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Abstract

Nitric oxide (NO) is a well-known gaseous mediator that maintains vascular homeostasis. 

Extensive evidence supports that a hallmark of endothelial dysfunction, which leads to 

cardiovascular diseases, is endothelial NO deficiency. Thus, restoring endothelial NO represents 

a promising approach to treating cardiovascular complications. Despite many therapeutic agents 

having been shown to augment NO bioavailability under various pathological conditions, success 

in resulting clinical trials has remained elusive. There is solid evidence of diverse beneficial 

effects of the treatment with low-power near-infrared (NIR) light, defined as photobiomodulation 

(PBM). Although the precise mechanisms of action of PBM are still elusive, recent studies 

consistently report that PBM improves endothelial dysfunction via increasing bioavailable NO in 

a dose-dependent manner and open a feasible path to the use of PBM for treating cardiovascular 

diseases via augmenting NO bioavailability. In particular, the use of NIR light in the NIR-II 
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window (1000-1700 nm) for PBM, which has reduced scattering and minimal tissue absorption 

with the largest penetration depth, is emerging as a promising therapy. In this review, we update 

recent findings on PBM and NO.
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Introduction

Nitric oxide (NO) is a well-known gaseous mediator that maintains vascular homeostasis as 

a vasodilator and antithrombotic factor, inducing disaggregation of pre-aggregated platelets 

[1; 2; 3] by enhancing endogenous fibrinolysis [4; 5]. NO is enzymatically synthesized from 

L-arginine by NO synthases (NOS) in vivo. Endothelial (eNOS), inducible (iNOS), and 

neural (nNOS) isoforms of NOS have been identified [6; 7]. Amongst NOSs isoforms, 

eNOS is expressed in endothelial cells (ECs) and plays a critical role in maintaining 

the endothelial lining in a quiescent, unactivated state via NO [6; 7]. It is established 

that impairment of eNOS activity is associated with the pathogenesis of cardiovascular 

diseases [1; 8; 9; 10; 11]. A hallmark of endothelial dysfunction leading to cardiovascular 

complications is suppressed eNOS activity with concomitant NO deficiency [1; 10]. Thus, 

restoring endothelial NO via activation of eNOS represents a promising approach for 

treating and preventing cardiovascular events. In addition, eNOS has been shown to be 

expressed in red blood cells (RBCs) in humans [12; 13] and mice [13; 14]. Leo et al. 
demonstrated that eNOS in both ECs and RBCs independently contributed to blood pressure 

homeostasis and NO reservoir using EC- or RBC-specific eNOS knockout and knock-in 

mouse models [15]. The significance of eNOS in RBCs in cardiovascular diseases is an 

active topic in NO research.

Alternatively, it has also been well appreciated that NOS-independent pathways to produce 

NO exist. First, elevated nitrite reductase activity is reported under hypoxic conditions. 

The inorganic anion nitrite (NO2
−) is regarded as an inert intermediate product of NO 

metabolism or residues in the food chain. Still, several lines of evidence support the 

nitrite reduction to NO under hypoxic conditions, in which several hemeproteins, including 

myoglobin, hemoglobin, cytoglobin, neuroglobin, globin X, xanthine oxidase, cytochrome 

c oxidase (Complex IV, CcO) acquire a nitrite-reductase activity [16]. NO from the 

nitrite reduction has been shown to modulate hypoxic vasodilation, platelet activation, and 

mitochondrial respiration [17; 18] and mediate cytoprotection in a number of animal models 

of ischemia-reperfusion [19]. Second, thiol groups can be nitrosated and are capable of 

transporting NO [20]. S-nitrosothiols (SNO) are formed by S-nitrosylation of hemoglobin 

with NO and represents one of the mechanisms to pool NO. Cysteine residues within the 

beta chains of hemoglobin (Cysβ 93) are favored to release NO from deoxyhemoglobin and 

are considered the primary source of red blood cell-derived NO [20].

Pharmacological interventions that are known to improve endothelial function are often used 

for therapeutic purposes in the context of cardiovascular events [7; 21]. Thus, restoring 
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endothelial NO is a promising approach for treating cardiovascular events. This can be 

achieved by direct application of NO itself, but the beneficial pharmacological properties 

of inhaled NO are not easy to separate from its side effects [22]. The medical use of 

NO gas requires special equipment and highly skilled medical workers, which would 

be expensive and challenging for therapeutic applications in a large patient population. 

Instead, the therapeutic agents, including NO donors, aspirin, statins, dipyridamole, calcium 

channel blockers, inhibitors of angiotensin-converting enzymes, or phosphodiesterase-3 have 

been shown to augment NO bioavailability under a variety of pathological conditions [8; 

9]. For example, in preclinical studies, NO donors reduced lesion size and maintained 

cerebral blood flow in stroke [23]. In a subgroup analysis of the large ENOS trial, 

transdermal glyceryl trinitrate (GTN), an NO donor, was safe and associated with improved 

functional outcomes and fewer deaths. Still, it is effective only when administered within 

6 hours of stroke onset [24], posing the same severe limitation as the conventional 

approaches, including intravenous thrombolysis and endovascular thrombectomy to establish 

reperfusion. These therapeutic modalities need to be administered within 4.5-6 h of stroke 

onset with a high risk of bleeding, labor-intensive monitoring, special equipment and skills 

requirement, and the risk of complications associated with invasive interventions [25; 26]. 

Overall, success in resulting clinical trials using pharmacological agents has remained 

elusive [27]. Therefore, a novel approach to improve endothelial NO bioavailability is 

desired to reduce morbidity and mortality from cardiovascular diseases.

Near-infrared (NIR) light exposure to increase endothelial NO bioavailability

There is solid evidence for diverse biological effects of the treatment with low-power 

near-infrared (NIR) light (630-900 nm) in the NIR-I window, including analgesia, 

tissue regeneration, inflammation reduction, bone healing, and addressing symptoms of 

neurological and neuropsychiatric disorders [28; 29; 30; 31; 32; 33; 34; 35; 36], which are 

broadly defined as photobiomodulation (PBM) [30]. Light-based therapy using a physical 

parameter has numerous advantages over conventional pharmacological approaches. It is 

free from cold-chain storage, hypodermic needles, biohazardous sharp waste, irreversible 

formulation with other ingredients, undesirable biodistribution in vital organs, or unknown 

long-term toxicity [37; 38; 39]. Thus, PBM with NIR light has been explored for a wide 

array of therapeutic purposes, including treating cardiovascular diseases [30]. For example, 

low-power 808 nm laser irradiation attenuated myocardial infarction size in rats and dogs 

[40]. When an 808 nm laser was applied transcranially, it reduced stroke injury and long-

term neurological deficits in rats [41]. Low-power 630 nm laser has been shown to improve 

memory [42] and conditions associated with traumatic brain injury (TBI), depression, and 

ischemic stroke in patients [43]. In the past decades, a series of evidence describes the use 

of non-invasive NIR laser-based therapy to improve endothelial function via augmenting 

NO bioavailability [44]. In response to this, treatment of acute stroke in patients using 

the 810 nm NIR-I laser was addressed in three clinical trials, “Neurothera Effectiveness 

and Safety Trials” (NEST-1) [45], NEST-2 [46; 47], and NEST-3 [48], with a discussion 

of potential mechanisms including mitochondrial pathways and NO signaling [49; 50]. 

Although NEST-1 (120 patients, 40 to 85 years of age) and NEST-2 (660 patients, aged 

40 to 90) found a significantly improved outcome in moderate and moderate-severe stroke 
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patients [45; 48], the last clinical trial (NEST-3) was prematurely terminated for futility at 

566 completed patients [51]. The relatively long interval between stroke onset and laser 

treatment, insufficient light penetration into the affected brain tissue, an inappropriate scale 

used to assess stroke severity, inadequate number of treatments, and failure in precise 

exposure of the anatomical location of the stroke were possible reasons [49]. These results 

indicate there is room for improvement in PBM regarding its application site, treatment 

schedule, and laser modes and doses for the treatment of cardiovascular diseases. In 

addition, uncertainties about the clinical trial protocols and precise mechanisms of action 

of PBM at the molecular and cellular levels have held back its wide acceptance in the stroke 

community.

Researchers, including our group, have further demonstrated that NIR light in the NIR-II 

window (1000-1700 nm) shows PBM effects. Importantly, NIR-II light has many advantages 

over NIR-I light. The absorption coefficient or the light scattering coefficient in the skin 

and other tissues steadily decreases with the increase of wavelength and reaches the lowest 

around 1125 nm [52; 53]. As compared to the traditional laser therapy with NIR-I, NIR 

light in the NIR-II window represents the absence of carcinogenic or mutagenic properties 

[54], reduced scattering, and minimal tissue absorption [38; 52; 55], thus achieving the 

penetration depth of 4-8 cm [56] as compared to that of NIR-I (~3.2 cm) [57] (Figure 1).

Due to its significant therapeutic advantage, reports of PBM using NIR-II are steadily 

increasing over the past decade. The 22 independent clinical studies demonstrated that 

low-level 1064 nm laser treatment on knee arthropathies, spine, shoulder or elbow, wound, 

gynecological, or osteoporosis effectively reduced pain, increased range-of-motion (ROM), 

increased functional scores, and increased the quality of life (QOL) for knee osteoarthritis 

and spinal disorders [58]. Wang et al. demonstrated that brief exposure of human forearms 

with low-power 1064 nm NIR light increases hemoglobin oxygenation [59]. We have 

shown that exposure to NIR-II laser between 1061-1301 nm activated innate immunity 

and augmented the immune response to the vaccine [37; 38; 39; 60]. In these studies, we 

have shown that non-pulsed NIR-II laser activates innate responses of CD103+ migratory 

dendritic cells (migDCs) in the skin [60; 61; 62], which are critical for early and long-

term adaptive memory responses [63; 64; 65; 66; 67], and augments the efficacy of the 

intradermal vaccine without side effect [68; 69]. Treatment with a pulsed NIR-II laser that 

generated the same degree of heat in the tissue showed no effect, which indicates that these 

effects were not mediated by the photothermal effect [62]. In addition, we have recently 

demonstrated that exposure to dual NIR-II laser of 1064 + 1270 nm improves cytotoxic T 

cell function and augments the effects of cancer immunotherapy [70]. It should be noted 

that NIR-II laser has been extensively explored in the field of transcranial PBM (tPBM), 

a non-invasive laser therapy delivering NIR laser transcranially to modulate biochemical 

changes within neural cells and to treat neurodegenerative diseases. Since the NIR-II laser 

can reach the human cerebral cortex up to ~3 cm below the human scalp [71], it is a 

preferred wavelength for transcranial applications. tPBM using light-emitting diodes (LEDs) 

with a bandwidth of 1064 to 1080 nm was reported to improve the executive functioning 

of dementia patients [72]. Another series of studies showed that tPBM using a 1064 nm 

laser enhanced cognitive performance in rats [73] and human subjects [74; 75; 76; 77; 78]. 

Intriguingly, this effect has been shown to be not mediated by heat [79].
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Recently, we have demonstrated that two distinct wavelengths of low-power NIR-II laser 

(1064 and 1270 nm) induce NO release [80], suggesting that the effect of tPBM is mediated 

not only by the direct effect of NIR-II light on oxygen metabolism in neuronal cells 

but also improved blood flow via augmented NO generation in endothelial cells. These 

observations collaborate well with clinical studies of tPBM with a 1064 nm laser, which 

showed a significant increase in cerebral blood oxygenation in human subjects [81; 82; 83]. 

Remarkably, tPBM using low-level 1267 nm augmented the drainage and clearing function 

of the meningeal lymphatic vessels [84] and alleviated neurocognitive deficits associated 

with the accumulation of beta-amyloid (Aβ) in mice [85; 86]. These results collectively 

suggest that the beneficial effects of tPBM on the cerebral drainage system [87] are also 

mediated by NO in lymphatic endothelial cells.

The primary site of NIR-I absorption is identified as CcO in the mitochondria [88; 89]. NIR-

I absorption promotes changes in the redox state of enzymes in the mitochondrial respiratory 

chain, increases ATP synthesis [90], and activates mitochondrial retrograde signaling, 

including mitochondrial ROS and NO, ultimately resulting in broad beneficial effects [31]. 

The mechanisms involved in PBM with NIR-II seem to be the same as that of NIR-I. Ravera 

et al. demonstrated that 1064 nm laser light modulated the transmembrane mitochondrial 

complexes I, III, and Complex IV (CcO) [91]. We and others have also shown that the 

mechanisms of action involve the photochemical effects of the generation of ROS [62; 

92], activation of mitochondrial retrograde signaling [80; 91], and subsequent expression of 

immunostimulatory cytokines and chemokines [61; 62; 68; 69; 93]. Dolgova et al. showed 

that a short-term increase in ROS levels, in turn, activates the cell antioxidant system [94], 

which ultimately exerts broad beneficial effects. In addition, Schroeder et al. demonstrated 

that broadband NIR light (760-1440 nm) induced mitochondrial ROS generation and 

increased redox potential in cultured human dermal fibroblasts [95]. Khokhlova et al. 
consistently observed mitochondrial ROS generation with 1265 nm laser radiation [96]. 

We consistently observed a reduction of cellular ROS levels with 1064 + 1270 nm NIR-II 

treatment in T cells [92; 97].

In short, NIR-II light might be able to resolve historical issues associated with PBM 

using NIR-I light and represents a non-invasive and promising therapeutic approach for 

cardiovascular diseases (Figure 2). In this manuscript, we perform an updated review of 

recent findings on PBM and NO in preclinical (Table 1) and clinical settings (Table 2) 

and provide future perspectives on the use of NIR-II light to augment endothelial NO 

bioavailability.

1. Photo-dissociation of NO from heme proteins upon PBM

NO binds to heme a3 in competition with oxygen and acts as a reversible inhibitor of 

CcO at low concentrations [98; 99], modulating activities of the electron transport chain 

and activating retrograde signaling [100; 101; 102; 103], ultimately diverting the fate of 

oxygen into ROS generation [104; 105; 106; 107] and activating ROS- or NO-mediated 

retrograde signaling via forkhead box Os (FOXOs), NF-κB, activator protein-1 (AP-1), Myc 

[90]. These mechanisms have been shown to regulate tissue oxygen gradients and induce 

cytoprotective effects [108; 109]. NIR light has been shown to induce photo-dissociation 
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of NO from heme proteins. Boelens et al. demonstrated that 640 and < 400 nm light 

displaced NO from CuB
+2 using cryogenic electron paramagnetic resonance (EPR) [107; 

110]. Sarti et al. showed that white light, including NIR light, displaced NO bound to the 

heme a3 in CcO subunit I [111]. This photo-dissociation has a physiological consequence; 

it is proposed that during hypoxia, NO modulates energy metabolism by reducing oxygen 

consumption by inhibiting CcO [112]. Consistently, low level (up to 50 mW/cm2) 670 

nm has been demonstrated to increase ATP synthase activity and NO generation, and 

protect cultured cardiomyocytes from hypoxia and reoxygenation-induced apoptosis [113], 

suggesting possible involvement of modulation of NO-CcO upon NIR exposure in these 

effects. Importantly, these effects were dependent upon NO derived from NOS and non-NOS 

sources in this study.

In order to explore the possible use of NIR-II for PBM, we further performed time-

dependent density functional theory (TDDFT) computation of the binding of NO to CcO 

molecule (Figure 3) [92]. There were three multispectral absorbance peaks in the NIR 

range: 961, 1319, and 1372 nm, which indicates that the treatment with NIR-II light could 

photo-dissociate NO from CcO, exerting PBM in the deep thickness of exposed tissue due to 

its large penetration depth of this range of NIR light in biological tissue [38].

Although the detailed mechanism of action is not clear, Pope et al. showed that a single 

or combination of NIR light of 447, 532, 635, or 808 nm induced NO generation in 

cultured human telomerase reverse transcriptase transformed retinal pigment epithelium 

(hTERT-RPE) cells [114], which was not dependent on NOS but the substrate source of 

electrons entering the electron transport chain. This work suggests that the simple model of 

the light-mediated release of NO from CcO still represents one of the mechanisms of action 

of PBM, but it cannot explain the wide variety of PBM effects reported in the literature 

entirely [114]. Thus, the possible involvement of this pathway needs to be further clarified in 

each PBM system.

2. NO release via reductase activities of heme proteins upon PBM

It has been well recognized that UV light induces NO generation via the photo-

decomposition of photo-reactive nitrogen oxides. Paunel et al. showed NO increase in 

the human skin tissue sample by photo-decomposition of S-nitrosothiol and nitrite upon 

exposure to 320 to 420 nm UV light from a mercury arc lamp [115]. Consistently, Liu et al. 
demonstrated in 24 volunteers that 320-410 nm ultraviolet A (UVA) irradiation enhanced the 

release of NO from storage in the epidermis, lowered blood pressure, and increased blood 

flow independently of NOS [116]. Mowbray et al. further showed that in human volunteers, 

350-400 nm UVA was also able to increase NO-related products in the skin, possibly derived 

from vessels [117]. Similarly, blue light has also been shown to release NO from photolabile 

NO metabolites. Borisenko et al. described 441.6 nm, but not 632.8 nm laser increased NO 

due to photodissociation of nitrosyl hemoglobin (HbNO) [118]. Stern et al. demonstrated in 

human volunteers that whole-body irradiation with 445-455 nm blue light increased plasma 

NOx (nitrite, nitrate, and RXNOs) and blood flow and decreased systolic blood pressure 

[119], suggesting NO release from photolabile NO metabolites into circulation.
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PBM using red-NIR light has also been shown to increase NO bioavailability from 

intracellular stores, but the mechanism of action is distinct from that of UVA or blue 

light and involves nitrite reductase activity of heme proteins, including CcO, hemoglobin, 

or myoglobin. Upon its synthesis via NOS, NO embarks in reactions with biomolecular 

targets, being ultimately oxidized into nitrite [120]. Within tissues, nitrosyl-heme proteins 

can generate NO under both hypoxia or low pH and normoxic conditions [121]. Barolet 

et al. tested the impact of 455 nm blue light as well as 660 and 850 nm NIR light on 

NO release in the forearms of a human volunteer. In this work, 455 and 850 nm, but not 

660 nm, increased NO levels, although the precise mechanism of NO release action for 

each condition was unclear [122]. Ball et al. showed that 590 ± 14 nm red light stimulated 

nitrate reductase activity of CcO and induced NO release under the hypoxic condition 

from pre-existing nitrite tissue stores in isolated mitochondria [123]. Interestingly, while 

wavelengths 509-691 nm were stimulatory, those above 820 nm (up to 880 nm) were 

rather inhibitory in mouse brain mitochondria. It is proposed that 590 ± 14 nm irradiation 

enhances the NO off rate from CcO, hence the nitrite on rate, resulting in NO production 

[121]. Lohr et al. demonstrated that low-level irradiation with 670 nm NIR light facilitated 

NO release from HbNO or nitrosyl myoglobin (MbNO) and reduced nitrite to form NO 

via the nitrite reductase activity of deoxyhemoglobin in the anaerobic condition [124]. 

Low-level (60 mW/cm2 for 3 min) exposure of the heart with 670 nm NIR light conferred 

cardioprotection in cardiac ischemia and reperfusion injury model in rabbits [124]. They 

consistently demonstrated that low-level 670 nm NIR light-induced NOS-independent NO 

release in endothelial cells and enhanced collateralization and blood flow in a hindlimb 

ischemia model in rabbits and mice [125]. Keszler et al. demonstrated that 670 nm light 

similarly released NO from HbNO and MbNO and protected normal and diabetic mice 

from ischemia and reperfusion injury, independent of NOS [126]. Remarkably, among 

tested wavelengths (670, 740, and 830 nm), 660 nm yields the highest release of NO 

and conferred cardioprotection. NO production in response to 670 nm NIR light exposure 

has been reported to occur in endothelium [127]. Consistently, Keszler et al. observed 

increased vasodilation of isolated arteries via NO release in the endothelium in the pressure 

myography system [127]. Together, these results suggest that PBM using red-NIR light 

increases NO bioavailability from intracellular stores via nitrite reductase activity of heme 

proteins. Further study on the effect of NIR-II on this pathway is warranted.

3. Augmentation of NO production from NOS upon PBM

PBM has been shown to increase NO production by eNOS. eNOS is the primary source 

of NO in endothelium and is phosphorylated at serine 1177 (S1177) by Akt kinase, 

representing a major activation mechanism of eNOS to increase NO production [128; 

129]. NO is oxidized into nitrite after its synthesis via eNOS [120]. Mitchell et al. also 

demonstrated that low-level 890 nm NIR laser treatment on an area of the skin increased 

plasma nitrite levels in venous blood draining from treated tissue, suggesting increased 

generation of endothelial NO in the treated area [130]. He-Ne laser irradiation at 632.5 nm 

has been reported to promote proliferation, migration, NO generation, and angiogenesis of 

human umbilical vein endothelial cells (HUVECs) via activation of the PI3K/Akt/eNOS 

pathway [131]. Alternatively, this pathway has also been shown to increase eNOS protein 
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and gene expression in HUVEC in vitro [131]. In addition, other isoforms of NOS could 

contribute to an increase in NO bioavailability upon PBM. Tuby et al. showed that low-level 

804 nm laser treatment increased iNOS expression, facilitated angiogenesis, and decreased 

infarct size in a myocardial infarction model in rats [132]. The augmented angiogenesis was 

mediated by increased expression of vascular endothelial growth factor (VEGF) by NO.

Our group has further demonstrated that two distinct wavelengths of NIR-II laser (1064 

and 1270 nm) at an irradiance of 10 mW/cm2 induce NO release from endothelial cells. 

These lasers enhanced Akt phosphorylation at serine 473 and eNOS phosphorylation at 

S1177 [80]. Consistent with PBM with NIR-I, the NO release and phosphorylation of eNOS 

involved mitochondrial retrograde signaling. Interestingly, the induction of NO was highly 

dose-dependent (Figure 4). This is consistent with a report by Ravera et al. showing that 

1064 nm laser modulated the transmembrane mitochondrial complexes I, III, and Complex 

IV (CcO) with a narrowed range of tolerability [91]. Importantly, these two wavelengths of 

NIR-II laser induced no appreciable NO generation in cultured neuronal cells expressing 

nNOS [80]. Golovynska et al. also demonstrated that 650 and 808 nm red and NIR-I light 

promoted intracellular calcium elevation in cultured neuronal cells [133] via stimulation of 

N-methyl-D-aspartate receptors (NMDARs) [134], while 1064 nm NIR-II laser light did not 

evoke any changes in intracellular calcium in cultured cells expressing NMDARs [133]. 

Since NMDARs are involved in the excitotoxicity induced by hypoxia-ischemia [135], and 

nNOS-derived NO plays a neurotoxicity role in ischemic stroke [136], the use of NIR-II 

would be a favorable option for the treatment of ischemic stroke with PBM.

eNOS is also expressed in RBCs [12; 13; 14] and plays a critical role in blood pressure 

homeostasis and NO reservoir [15]. Nagarajan et al. demonstrated that the mechanical 

stimuli phosphorylated eNOS at the S1177 in human RBCs and activated the enzyme 

activity, induced nitrosylation of RBC proteins, and regulated structural flexibility for 

the passage of RBCs through the microvasculature [137]. These results warrant further 

investigation of the impact of PBM on eNOS in RBCs.

In short, these lines of evidence suggest that PBM with NIR light increases NO 

bioavailability in situ via distinct mechanisms of action (Figure 5) and could be used to 

improve endothelial dysfunction and treat cardiovascular diseases.

Perspectives: Study tools for PBM on NO bioavailability

A deficiency of bioactive NO is implicated in arterial thrombosis in animal models and 

patients with endothelial dysfunction [3; 138]. A hallmark of endothelial dysfunction is 

considered to be endothelial NO deficiency [1; 10]. Therefore, research tools to study the 

relationship between NIR exposure and eNOS are critical to advancing our understanding of 

the impact of PBM on NO signaling.

eNOS knockout mice have been extensively used as an animal model of endothelial 

dysfunction [139] and for mechanistic studies of PBM to determine the source of NO [125; 

126]. However, this is an extreme model for endothelial dysfunction because they have no 
endothelial NO. Phosphorylation of eNOS at S1177 is a clinically important mechanism 
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for the regulation of eNOS enzyme activity. S1177 phosphorylation is deficient in patients 

with diabetes, hypertension, and hypercholesterolemia [1; 10; 11]. As outlined above, NIR 

light exposures have been shown to stimulate a major regulator of NO bioavailability, eNOS 

phosphorylation [131]; a research tool that can determine the role of eNOS phosphorylation 

in vivo would be useful. In response, mutant mice carrying mutations at the S1176 

phosphorylation site (equivalent to S1177 in humans and S1179 in bovines) were generated 

[140; 141]. The S1176D mutation contains an aspartate in place of the serine, with a 

carboxyl side group that mimics a negatively charged phosphate group (constitutively active, 

high NO production), and the S1176A mutation contains an alanine in place of the serine, so 

it cannot be phosphorylated (not activatable, low NO production) (Figure 6).

Unlike eNOS knockout mice, the S1176D and S1176A mice are more pathophysiologically 

relevant because they do have eNOS activity, yet they mimic the biological actions 

of phosphorylated and unphosphorylated states. These models have been successfully 

used to determine the importance of eNOS phosphorylation in endothelial function in 

vasoconstrictor and vasodilator responses of vessels from the leptin-deficient mice with 

S1176A or S1176D mutations in a myograph system ex vivo and stroke model in vivo in the 

context of diabetes [141]. These mice are perspective tools to study mechanisms of the PBM 

action on endothelial NOS-connected pathways in vivo.

Conclusion

The recent mechanistic studies solidified evidence that PBM with NIR-I light can augment 

NO bioavailability in multiple mechanisms of action. A recently expanded list of the effects 

of PBM on cardiovascular diseases, along with the matured medical laser industry, is 

expected to facilitate the initiation of the clinical translation of laser-based technology. 

Especially, a clinically relevant molecular target of PBM, including CcO, heme proteins, 

and eNOS, holds promise in the treatment of cardiovascular diseases. Exploration of further 

applications of PBM using NIR-II light with the largest penetration depth using in vivo 
mouse models with modified eNOS activity is expected to be optimal for expanding such an 

opportunity and following this path in the near future.
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Highlights

• Photobiomodulation (PBM) augments nitric oxide (NO) bioavailability via 

multiple mechanisms

• PBM reverses endothelial dysfunction via augmenting NO bioavailability and 

can be used for the therapy of cardiovascular diseases

• Near-infrared (NIR) light in the NIR-II window (1000-1700 nm), which 

penetrates biological tissue deeper, shows PBM

• NIR-II light augments NO bioavailability via activation of endothelial NO 

synthase (eNOS)
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Figure 1. NIR-I and NIR-II optical windows.
(A) Spectra of attenuation coefficient (how easily a beam of light can penetrate a volume 

of material) versus wavelength for head tissues: brain cortex, cranial bone, and skin in 

the range of wavelength from 350 to 2,700 nm. Four optical transparency windows are 

indicated: ~700 to 1000 nm near-infrared window I (NIR-I), ~1000 to 1350 nm (NIR-II), 

~1550 to 1870 nm (NIR-III or short-wave infrared, SWIR), and ~2100 to 2300 nm (SWIR-

II). (B) Attenuation length lt spectra for rat brain cortex, cranial bone, and skin in the range 

of wavelength from 350 to 2,700 nm. Passing the rat head and slice of brain, light remains 

the most intense in SWIR and NIR-II windows, while light permeability in SWIR-II and 

NIR-I is smaller. (A-B) Adapted from Golovynskyi et al. 2018 [53] with permission from 

John Wiley and Sons.
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Figure 2. Endothelial dysfunction excerpts cardiovascular disorders that can be alleviated by 
increased nitric oxide (NO) bioavailability upon photobiomodulation (PBM) with near-infrared 
(NIR) light.
Nitric oxide (NO) is a gaseous mediator to maintain vascular homeostasis. A 

hallmark of endothelial dysfunction and subsequent pro-thrombotic events is endothelial 

NO synthase (eNOS) suppression with concomitant NO deficiency, resulting in 

vasoconstriction, inflammation, platelet activation, hypercoagulation, and cardiovascular 

diseases. Photobiomodulation (PBM) with near-infrared (NIR) light exposure has the 

potential to increase NO bioavailability via multiple mechanisms.

Kashiwagi et al. Page 21

Nitric Oxide. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Time-dependent density functional theory (TDDFT) analysis of NO binding to 
cytochrome c oxidase (CcO).
(A) A region around copper ion - NO - iron ion (Cu-(NO)-Fe) binding with porphyrin 

complex and histidine (His) was extracted from the whole CcO molecule (PDB: 5X1F). 

A copper ion is surrounded by three histidines, while NO binds to an iron ion coupled 

with a porphyrin structure and a histidine. (B-C) The time-dependent density functional 

theory (TDDFT) method was performed to calculate the excited states relevant to the NIR 

light absorption. (C) There are three multispectral absorbance peaks, which derive from 

the electronic transition from molecular orbital (MO) 203 (Highest Occupied Molecular 

Orbital: HOMO) to low-lying unoccupied orbitals (MOs 204-209). a: Absorption maxima, 

b: Corresponding transition energy calculated by TDDFT method, c: Oscillator strength. 

These results indicate that tissue treatment with NIR light leads to the NO release from CcO. 

Modified from Katagiri et al. 2020 [92] with permission from The International Society for 

Optical Engineering (SPIE).
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Figure 4. Dose- and time-dependent nitric oxide (NO) generation of human umbilical vein 
endothelial cells (HUVECs) and neuronal cells induced by NIR-II exposure.
(A-C) We irradiated cultured human umbilical vein endothelial cells (HUVECs) with 808, 

1064, or 1270 nm laser at an irradiance of 0.1-100 mW/cm2 for 1-5 min. We determined 

NO generation upon laser irradiation using NO-sensitive fluorophore 4,5-diaminofluorescein 

diacetate (DAF-2 DA). The fold change in the fluorescent signals at each time point over the 

no-laser control group was calculated for each group. (A-C, top) Representative fluorescence 

images of DAF-2T signal loaded in HUVECs in each experimental group and (A-C, bottom) 

the fold changes of the fluorescence signal of (A), 1064 (B), 1270 and (C), 808 nm laser-

treated group. Adapted from Yokomizo et al. 2022 [80] with permission from John Wiley 

and Sons.
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Figure 5. Increased NO release and production upon NIR laser treatment.
PBM with NIR light exposure augments NO bioavailability via multiple mechanisms. 

First, PBM rests on its ability to photo-dissociate NO from cytochrome c oxidase (CcO) 

in mitochondria. Second, PBM increases NO bioavailability from intracellular stores, 

especially engaging heme proteins, including CcO, hemoglobin (Hb), or myoglobin. The 

schematics show hemoglobin composed of a heme prosthetic group, two α-globin, and two 

β-globin chains. Third, PBM has been shown to increase NO production from NOS via 

increasing the expression level and phosphorylation.
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Figure 6. Mouse models of S1176D and S1176A eNOS mutations.
The S1176D mutation contains an aspartate in place of the serine, with a carboxyl side 

group that mimics a negatively charged phosphate group (constitutively active, high NO 

production), and the S1176A mutation contains an alanine in place of the serine, so it cannot 

be phosphorylated (not activatable, low NO production).

Kashiwagi et al. Page 25

Nitric Oxide. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kashiwagi et al. Page 26

Table 1

In vitro and preclinical studies on UVA, blue light and photobiomodulation (PBM), and nitric oxide (NO) 

bioavailability.

Wavelength Irradiance Light
source

Model Mechanisms /
Outcome

References

320-420 nm 34mW/cm2 Mercury arc 
lamp

Human skin tissue NOS-independent
NO↑
Photo-decomposition of RSNO and nitrite

[115]

441.6 or 632.8 
nm

ND He-Cd 
(441.6 nm) 
and He-Ne 
(632.8 nm) 
lasers

HbNO solution NO↑
Photodissociation of HbNO by He-Cd laser 
but not He-Ne laser

[118]

447, 532, 635 
or 808 nm

800 ± 17.9μW/cm2 LD
CW

Cultured hTERT-
RPE cells

Increase NOS-independent, but the substrate 
source of electrons entering the electron 
transport chain dependent NO generation

Sequential or simultaneous exposures at 
two different wavelengths enhanced NO 
generation

[114]

590 ± 14 nm up to 10W/m2 LED
CW

Isolated 
mitochondria 
from yeast and 
mouse brain

Nitrite-dependent NO release by CCO↑

NO production increased in hypoxia

509-691 nm was stimulatory, but 820-880 nm 
was inhibitory in mouse brain mitochondria

[123]

632.5 nm 0.26J/cm2 CW
He-Ne laser

Cultured 
HUVECs

Increase NO generation via enhanced eNOS 
gene expression and eNOS phosphorylation 
at S1177 via Akt phosphorylation

[131]

670nm 170mW/cm2 for 5 
min (51 J/cm2)

LED
CW

Mice NO release from HbNO and MbNO

Cardioprotection from ischemia and 
reperfusion injury in normal and diabetic 
mice, independent of NOS

No effect of 740 and 830 nm was observed

[126]

670 nm 5-50 mW/cm2 

(1.5-15 J/cm2)
LED
CW

Cultured neonatal 
rat ventricular 
myocytes, cardiac 
muscle cell line 
HL-1 cells

NOS independent and dependent NO↑
Cellular ATP↑
Protect myocytes from hypoxia and 
reoxygenation-induced apoptosis

[113]

670nm 60 mW/cm2 for 10 
min (36 J) for 14 
days

LED
CW

Mice, Rabbits, 
HUVECs

An increase in collateralization and blood 
flow in a hindlimb ischemia model in rabbits 
and mice

HUVEC produced NO independently of 
NOS and increased proliferation and tube 
formation

[125]

670nm 60 mW/cm2 for 3 
min (11 J)

LED
CW

Rabbits Increased NO release from HbNO or MbNO

Reduction of nitrite to form NO in the 
anaerobic condition via the nitrite reductase 
activity of deoxyhemoglobin

Cardioprotection in cardiac ischemia and 
reperfusion injury model in rabbits

[124]

670nm 10 mW/cm2 for 5 
min

LED
CW

Isolated facialis 
arteries of mice

HMVEC-d

Increased vasodilation of isolated arteries in 
an endothelium-dependent manner

Induced NO release from the endothelium, 
suggestive from S-nitrosothiols or non-heme 
iron nitrosyl complexes

[127]
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Wavelength Irradiance Light
source

Model Mechanisms /
Outcome

References

780nm 300 J/cm2

10 consecutive days

GaAlAs 
laser

PW (300 Hz)

Isolated femora 
from rats

NO↑
Stimulating bone healing of femora ex vivo

[33]

804nm 8 mW/cm2 for 2 
min (0.96 J/cm2)

GaAs laser 
CW

Rats Increased iNOS expression and angiogenesis 
and decreased infarct size in a myocardial 
infarction model

[132]

1064 and 
1270nm

10 mW/cm2 for 5 
min

InGaAs laser
CW

HUVECs NO↑
Enhancing HUVEC migration in vitro

[80]

UVA, ultraviolet-A; NO, nitric oxide; GaAs, Gallium-arsenide; Gallium-aluminum-arsenide, GaAlAs; RSNO, S-nitrosothiols; ND, Not described; 
He-Cd, helium-cadmium; He-Ne, heliumneon; HbNO, nitrosyl hemoglobin; LD, laser diode; CW, continuous wave; hTERT-RPE, human 
telomerase reverse transcriptase transformed retinal pigment epithelium; NOS, nitric oxide synthase; LED, light-emitting diode; CCO, Cytochrome 
c oxidase; HUVECs, human umbilical vein endothelial cell; HMVEC-d, Human dermal microvascular endothelial cells; eNOS, endothelial nitric 
oxide; MbNO, nitrosyl myoglobin; PW, pulse wave; iNOS, inducible nitric oxide.
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Table 2

Clinical studies on UVA, blue light, and PBM and NO bioavailability.

Wavelength Irradiance Light
source

Model Mechanisms /
Outcome

References

320-410 nm 20 J/cm2 for 22 min UVA bulbs
CW (Waldmann 
GH-8 ST unit)

Human volunteers 
(adult 18 men, 6 
women)

UVA exposure of the forearm 
releases NO from storage in 
the epidermis, lowered blood 
pressure, and increased blood 
flow independently of NOS

[116]

350-400 nm 10mW/cm2 for 60 
min (60 J/cm2)

UVA bulbs (Philips 
TLK 40 W/10R R-
UVA)

Human volunteers 
(adult 4 men, 14 
women)

Increased NO-related products 
in the skin, including (nitrate, 
nitrite, and RSNOs and RNNOs)

[117]

450 ± 5 nm 42mW/cm2 for 30 
min (72 J/cm2)

UV-free blue light
LED
CW (Philips Light & 
Health)

14 healthy male 
subjects

UVA increased plasma NOx 
(nitrite, nitrate, and RXNOs) and 
blood flow and decreased blood 
pressure

[119]

455, 660, and 
850 nm

50 mW/cm2 for 15 
min

LED (RoseLab, 
Montreal, Canada)

Human forearms 
(adult male)

455 and 850 nm increased NO 
release from the treated skin

[122]

650 and 880 nm 30 min treatment per 
day, 3 times per week 
for 8 weeks

GaAs LED
PW 584 Hz 
(RevitaMe d Infrared 
Light Therapy 
RL-1001SP device)

22 patients with the 
clinical diagnosis of 
type 1 (N = 2) or 
type 2 (N = 20) 
diabetes mellitus

NIR therapy improved peripheral 
protective sensation

No change in plasma NO 
metabolite levels (nitrates, 
nitrites, and nitrosothiols)

[142]

890 nm 7 mW/cm2 

(636mW/90 cm2) for 
30 min

GaAlAs diode
PW (292 Hz, 50% 
duty cycle) (Anodyne 
therapy, Tampa, FL)

Human arms of 
15 healthy subjects 
(adult 10 men, 5 
women)

Plasma NO metabolites (nitrite/
nitrate) levels↑ The peak 
increase in NO occurred 5 mins 
into the treatment

[130]

UVA, ultraviolet-A; CW, continuous wave; GaAs, Gallium-arsenide; NO, nitric oxide, NOS, nitric oxide synthase; RSNOs, S-nitrosothiols; 
RNNOs, N-nitrosamines; LED, light-emitting diode; NOx, NO species; RXNOs, nitroso compounds; ND, not described; PW, pulse wave.
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