;114:E550–9. 
https:// doi. org/ 10. 1073/ pnas. 16130 63114.

 70. Ghosh SM, et al. Enhanced vasodilator activity of nitrite in hypertension: 
critical role for erythrocytic xanthine oxidoreductase and translational 
potential. Hypertension. 2013;61:1091–102. https:// doi. org/ 10. 1161/ 
hyper tensi onaha. 111. 00933.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1126/science.1175202
https://doi.org/10.1126/science.1175202
https://doi.org/10.1073/pnas.1613063114
https://doi.org/10.1161/hypertensionaha.111.00933
https://doi.org/10.1161/hypertensionaha.111.00933

	Inhaled nitric oxide suppresses neuroinflammation in experimental ischemic stroke
	Abstract 
	Introduction
	Results
	Nitrite and nitrate levels in blood, urine, and brain after iNO
	Inhaled NO modulates downstream signaling molecules involved in leukocyte adhesion
	Inhaled NO reduces leukocyte–endothelium interactions in vivo
	iNO alters the profile of circulating leukocytes following stroke
	iNO decreases the expression of adhesion molecules in the brain following stroke
	iNO reduces cerebral cytokine levels following stroke

	Discussion
	Materials and methods
	Animals
	Transient focal cerebral ischemia
	Nitric oxide (NO) inhalation
	Intravital microscopy
	Isolation of cerebral vessels
	Protein extraction and Western blot analysis
	Nitritenitrate quantification
	Flow cytometry analysis
	Quantitative real-time PCR (qRT-PCR)
	Statistical analysis

	Anchor 23
	Acknowledgements
	References


