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A B S T R A C T   

PB125® is a phytochemical composition providing potent Nrf2 activation as well as a number of direct actions 
that do not involve Nrf2. Nrf2 is a transcription actor that helps maintain metabolic balance by providing redox- 
sensitive expression of numerous genes controlling normal day-to-day metabolic pathways. When ordinary 
metabolism is upset by extraordinary events such as injury, pathogenic infection, air or water pollution, ingestion 
of toxins, or simply by the slow but incessant changes brought about by aging and genetic variations, Nrf2 may 
also be called into action by the redox changes resulting from these events, whether acute or chronic. A 
complicating factor in all of this is that Nrf2 levels decline with aging, leaving the elderly less able to maintain 
proper redox balance. The dysregulated gene expression that results can cause or exacerbate a wide variety of 
pathological conditions, including susceptibility to viral infections. This review examines the characteristics 
desirable in Nrf2 activators that have therapeutic potential, as well as some of the patterns of dysregulated gene 
expression commonly observed during pulmonary infections and the normalizing effects possible by judicious 
use of phytochemicals to increase the activation level of available Nrf2.   

1. Introduction 

Nrf2, encoded by the NFE2L2 gene, is a transcription factor that is 
sequestered in the cytoplasm by a redox-sensing protein called Keap1, 
which binds to Nrf2 and targets it for proteasomal degradation. Nrf2 
regulates a number of the genes that defend directly against oxidative 
stress, including superoxide dismutases, catalase, numerous peroxi-
dases, and the enzymes that synthesize glutathione as well as regulate its 
redox poise. It may be surprising to some that Nrf2 also regulates 
literally hundreds of genes involved in metabolic pathways that seem to 
have little if anything to do with oxidative stress or redox balance [1]. By 
evolution, these pathways have come to be controlled by Nrf2 because 
when a cell undergoes an adverse shift in redox balance numerous 
pathways may need to be adjusted. Some of these pathways may be able 
to correct a transient imbalance to return to a state of homeostasis, while 
others may repair damage incurred. Many pathways may have to adjust 
to a “new normal” if the situation is a chronic one such as aging, or any 
age-related disease. For example, there may be more metabolic demand 
for pathways to produce reducing equivalents (NADH, NADPH, gluta-
thione) to neutralize oxidizing species at the expense of energy 

production. Unfortunately, Nrf2 production declines steadily with age in 
many tissues and cell types [2–4] which may reflect increased produc-
tion of a miRNA (miR-146a) that impedes translation of the Nrf2 mRNA 
[5]. This age-related decline in Nrf2 is not seen consistently in all tissues, 
and sometimes Nrf2 basal expression is actually elevated [6]. One 
possible explanation for this phenomenon might be that in some aging 
organs age-related diseases may have increased ROS production, and the 
organ response is to increase its “basal” rate of Nrf2 production, which 
may in fact be an “induced” or partially compensated level of Nrf2. In 
any event, most aging cells and tissues show a decreased ability for 
electrophiles to activate the Nrf2 that they have [6]. This loss of active 
Nrf2 is associated with frailty [7] and results in diminished resistance to 
stress [8]. In a youthful cell experiencing little oxidative stress most of 
the Nrf2 produced is never released to enter the nucleus. Rather, it is 
ubiquitinylated and sent for degradation [9]. Maintaining a reserve of 
Nrf2 in the cytosol and a sufficient rate of production to rapidly 
replenish it is vital for dealing with a rapidly changing state of oxidative 
stress. Nrf2 is also quickly retrieved from the nucleus by Keap1 and sent 
for degradation by the proteosome. This rapid production and destruc-
tion may appear to be inefficient, but it is the price paid for rapid 

* Corresponding author. Pathways Bioscience, Aurora, CO, 80045, USA. 
E-mail addresses: joe.mccord@cuanschutz.edu (J.M. McCord), brooks@pathwaysbio.com (B.M. Hybertson), adela.cota-gomez@cuanschutz.edu (A. Cota-Gomez), 

bifeng.gao@cuanschutz.edu (B. Gao).  

Contents lists available at ScienceDirect 

Free Radical Biology and Medicine 

journal homepage: www.elsevier.com/locate/freeradbiomed 

https://doi.org/10.1016/j.freeradbiomed.2021.05.033 
Received 2 March 2021; Received in revised form 6 May 2021; Accepted 24 May 2021   

mailto:joe.mccord@cuanschutz.edu
mailto:brooks@pathwaysbio.com
mailto:adela.cota-gomez@cuanschutz.edu
mailto:bifeng.gao@cuanschutz.edu
www.sciencedirect.com/science/journal/08915849
https://www.elsevier.com/locate/freeradbiomed
https://doi.org/10.1016/j.freeradbiomed.2021.05.033
https://doi.org/10.1016/j.freeradbiomed.2021.05.033
https://doi.org/10.1016/j.freeradbiomed.2021.05.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2021.05.033&domain=pdf


Free Radical Biology and Medicine 175 (2021) 56–64

57

response in either direction. Failure to respond rapidly when a correc-
tive measure is needed and overshooting the return-to-balance are both 
unacceptable when precise control is needed. In an aging or stressed cell, 
however, the reserve supply of Nrf2 may become limiting due to the 
demand for Nrf2 in the nucleus exceeding the available supply. More 
and more frequently a transient exposure to oxidative stress may exhaust 
the dwindling reserve, leaving the aging cell in periods of slow recovery, 
or unable to bring about a complete recovery at all– a condition of 
chronic oxidative stress. To help maintain healthy Nrf2 signaling during 
aging we have sought to develop phytochemical combinations that 
potently activate the Nrf2 pathway at multiple synergistic control points 
in the pathway as previously described while minimizing electrophilic 
toxicity [10–13]. PB125 consists of three plant extracts in a 15:5:2 ratio 
by mass: the first, an extract from Rosmarinus officinalis, is standardized 
to contain 15% carnosic acid and 6% carnosol (Flavex, Rehlingen, 
Germany); the second, an extract from Withania somnifera is stan-
dardized to contain 2% withaferin A (Verdure Sciences, Noblesville, IN, 
USA); the third, an extract from Sophora japonica is standardized to 
contain 98% luteolin (Jiaherb, Pine Brook, NJ, USA). These active in-
gredients were chosen for very specific reasons as previously described 
[10]. The Nrf2 activation pathway is controlled by more than a dozen 
different actions occurring between the transcription of the 
Nrf2-encoding NFE2L2 gene and the eventual proteasomal destruction 
of the Nrf2 protein. All of these actions participate in controlling the 
quantity, intensity and duration of Nrf2’s gene regulatory actions. The 
complexity of the pathway makes it unlikely that safe and satisfactory 
control of Nrf2 can be obtained by any single compound, whether 
pharmaceutical or phytochemical, acting at only one of these multiple 
control points. By far, the most studied Nrf2 activators rely on electro-
philic attack on Keap1, which is a necessary step to release Nrf2 from its 
cytoplasmic storage site, but which may result in excessive electrophilic 
toxicity and rapid depletion of the short-lived Nrf2 transcription factor. 
Luteolin was chosen in part because it was found to nearly double Nrf2 
mRNA production, not by gene induction but by relieving epigenetic 
silencing of the Nrf2 promoter through reducing CpG methylation of the 
Nrf2 promoter region [14]. A second action of luteolin that increases 
Nrf2 activity is its ability to potently inhibit GSK3β [15,16], the enzyme 
responsible for activation of the Fyn kinase that phosphorylates nuclear 
Nrf2 at tyrosine 586 [17] causing Nrf2 to be ejected from the nucleus, 
effectively shutting down Nrf2-dependent transcription. GSK3β activa-
tion has been shown in SARS-CoV-2 infected cells and GSK3β inhibitors 
have been suggested as potential therapeutic interventions [18]. By 
preventing the activation of Fyn, the limited supply of Nrf2 available in 
aging cells may remain in the nucleus for a longer time, possibly pre-
venting Nrf2 depletion. Withaferin A is a component of PB125 because it 
activates Nrf2 in a Keap1-independent manner via the PTEN/PI3K/Akt 
pathway [19], unlike the prototypical Nrf2 inducers sulforaphane and 
CDDO-Im, and importantly, different as well from carnosic acid/-
carnosol. The rationale for pharmacological or phytochemical Nrf2 ac-
tivators is that increasing the amount of Nrf2 released by Keap1 or 
extending its duration in the nucleus may restore redox homeostasis at 
times when Nrf2 reserves are low. A phenomenon seen in some but not 
all tissues and cell lines is that Nrf2 can induce itself (unpublished ob-
servations). Thus, when oxidative stress sends Nrf2 into the nucleus, it 
increases or replenishes the cytosolic reserve by transcriptional upre-
gulation of its own promoter. When the stress causing nuclear trans-
location subsides, the self-induction would similarly go away. 

2. Are all Nrf2 activators equivalent? 

Most Nrf2 activators act by electrophilic attack on three cysteine 
residues (Cys-151, -273, and -288) which serve as “redox sensors” on the 
surface of the Keap1 protein causing S-alkylation of these residues and 
inducing conformational changes in Keap1. Once S-alkylated, the Keap1 
releases its bound Nrf2 to enter the nucleus rather than to be tagged for 
degradation [20]. Because electrophiles react with the ionized thiolate 

form of cysteine (‾S-Cys), these “sensor” residues are situated on the 
protein surface near positively charged residues, thereby stabilizing 
their ionized form and increasing their likelihood of reacting with 
electrophiles. Satoh and Lipton [21] have introduced the terms 
“S-alkylation” and “S-alkylation for redox signaling” to distinguish be-
tween random electrophilic attack on thiol groups (considered a toxic 
pathological event) and targeted electrophilic modification of specially 
sensitized protein thiol groups (such as those on Keap1) which result in 
changes of biological activity of the modified protein causing protective 
or reparative measures to be initiated within the cell. At first glance it 
may appear ironic that the action required to activate Nrf2 is a poten-
tially toxic electrophilic attack within the cell. As an example, electro-
philic lipid-peroxidation products containing α,β-unsaturated carbonyls 
are generated under conditions of oxidative stress. These compounds are 
toxic to the cell in a number of ways, but they can also S-alkylate Keap1 
causing it to liberate Nrf2, which will enter the nucleus and strongly 
induce the AKR1B10 gene, which encodes an aldo-ketoreductase that 
will safely detoxify the α,β-unsaturated carbonyls [22]. So, in fact, it 
makes perfect sense that the compounds that activate the sensor are 
among the compounds that Nrf2 ultimately eliminates by the genes that 
it induces. This does, however, pose a bit of a problem when selecting 
electrophilic phytochemicals or synthetic compounds to potentially 
serve as therapeutic Nrf2 activators. The desirable candidates should 
have electrophilicities that are sufficient to react efficiently with the 
sensitized sensor sulfhydryl groups of Keap1, but that are not so strongly 
electrophilic as to react with random protein sulfhydryl groups, with low 
molecular weight thiols such as reduced glutathione, or with the 
nucleophilic guanine bases of DNA [23]. In other words, the ideal Nrf2 
activator should be a “silver bullet” exhibiting a high degree of 
discrimination between toxic or random “S-alkylation” and “S-alkyl-
ation for redox signaling.” Satoh et al. [24] have described a way to 
analyze the dose behavior of various Nrf2 activators to assess the 
broadness of their therapeutic indices by examining the ratio of their 
rates of Nrf2 activation and of toxicity vs dose. Fig. 1 shows two Nrf2 
activators that we have previously examined [1] compared to PB125 
which derives most of its Nrf2 activation from its carnosol and carnosic 
acid content [10]. Because all the currently useful Nrf2 activators have 
two opposing electrophilic actions resulting in both protective and 
detrimental outcomes, the compounds show inverse U-shaped 
dose-response curves where the upslope reflects activation of Nrf2 
(usually measured by production of a Nrf2-induced reporter gene) and 
the downslope reflects undesirable toxic adduct formation that may 
damage enzymes, structural protein, or DNA. This downslope manifests 
as diminishing production of the reporter gene but has been documented 
more broadly as diminishing ATP content in the cells [25]. The toxicities 
become apparent at doses beyond the point where all available Nrf2 has 
been activated. In Fig. 1 it may be seen that dimethyl fumarate shows 
strong activation (A), but even stronger toxicity (T), yielding an A/T 
ratio of 0.5. This ratio is related to therapeutic index, which may be 
defined in a variety of ways, but which reflects a ratio of the dose that 
produces the desired effect relative to the dose that produces adverse 
effects. The larger the ratio the safer the drug. Protandim®, a mixture of 
five phytochemical extracts, shows a high activation rate at doses 
greater than 40% of the dose needed for maximal activation. At doses 
below that amount, which include the physiologically attainable plasma 
and tissue levels activation is quite low. Song et al. [26] found low 
bioavailability and poor tissue distribution by three of the Protandim 
ingredients when orally administered to rats, especially for skin and 
brain where the active components were barely detectable. Protandim’s 
in vitro toxicity rate, however, is about half that seen with dimethyl 
fumarate, making its A/T ratio about 1. By contrast, Fig. 1, Panel C, 
shows PB125 where carnosic acid/carnosol provide the predominant 
Nrf2 activation. Here there is very strong activation of Nrf2, but after the 
maximum is reached the rate of toxicity is markedly slower resulting in 
an A/T ratio of 36. There are several important reasons for this differ-
ence. Carnosic acid acts as a pro-drug, not being electrophilic itself and 
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therefore possessing very low toxicity. Carnosic acid is, however, very 
easily oxidized by reactive oxygen species such as are produced at 
pathophysiological sites by the inflammatory system, producing carno-
sic acid quinone, a structural isomeric form of carnosol [24], as shown in 
Fig. 2. The creation of an quinone-type structure (ortho or para) creates 
an electrophilic site on the ring which can readily react with the acti-
vated thiolate on Keap1 or on other proteins that are regulated by 
S-alkylation [27]. This property of carnosic acid allows administration 
of a non-toxic pro-drug that self-activates upon arriving at sites of 
oxidative stress to yield a mild and targeted electrophile with efficient 
Nrf2-activation. This would seem to go a long way in alleviating the 
legitimate issue of indiscriminate electrophilic toxicity associated with 
traditional Nrf2 activators intended to act via “S-alkylation for redox 
regulation.” Both pharmaceutical products Bardoxolone® and Tecfi-
dera® have the problem of electrophilic toxicity [25,28]. To avoid it 
some are seeking Nrf2 activators that can inhibit BACH1, a transcrip-
tional repressor of Nrf2 [29]. One such small molecule BACH1 inhibitor 
suppressed RANKL-mediated osteoclastogenesis and bone destruction 
following local injection in mice by increasing Nrf2, suggesting that 
BACH1 inhibitors may have potential utility in bone destructive dis-
eases, such as osteoporosis, periodontitis, and rheumatoid arthritis [30]. 
Jo et al. have described a series of bis-sulfone Antioxidant Response 
Element (ARE) activator molecules with good efficacy at low 

micromolar concentrations and little or no electrophilic cellular toxicity 
at 20 μM [31], but they are yet to be assessed in vivo. Others are seeking 
compounds that can physically block the Keap1 binding site for Nrf2 
[32,33]. It remains to be seen whether these approaches to Nrf2 acti-
vation will provide better therapeutic efficacy, or whether they will 
bring a new set of toxicity problems. Another requirement for a thera-
peutically successful Nrf2 activator is that it may be orally dosed with 
sufficient bioavailability to reach effective but non-toxic levels in most 
tissues, especially brain. Here, carnosic acid does well with multiple 
studies showing that carnosic acid from Rosemary extract is quickly 
absorbed and bioavailable to multiple organs, including brain [34–39]. 
In an interesting in vivo mouse model examining brain injury following 
sublethal six-day cyanide poisoning (designed to mimic a human situ-
ation of potential bioterrorism) oral pretreatment with carnosic acid 
significantly protected from cyanide-induced brain damage, showing up 
to 90% protection in some behavioral and grip/strength tests and a very 
significant reduction in delayed mortality [37]. The dosage and oral 
delivery of carnosic acid were considered consistent with a human 
taking a daily oral supplement of Rosemary extract. 

3. Carnosic-acid based Nrf2 activation and antiviral protection 

We recently examined the effects of PB125 on lipopolysaccharide 

Fig. 1. Panels A and B are adapted from Hybertson et al. (see reference 1) and normalized to maximal Nrf2 activation at their respective maximally effective doses in 
cultured cells and the results analyzed according to Satoh et al. (see reference 17). Panel C represents the mean of 4 replicates. A/T reflects the ratio of the slope of the 
activation response to the slope of the toxic response, with a higher number being desirable. 

Fig. 2. Conversion of the pro-drug carnosic acid at physiological sites of inflammation or other causes of oxidative stress.  
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(LPS)-stimulated primary human pulmonary artery endothelial cells 
(HPAEC) as a model of microbial-induced gene expression [11]. We 
reported that 36 cytokines, including interleukins, interferon-related 
genes, tumor necrosis factor-related genes, and cell adhesion genes 
were strongly upregulated by LPS, but were significantly downregulated 
by PB125. As these genes are also strongly upregulated by many respi-
ratory viruses, including the SARS-CoV-2 virus responsible for the cur-
rent COVID-19 pandemic, we also examined host genes (in liver-derived 
HepG2 cells) that have been identified as specifically involved with 
SARS-CoV-2 attachment (ACE2) and spike protein activation 
(TMPRSS2), finding them downregulated as well. These results strongly 
suggested that Nrf2 activation by host or inactivation by virus might 
play some important roles in the development of COVID-19, as others 
have demonstrated for respiratory syncytial virus [40–42], dengue virus 
[43], herpes simplex virus-1 [44], zika virus [45], and as we and others 
have shown for the human immunodeficiency virus HIV [12,13], and 
which has now been demonstrated by Olagnier et al. for SARS-CoV-2 
[46]. We have continued to “mine” the microarray data showing the 
effects of PB125 on LPS-stimulated HPAEC (experimental details pre-
viously published [11]) to seek out additional effects of PB125 that may 
modulate COVID-19-associated events such as coagulopathy and alter-
native modes of cell entry. 

4. Inflammatory and antiviral responses: how much is too 
much? 

A general theme has come into focus regarding the pathology that 
accompanies COVID-19. In several ways the host responses to SARS- 
CoV-2 seem to be overly exuberant, turning around host responses 
aimed at limiting pathogen-induced damage such that they cause more 
damage to the host than they do to the virus. The first example of this is 
the so-called “cytokine storm” [47,48], a phenomenon that has been 
observed in some other viral infections [49], in graft-versus-host disease 
[50], in macrophage activation syndrome [51], in sepsis [52], and in 
acute respiratory distress syndrome (ARDS) [47]. Indeed, this exuberant 
upregulation of cytokines is also apparent in LPS-treated HPAEC. Fig. 3 
is a heatmap representation of the cytokines we first reported to be 
strongly downregulated by PB125 along with 79 additional genes. The 
left column of each panel shows the effect of overnight treatment with 5 
μg/ml PB125 on non-LPS-stimulated HPAEC vs untreated control cells. 

Center columns show expression in HPAEC following 5 h of exposure to 
LPS vs control. Columns on the right show expression of HPAEC pre-
treated overnight with PB125, then stimulated for 5 h with LPS vs 
control. Panel A shows 17 chemokines that are commonly seen in 
hyperinflammatory scenarios. One addition is high mobility group box 1 
protein (HMGB1), a newly recognized pro-inflammatory cytokine 
marker for neuroinflammation that is elevated about 4.5-fold in multiple 
sclerosis patients versus healthy controls [53]. Wei et al. found HMGB1 
regulates ACE2 expression and is critical for SARS-CoV-2 entry [54]. 
PB125 reduced HMGB1 expression by about -1.7-fold in LPS stimulated 
HPAEC. All of the genes in panels A (cytokine-related), B (inter-
leukin-related), and E (tumor necrosis factor-related) were down-
regulated by PB125. Panel C shows a few of the characteristic canonical 
genes that are expected to be upregulated by a Nrf2 activator, and 
indeed they are very similarly upregulated in cells with or without 
exposure to LPS, although the average induction was diminished by 
about 15% in the LPS-treated cells. This probably reflects generalized 
metabolic stress caused by the cellular responses to LPS. An observation 
that was unexpected, and perhaps somewhat surprising, is seen in Panels 
F (interferon-related genes) and D (miscellaneous antiviral genes). Here 
genes that are sometimes considered to be antiviral are consistently 
downregulated by Nrf2 activation. Sauter and Kirchhoff have recently 
reviewed an under investigated aspect of host antiviral responses—their 
potential adverse effects on host metabolism [55]. They review the 
diverse spectrum of antiviral proteins, carefully considering the costs 
and benefits from the host perspective of each evolutionary step, and 
they conclude that antiviral actions come at a price. So, is the over 
exuberant induction of antiviral proteins another clever trick that some 
viruses have mastered to turn another of our primary defense systems 
against us? Is there an “interferon storm”? There is evidence suggesting 
there is [56,57]. There are some examples that suggest that antiviral 
genes that evolved early in mammals may have reached the point where 
evolutionary pressure is now pushing for their removal. The interferon 
induced IFIH1 gene that encodes the MDA5 protein is a good example of 
this possibility. MDA5 functions as a pattern recognition receptor 
capable of detecting double stranded RNA (dsRNA) which is involved in 
the replicative stage of RNA viruses such as the coronaviruses [58]. 
MDA5 binds to double-stranded RNA in the cytosol and signals through 
mitochondrial antiviral-signaling protein (MAVS) to activate expression 
of both type I and type III interferons and to induce inflammation by the 

Fig. 3. Heatmaps showing groups of related genes expressed in HPAEC. Gene expression in each of the three treatment groups is expressed relative to untreated 
control cells. Experimental details have been previously described (see reference 10). 
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production of the proinflammatory IL-1 family of cytokines, including 
IL-1β and IL-18 [59]. The protection afforded by IFIH1/MDA5, however, 
comes at a steep price. A mutant mouse line bearing a constitutively 
active IFIH1 gene developed lupus-like autoimmune symptoms without 
virus infection [60]. Spontaneous inflammation developed in multiple 
organs, especially in the kidney. The mice showed growth retardation 
and 60% died at 24 weeks of age. In the kidney, production of inflam-
matory cytokines and chemokines including IFN-β, IL-6, CXCL10 and 
tumor TNF-α was significantly upregulated [60]. Thus, an ultimately 
lethal hyperinflammatory state can be induced by constitutive activa-
tion of this single “antiviral” gene IFIH1. Zhang et al. recently investi-
gated a panel of 36 genes associated with severity of acute respiratory 
distress syndrome (ARDS) to identify which of those genes also play 
roles in macrophage polarization to the inflammatory M1 state [61]. 
Five genes were identified as hub genes. IFIH1 showed the strongest 
connection with ARDS, and they confirmed that IFIH1 is a novel regu-
lator promoting M1 macrophage polarization. In our LPS/HPAEC study 
all five of the hub genes identified by Zhang et al. were downregulated 
by PB125. Fig. 3, Panel G, represents 16 of the genes that were found to 
be upregulated in ARDS patients that were also upregulated by LPS in 
HPAEC. All five of the identified hub genes were downregulated by 
PB125 treatment, including IFIH1 (downregulated -4.4-fold). Other 
studies have found that reduced expression if the IFIH1 gene protects 
against the development of type 1 diabetes (T1D) [62,63]. IFIH1 ± mice 
express roughly half the level of MDA5 protein as wild-type mice. When 
infected with coxsackievirus serotype B4, a clinically relevant stimulator 
of T1D, the IFIH1 heterozygous non-obese diabetic (NOD) mice were 
protected from T1D, underscoring the ability of IFIH1/MDA5 to 
augment autoimmunity and T1D [63]. Concern has been voiced that 
new-onset T1D is being seen in COVID-19 patients [64]. An interesting 
evolutionary observation is that pangolins have lost the functionality of 
their IFIH1 gene by acquiring several frame-shift mutations [65]. This 
unique loss of a gene important to the innate immune response to 
RNA-viruses has resulted in pangolins becoming tolerant to 
SARS-CoV-2, and becoming suspects for carrying the virus to humans 
[66]. Another group of RNA-sensing antiviral proteins, OAS1, OAS2, 
OAS3, provide protection against viral infection but can also be acti-
vated by host RNAs. Carey et al. have reported that loss-of-function 

alleles of OAS1 are pervasive among non-human primates, possibly 
providing a way to mitigate the costs associated with OAS1/RNase L 
signaling [67]. These losses of antiviral mechanisms imply that, on the 
whole, pangolins and non-human primates are better off without these 
particular antiviral mechanisms in the ever-shifting ongoing battle be-
tween mammals and microbes, and it raises the question of whether 
pharmaceutical (or phytochemical) restraints might be indicated when a 
microbe generates an overly exuberant and potentially damaging im-
mune response from us. Clearly, more work needs to be done to un-
derstand fully how these delicate balances might be maintained. It is 
also intriguing to consider whether there may be mechanisms that 
permit SARS-CoV-2-induced changes in gene expression to linger for 
months or longer, giving rise to the myriad symptoms associated with 
“long Covid,” some of which resemble autoimmune diseases. 

5. Effects of Nrf2 activation on genes involved in coagulation 

Hypercoagulation can create life-threatening conditions in a number 
of diseases, but clearly manifests in age-related diseases such as 
atherosclerosis, coronary artery disease, and thrombotic stroke. A 
number of genes involved in coagulation pathways are expressed more 
highly in the elderly. Key components of the coagulation cascade such as 
tissue factor (F3) and fibrinogen are epidemiologically and functionally 
linked with inflammatory disease [68–70]. Furthermore, plasma con-
centration of fibrinogen was found to increase by 57% in 70 year old vs 
25 year old subjects [71]. Elevated fibrinogen has been shown to place 
males at higher risk of later life mortality [72]. Fig. 4, Panel A, shows the 
effect of PB125 on the expression levels of plasminogen (PLG) and the 
three genes encoding subunits of fibrinogen (FGA, FGB, and FGG) in 
HepG2 cells. Most coagulation factors are synthesized in the liver and 
secreted into the plasma to be systemically available. Plasminogen 
expression was decreased 47% by PB125. At first glance a decrease in 
plasmin, the fibrinolytic product of plasminogen, might appear be a 
pro-coagulative change, but note that the actual clot-forming protein, 
fibrin, would be decreased by 68% based on FGA expression. Further-
more, Ji et al. [73] found elevated plasminogen to be a common risk 
factor for COVID-19 susceptibility and discussed a number of possible 
mechanisms. Activated plasmin plays a role in many inflammatory 

Fig. 4. Effects of PB125 on coagulation-related genes in liver HepG2 cell (Panel A) and in HPAEC with and without LPS stimulation (Panel B). PLG encodes 
plasminogen; FGA, FGB, and FGG encode the three subunits of fibrinogen; KNG1 encodes high-molecular weight kininogen. Results in Panel A were determined by 
RNA-Seq; * indicates < 0.001 by Student t-test, n=3. Results in Panel B were by a single Affymetrix GeneChip where each sample was three pooled replicates as 
previously described (see reference 10). 
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conditions including hereditary angioedema that produces aggressive 
tissue swelling due to overproduction of bradykinin [74] and macro-
phage activation syndrome [51]. Decreasing plasminogen in a mouse 
model of Alzheimer disease dramatically improved the pathology, and 
decreased glial cell activity in the brain [75]. Tissue factor (encoded by 
the F3 gene) is the primary coagulation factor acting locally and is 
released at sites of tissue injury by the affected tissue. Fig. 4, Panel B, 
shows that in our model of LPS-treated HPAEC [11] LPS induced tissue 
factor by more that 2-fold, and that this increase was completely pre-
vented by PB125. Eslamifar et al. have concluded that tissue factor plays 
the major role in the activation of the coagulation cascade during a 
number of types of viral infection, including SARS-CoV-2 [76]. Tissue 
factor has been shown capable of triggering disseminated intravascular 
coagulation in LPS-treated rabbits [77]. Finally, we also noted that the 
kininogen 1 gene (KNG1) was repressed 60% by PB125 in HepG2 cells 
(Fig. 4, Panel A). This gene encodes high-molecular-weight kininogen 
(HMWK), a circulating plasma protein giving rise to products such as 
[des-Arg9] bradykinin which participate in the initiation of blood 
coagulation, vasodilation and microvascular leakage, pain, and fibrosis. 
COVID-19 increases bradykinin and its metabolites, which facilitate 
lung inflammation, fever, coagulation and complement activation. 
Colarusso et al. [78] and van de Veerdonk [79] have proposed that 
blocking the conversion of HMWK to its metabolites might relieve some 
of COVID-19’s worst symptoms. We suggest that similar effects might be 
achieved by the ability of PB125 to downregulate expression of 
KNG1/HMWK -2.5-fold (Fig. 4, Panel A). 

6. Additional potential effects of PB125 on viral entry 

Early in the COVID-19 pandemic Hoffman et al. [80], 
Itawa-Yoshikawa et al. [81] and other investigators identified a very 
important role of the cell surface-bound serine-protease TMPRSS2 in 
activating the SARS-CoV-2 spike protein on virus particles bound by 
ACE2 on the surface of a soon-to-be infected lung cell. Experiments 
showed TMPRSS2 was both necessary and sufficient for spike protein 
activation and entry in the cell line investigated, but that obviously did 
not preclude different modes of entry in other tissues throughout the 
body which show great diversity with regard to TMPRSS family member 
expression. Other members of the TMPRSS family expressed in other 
organs and cell types have been implicated as possible facilitators of 
entry including TMPRSS4, TMPRSS11A, TMPRSS11B, TMPRSS11E, and 
TMPRSS12 [82–86]. Fig. 5 shows that several TMPRSS genes expressed 
in HepG2 cells are similarly repressed by PB125, suggesting that Nrf2 
activation might be effective at impeding viral entry in organs other than 
lung that may activate spike proteins via alternative proteases. 

A recent study by Abouhashem et al. [87] examined differently 
expressed genes in alveolar type II cells from the healthy lungs of elderly 
versus young human subjects. In the elderly subjects 263 genes were 
found to be downregulated while 95 were upregulated. Surprisingly, the 
extracellular superoxide dismutase (SOD3) was the top-ranked, most 
downregulated gene in the elderly alveolar type II cells. The study was 
performed in the context of asking why COVID-19 might be so much 
more severe in the elderly than in the young. It prompted us to examine 
SOD3 expression in the results of our HPAEC study [11]. We saw no 
effect of PB125 on the expression of SOD3 in the absence of LPS stim-
ulation. LPS produced a small 15% downregulation of SOD3, but PB125 
in the presence of LPS raised it by 74% (Fig. 6, left panel). Various forms 
of SOD have been shown to be therapeutic against pulmonary disease 
including emphysema and fibrosis [88–91]. Also shown in Fig. 6, right 
panel, is an induction by PB125 at 5 μg/ml of endothelial nitric oxide 
synthase, eNOS, encoded by the NOS3 gene. The question has been 
raised as to whether eNOS-derived nitric oxide may be a factor that 
protects the young from severe COVID-19 complications [92,93]. The 
amount of nitric oxide produced by eNOS decreases with aging in rats 
[94]. The physiology and chemical reactivity of NO• are rather complex 
and depend greatly on precisely where, when, and how much is gener-
ated [95,96]. It can be involved, constructively or destructively, at 
almost every level of the inflammatory process [97], but the induction of 
eNOS by PB125 is noteworthy and interesting. 

7. Antiviral effects of PB125 independent of Nrf2 activation 

PB125 contains a withaferin A enriched extract of Withania somnifera 
[10]. Potentially significant antiviral effects have recently been reported 
for these phytochemicals that reflect direct binding actions to host or 
viral proteins related to cell entry and viral infectivity. Kumar et al. [98] 
used molecular docking and molecular dynamics simulations to examine 
the binding potential of Withaferin A for the host protease activator of 
the spike protein, TPMRSS2, using a known inhibitor, Camostat mesy-
late [80] for comparison. They found that withaferin A and a structur-
ally similar component, withanone, could bind and stably interact at the 
catalytic site of TMPRSS2 with binding parameters very similar to those 
calculated for Camostat mesylate. They predicted that the two phyto-
chemicals could probably function as drugs to block S-protein priming of 
SARS-CoV-2. Interestingly, these investigators also noted the ability of 
withanone to downregulate the expression of TMPRSS2 in the MCF7 

Fig. 5. PB125 inhibits gene expression of other members of the TMPRSS family 
in HepG2 cells. (* indicates p < 0.05) by Student t-test, n=4. Results were 
determined by RNA-Seq as previously described (see reference 10). 

Fig. 6. Effects of PB125 on two additional genes of interest in HPAEC with and 
without LPS stimulation. Results were determined by Affymetrix GeneChip as 
previously described (see reference 10). Each sample represents three 
pooled replicates. 
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human breast carcinoma-derived cell line by as much as 2-fold [98]. We 
suggest that this is by the same Nrf2-dependent mechanism as we 
demonstrate for PB125’s repression of TMPRSS2 in HepG2 cells, shown 
in Fig. 5. Kumar et al. [99] have also used the same computer modeling 
techniques to predict that withanone, but not withaferin A, will show 
tight binding to the Main Protease, Mpro, of SARS-CoV-2, at the substrate 
binding pocket. 

PB125 also contains 9% luteolin by weight from Sophora japonica as 
one of its three active ingredients [10]. Shawan et al. [100] employed 
similar molecular docking and molecular dynamics simulations to 
examine the potential binding affinities of 43 different flavonoid com-
pounds including luteolin, for three important targets involved in 
SARS-CoV-2 infection: two viral proteases Mpro/3CLpro and PLpro, and 
the host protein ACE2. The 43 flavonoid phytochemicals were scanned 
for drug likeness/pharmacophore features along with 3 drugs used for 
control purpose: remdesivir; hydroxychloroquine; and Camostat mesy-
late. Two of the flavonoids, abyssinone II and luteolin, emerged as su-
perior or comparable to remdesivir, the best of the three control drugs 
against the three target proteins in terms of free energy of binding and 
lowest inhibition constants (Ki). Furthermore, all three of the control 
drugs failed ADMET (Absorption, Distribution, Metabolism, Excretion 
and Toxicity) profile analysis, raising flags for remdesivir (tumorigenic, 
irritant, reproductive system injury) as well as for hydroxychloroquine 
and Camostat mesylate (AMES positive, carcinogenic and mutagenic), 
while the two flavonoids were considered harmless [100]. The ADMAT 
analysis predicts safety/toxicity for pharmaceutical candidate com-
pounds [101]. 

8. Summary and conclusions 

Effective cellular defenses and immune function are critical compo-
nents of health, and evidence points to a key role for the Nrf2 tran-
scription factor in maintaining those systems. A wide variety of chemical 
compounds, including some dietary phytochemicals and some synthetic 
drug compounds, have been shown to activate the Nrf2 signaling 
pathway. Many of these activators are electrophiles that react with 
Keap1 protein in the cytoplasm which allows Nrf2 to migrate to the 
nucleus. The optimal electrophiles for Nrf2 activation have electrophi-
licity sufficient to react with sensor sulfhydryl groups on Keap1, but not 
to react with other important intracellular molecules and cause toxicity. 
One such candidate includes carnosic acid, a phytochemical in Ros-
marinus officinalis. Carnosic acid has low electrophilicity but it is readily 
oxidized to become the potent Nrf2 activator carnosol at cellular loca-
tions that are under oxidative stress. One straightforward goal during 
aging is to position the body and its immune system to remain as healthy 
and resilient as possible. For that reason, we are examining dietary 
supplement formulations based on phytochemical combinations 
including carnosic acid/carnosol, withaferin A, and luteolin. We believe 
that appropriate augmentation of Nrf2 activation supports the body’s 
resilience in the face of health challenges, and our cell culture studies 
have shown PB125-induced regulation of genes relevant to the protec-
tion against oxidative, viral, inflammatory, and coagulopathic insults. 
Rather than experiencing “death by a thousand cuts” we believe that 
judicious activation of Nrf2 as the body ages may provide “health and 
longevity by a thousand little remedies.” 
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