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Activation of HIF-1α and Nrf2 is a primary component of cellular response to oxidative stress, 

and activation of HIF-1α and Nrf2 provides neuroprotection in models of neurodegenerative 

disorders, including ischemic stroke, Alzheimer’s and Parkinson’s diseases. Screening a library of 

CNS-targeted drugs using novel reporters for HIF-1α and Nrf2 elevation in neuronal cells revealed 

histone deacetylase (HDAC) inhibitors as potential activators of these pathways. We report the 

identification of phenylhydroxamates as single agents exhibiting tripartite inhibition of HDAC6, 

inhibition of HIF-1 prolyl hydroxylase (PHD), and activation of Nrf2. Two superior tripartite 

agents, ING-6 and ING-66, showed neuroprotection against various cellular insults, associated 

with stabilization of both Nrf2 and HIF-1, and expression of their respective target genes in vitro 

and in vivo. Discovery of the innate ability of phenylhydroxamate HDAC inhibitors to activate 

Nrf2 and HIF provides a novel route to multifunctional neuroprotective agents and cautions 

against HDAC6 selective inhibitors as chemical probes of specific HDAC isoform function.
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It is widely recognized that the transcription factor, Nrf2 (nuclear factor erythroid 2-related 

factor), is a master regulator of cellular stress response, providing cytoprotection against 

cellular insults, notably oxidative stress and disrupted redox balance.1 Oxidants and 

electrophiles interact with Keap1 (Kelch-like ECH-associated protein 1) to cause 

accumulation of Nrf2 and translocation to the nucleus,2 where binding to the antioxidant 

response element (ARE) induces transcription and upregulation of cytoprotective and 

antioxidant enzymes, including heme oxygenase-1 (HO-1), NAD(P)H quinone 

oxidoreductase-1 (NQO1), and thioredoxin (TRX).3–7 Pharmacological activation of Nrf2 

represents a promising approach to neuroprotection in the treatment of neurodegenerative 

diseases including Parkinson’s and Alzheimer’s diseases, amyotrophic lateral sclerosis, and 

acute brain insults such as ischemic stroke and trauma.8,9

It is understood that the reported neuroprotective activity of many natural products results 

from the presence of Nrf2-activating electrophilic (commonly Michael acceptor) or phenolic 

moieties.10,11 In contrast, the contribution of Nrf2 to the neuroprotective activity of synthetic 

chemical probes is less frequently explored, but can contribute to beneficial activity in 

neurodegenerative diseases that are generally multifactorial in etiology. Recently, we 

screened, the IRSF SMART library of United States Food and Drug Administration 

approved and preclinical drugs (https://www.rettsyndrome.org/research/smart-library),12 in 
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the Neh2-luciferase reporter assay, in search of novel Nrf2 activators that function via direct 

stabilization of the Nrf2 transcription factor. Benzamide-based HDAC inhibitors, 

tacedinaline and entinostat, were inactive; however, among Nrf2 hits in the IRSF library, 

were several hydroxamate-based HDAC inhibitors (HDACi), namely, pan-inhibitors SAHA, 

TSA, and oxamflatin, and a phenylhydroxamate-based HDAC6-selective inhibitor 

tubastatin13 (Figure 1). Whereas TSA and oxamflatin contain Michael acceptor 

functionalities that might be expected to activate Keap1/Nrf2, these functionalities are not 

found in SAHA and tubastatin.

A second stress response pathway that can protect neurons from hypoxic and other insults is 

mediated by hypoxia-inducible factor (HIF). Small molecules and natural products that 

activate HIF-1α signaling have neuroprotective activity.14 Just as Nrf2 is stabilized by small 

molecules interacting with Keap1, HIF-1α is stabilized by small molecules that interact with 

and inhibit HIF prolyl hydroxylases (PHDs). Although PHD inhibitors often directly interact 

with the nonheme iron at the active site,15 PHD inhibitors may also elicit HIF-independent, 

neuroprotective mechanisms.16 The HIF ODD-luciferase reporter17 was used to assay 

HDAC inhibitors for their ability to stabilize HIF, and again tubastatin was effective, 

establishing phenylhydroxamate HDAC inhibitors, exemplified by tubastatin, as potential, 

tripartite neuroprotective agents, activating Nrf2 and HIF-1α in addition to providing 

selective inhibition of HDAC6 over other HDAC isoforms.

RESULTS AND DISCUSSION

The syntheses of a series of HDAC inhibitors, with structural similarities to tubastatin, 

including bicyclic and “cap-less” phenylhydroxamic acids, has previously been reported.
18–20 These inhibitors retained potency and selectivity for class-II HDAC6, and were 

effective in increasing tubulin acetylation.19 To explore structure–activity relationships 

(SAR), for Nrf2 and HIF-1α stabilization, influenced by the bicyclic cap group, a focused 

set of compounds was created: Series A (I–IV) consisting of indoline, oxindole, and 

tetrahydroquinoline derivatives; and Series B (V–VII) represented by substituted 2-

aminobenzimidazoles and 4-aminotetrahydroquinoline (Figure 1, Supporting Information 

Table 1S). All novel compounds (group I–VII) demonstrated (a) excellent potency toward 

HDAC6 inhibition (1.0 nM < IC50 < 50.0 nM) and (b) high selectivity versus the class I 

isoform HDAC1, comparable to tubastatin.13 As a representative potent HDAC6 inhibitor 

(IC50 ~ 9 nM), ING-6 was evaluated across the full panel of Zn-dependent isoforms and 

found to possess excellent selectivity (Table 2S).

The Neh2-luc SH-SY5Y cell-based reporter system provides a neuronal cell line that 

expresses the minimum portion of the Nrf2 transcription factor (sufficient for recognition by 

Keap1 and consequent ubiquitination) fused to firefly luciferase.12 Luciferase response 

corresponds to stabilization and accumulation of Nrf2 and is elevated by known Nrf2-

activators that interact with Keap1, causing Keap1 displacement from Nrf2.12 This assay 

identifies the first step in Nrf-2 activation, stabilization of the Nrf2 protein via its release 

from Keap1. The ODD-luc SH-SY5Y cell reporter assay provides a comparable readout for 

HIF-1α stabilization. PHD marks HIF-1α for ubiquitination and proteasomal degradation 

and controls the rate-limiting step in the HIF-1α ODD-luc reporter response.17 Under 
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hypoxia, or pharmacological inhibition of PHD, the level of HIF-1α protein increases, 

reflected by increased HIF-1α ODD-luc response.

Using the Nrf2 and HIF-1α reporter assays to screen the novel analogues of tubastatin, we 

identified several HDAC6 inhibitors that strongly activate both Nrf2 and HIF-1α (Figure 1). 

The activation of Nrf2 by tubastatin was matched or exceeded by Series A analogues with an 

electron-withdrawing substituent in the 5- or 6-position of the aromatic ring in the region 

commonly referred to as the “cap group” (Figure 1). The introduction of a single chlorine in 

the aromatic ring of the CAP group, as in compound ING-6 (Figure 2), led to increased 

potency (5.6 fold activation). Electron-donating groups were not associated with high levels 

of Nrf2. Interestingly, the 3,3-dimethylindolin-2-one (IV, R′ and R″ = Me) was twice as 

efficacious as the 3,3-dimethylindoline (III): 3.4- vs 1.8-fold. Furthemore, replacement of 

the gem-dimethyl group with two fluorines in the 3-position of the oxindole ring (IV, R′ and 

R″ = F) yielded the most potent Nrf2 activator among all the HDAC inhibitors studied, 

namely compound ING-66 (9.9 fold activation, Figure 2). The different levels of activation 

of Nrf2 and HIF-1α by each of these phenylhydroxamates (Figure 1, Table 1S) contrasted 

with similar potency for HDAC6 inhibition (1.0 nM < IC50 < 50.0 nM). Moreover, these 

compounds do not contain a classical Keap 1 interacting group, such as a thiophilic Michael 

acceptor: in contrast to the Keap1-modifying Nrf2-activators dimethyl fumarate (DMF)21 

and tert-butylhydroquinone (TBHQ), our HDAC inhibitors did not cause GSH depletion 

(Figure 1S).21 DMF and TBHQ were used as controls in the Neh-Luc cell-based assay.

Tubastatin activated HIF-1α 2.4-fold in SH-SY5Y cells, which was matched or exceeded by 

a dozen members of the new phenylhydroxamate HDACi library. SAR analysis revealed 

lipophilic substituents in the aromatic ring to be most favorable, as demonstrated by chloro- 

and benzyloxy-substituted indolines (series A in Figure 1). In reverse of observations on 

Nrf2 activation, of the indoline/indolinone pair (III vs IV), the 3,3-dimethyl-indoline was 

most active in activation of HIF-1α (Figure 1, Table 1S), and the 6-chloro-substituted 

indoline ING-6 was found to be the most potent HIF-1 activator (Figure 2). Whereas no 

functionality commonly associated with Nrf2 activation is present in the Nrf2-activating 

HDAC inhibitors, PHD is an iron-dependent dioxygenase, and the metal-coordinating 

hydroxamate functionality of HDACi does provide a potential mechanism for PHD 

inhibition and HIF-1α stabilization. To test the potential for PHD inhibition by metal 

coordination, we docked the best HIF-1 stabilizing phenyl-hydroxamates into the binding 

site of PHD2 (4JZR)22 as exemplified by ING-6 in Figure 3. The active site Fe(II) is tethered 

by His313, His374, and Asp315, and is capable of coordinating the hydroxamate carbonyl 

oxygen as a fourth ligand (Fe–O distance 2.15 Å), while the NH group of ING-6 forms a 

hydrogen bond with the nearby Asp254 residue through water molecule 538. Additional 

interactions with the enzyme include a potential cation–π interaction with Arg322 and a π-

stacking interaction with Trp258. Recent studies highlight the relevance of disruption of the 

hydrogen bonds between Pro564 in the hydroxylation site of HIF-1α and Arg322 of 

PHD2;22 and it is possible that the bulky and lipophilic substituents in the CAP region of the 

best HIF activators contribute to inhibition of HIF hydroxylation by PHD. Thus, this subset 

of phenylhydroxamates was found to stabilize Nrf2 and HIF-1α and are therefore likely to 

activate signaling via these pathways contributing to neuroprotection.
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Cell-based reporter assays demonstrated that similarly to tubastatin, the potent, selective 

HDAC6 inhibitors ING-6 and ING-66 stabilized Nrf2 and HIF-1α, causing concentration-

dependent accumulation of these transcription factors, with significant stabilization at 10 μM 

concentration. Activation requires protein stabilization and translocation to the nucleus; 

therefore, we tested ING-6 and ING-66 in cells, imaging Nrf2 with respect to the Hoechst 

nuclear stain (Figure 4A). Both ING-6 and ING-66 caused nuclear translocation, consistent 

with activation.

To extend these observations to primary cells, the induction of downstream Nrf2 target genes 

was tested in mouse embryonic fibroblasts from wild type (WT) and Nrf2 knockout mice, 

using ING-6, ING-66, and the canonical Nrf2 activator TBHQ. Of the two HDACi tested in 

this cell line, ING-66 was superior as an activator of Nrf2 and downstream signaling, 

causing significant increases in Hmox-1 and NQO1 in WT cells, which were largely 

dependent on Nrf2 (Figure 2S). Consistent with the upregulation of mRNA levels of Nrf2 

target genes, the protein levels of HO1 and NQO1 were also significantly increased between 

4 and 16 h after the treatments as shown by Western blot (Figure 4B).

Activation of Nrf221 and HIF-1α23 signaling have been reported to provide neuroprotective 

activity, therefore, to extend our observations on ING-6 and ING-66, it was important to 

explore any neuroprotective phenotype. ING-6 and ING-66 were tested in neuronal cell lines 

subjected to a variety of insults that have been reported previously in the literature: H2O2, 

homocysteic acid (HCA), 1-methyl-4-phenyl-pyridinium (MPP+), and oxygen glucose 

deprivation (OGD) (Figures 5 and 6).

Exposure to the endogenous ROS, H2O2, is frequently used to mimic oxidative stress 

leading to neuronal loss. Pretreatment of SH-SY5Y cell cultures with ING-6 or ING-66, 24 

h prior to H2O2 insult, yielded significant neuroprotection (Figure 5A). The greater efficacy 

of ING-66 may be attributed to superior Nrf2 stabilization and HO-1 elevation, relative to 

ING-6 (Figures 2 and 4A; Table 1S). MPP+ is a mitochondrial toxin routinely used in vivo 

and in vitro to mimic dopaminergic neuronal loss associated with Parkinson’s disease. Both 

ING-6 and ING-66 at 5 μM produced significant protection against MPP+ neurotoxicity in 

mouse neuronal N2a cells (Figure 5B). HCA is an NMDA receptor agonist that is used to 

induce oxidative stress associated with glutamate excitotoxicity in neurons: neuroprotective 

activity of tubastatin in this model has been reported.13 ING-66 produced concentration-

dependent and significant neuroprotection in HCA-treated primary cortical neurons, 

comparable to tubastatin (Figure 4C). No drug toxicity was observed in these primary cells. 

Furthermore, ING-6 and ING-66 showed no hepatotoxicity in the “liver-on-chip” assay, 

routinely used in drug development, testing viability of 3D cultures of HepaRG cells that 

mimic hepatocytes:24,25 LC50 > 500 μM (Figure 3S).

OGD provides a composite model of ischemia and reperfusion injury, which is responsive to 

neuroprotection mediated by HIF-1α and Nrf2.26 Pretreatment of cells 24 h prior to the 

OGD insult, with ING-6 or ING-66, provided significant concentration-dependent 

neuroprotection (Figure 6A). Ischemia is caused by withdrawal of both O2 and glucose; 

however, when both O2 and glucose are restored, there is a wave of reperfusion injury 

initiated by release of ROS. Post-treatment of cells with ING-6 or ING-66 was less effective; 
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although, ING-6 was relatively better, which may be attributed to superior HIF stabilization 

(Figures 2 and 6B; Table 1S).

Having established the efficacy of ING-6 and ING-66 in four different in vitro neurotoxicity 

models, relevant to human neurodegenerative diseases, we investigated the expression of 

Nrf2 target genes in 3 month old male C57BL/6 mice administered ING-66 (25 mg/kg i.p.). 

Analysis by RT-PCR showed significant increases in Hmox-1 and NQO1 in the ventral 

midbrain and striatum (Figure 7A–B). Hmox-1 expression was also significantly upregulated 

in the liver (Figure 4S). These in vivo data support the in vitro observations of HIF-1α and 

Nrf2 activation by phenylhydroxamate HDAC inhibitors.

CONCLUSION

In summary, we established that novel phenylhydroxamates, like tubastatin, stabilized and 

activated two master regulators of cellular stress response, Nrf2 and HIF-1α, in addition to 

providing selective HDAC6 inhibition. Activation of Nrf2 and HIF-1α showed some 

dependence on cap-group structure, but was not consistent with HDAC6 inhibition potency. 

Further study of the best tripartite activators, ING-6 and ING-66, showed induction of Nrf2-

dependent genes in vitro and in vivo. It has been proposed that Class-I HDAC inhibitors, but 

not HDAC6 inhibitors, may activate the Nrf2-ARE response by promoting the acetylation of 

Nrf2 or the acetylation of histones that facilitate transcription mediated by ARE.27–29 

However, we found the benzamide-based Class-I HDAC inhibitors, tacedina-line and 

entinostat, to be completely inactive with respect to Nrf2-mediated transcription, in contrast 

to tubastatin, ING-6, and ING-66, which have little effect on Class-I HDACs,13,18 but 

stabilize Nrf2. Although the pan-HDAC inhibitors, TSA and SAHA, have been reported to 

cause acetylation and activation of Nrf2 via inhibition of Class-I HDACs,27–29 the Neh2-

luciferase reporter is insensitive to this mechanism. Taken together, these observations 

demonstrate that HIF-1α and Nrf2 activation are activities of a subset of 

phenylhydroxamates that also potently inhibit HDAC6.

The selective HDAC6 inhibitors, ING-6 and ING-66, were neuroprotective in four 

independent in vitro models of neurodegeneration, modeling aspects of oxidative stress, 

excitotoxicity, Parkinson’s disease, and ischemic stroke. The micromolar, neuroprotective 

concentrations of ING-6 and ING-66 mirror those at which significant activation of HIF-1α 
and Nrf2 are observed. Although these concentrations are higher than those anticipated to 

inhibit HDAC6, the same concentrations of tubastatin were needed to elicit neuroprotection 

in previous literature reports.13,18 It has also previously been reported that hydroxamate 

family HDAC inhibitors, acting as metal chelating antioxidants, exert neuroprotective effects 

via HDAC independent mechanisms.30 Tripartite neuroprotective agents such as ING-6 and 

ING-66 hold promise as therapeutic candidates for neurodegenerative disorders (see Figure 

5S for predicted druglikeness), but care must be taken in use as specific chemical probes for 

HDAC6 function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures and activity summary of HDACi in Nrf2 (Neh2-luc) and HIF-1α (ODD-luc) 

reporter assays in SH-SY5Y cells. (A) Representative HDAC inhibitors from the IRSF 

SMART library used in the initial screening of Nrf2 and HIF-1 activity. (B) Novel 

phenylhydroxamate HDAC6 inhibitors (series A), more closely resembling tubastatin, 

strongly activate Nrf2 and HIF-1, whereas HDACi with acyclic-cap groups (series B) are 

weak activators.

Gaisina et al. Page 10

ACS Chem Neurosci. Author manuscript; available in PMC 2019 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Comparison of concentration dependence for ING-6, ING-66, and tubastatin in SH-SY5Y 

cells: (A) Nrf2 Neh2-luc activation; (B) HIF-1α ODD-luc reporter activation. TBHQ and the 

HIF-activating PHD inhibitor, FG-4592, were used as controls. Data show mean and SEM 

for fold increase in luminescence relative to vehicle control.
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Figure 3. 
Compound ING-6 docked into the binding site of PHD2 (4JZR).22
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Figure 4. 
(A) Stabilization and accumulation of Nrf2 on treatment with ING-6 and ING-66 visualized 

by immunofluorescence (IF). HeLa cells were treated with test compounds (10 μM) for 3 h: 

Nrf2 expression was quantified with anti-Nrf2 antibody (green) and colocalized with 

Hoechst nuclear stain (blue). (B) Immunoblot showing total, nuclear levels of HO1 and 

NQO1 after cells were treated with test compounds (10 μM) or DMSO (Cntr) for 4h (HO1) 

or 16h (NQO1) in N2a cells, using GAPDH as loading control. Band intensity was 

normalized to GAPDH: n = 3, *p < 0.05 as measured by Student’s t test.
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Figure 5. 
Characterization of ING-6 and ING-66 in various neurotoxicity models in cell cultures. (A) 

Concentration-dependent neuroprotection of SH-SY5Y cells from H2O2-induced toxicity. 

Cell viability was measured using the MTT assay at 24 h. Data show mean and SEM 

normalized to control (n = 6): *p < 0.05, ***p < 0.001 versus control insult (n = 6/group), by 

1-way ANOVA Dunnett’s test. (B) Test compounds at 5 μM protected N2a cells against 

MPP+ (100 μM) insult. Cell viability was measured at 24 h using Presto-Blue assay. Data 

show mean and SEM (n = 3): *p < 0.05 versus control insult. (C) Concentration-dependent 

protection by ING-66 of HCA-treated immature primary cortical neurons. Cell viability was 

assessed at 24 h using MTT assay. Data show mean and SEM (n = 3): *p < 0.05 and ***p < 

0.001 versus control insult.
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Figure 6. 
Concentration dependence of ING-6 and ING-66 neuroprotection in SH-SY5Y cells subject 

to OGD: 24 h pretreatment (A) and treatment post OGD (B). Cell viability was measured 

using the MTT assay 24 h post insult. Data show mean and SEM normalized to control (n = 

6): *p < 0.05, ***p < 0.001 versus insult by1-way ANOVA with Dunnett’s test.
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Figure 7. 
In vivo Nrf2 target gene activation by ING-66. Quantitative RT-PCR analysis showing 

relative mRNA levels of ARE target genes in the brain tissues of C57BL/6 mice treated with 

ING-66 or vehicle control. mRNA expression of target genes (A) in striatum and (B) ventral 

midbrain. Data show mean ± SEM mRNA levels (relative to GAPDH): *p < 0.05, ***p < 

0.001 compared to controls, (n = 5).

Gaisina et al. Page 16

ACS Chem Neurosci. Author manuscript; available in PMC 2019 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

