
The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

6 0 5 4 jci.org   Volume 130   Number 11   November 2020

Introduction
Worldwide, heart failure (HF) is among the top causes of morbid-
ity and mortality. In the United States alone, annual direct medi-
cal expenditures for HF exceed $30 billion (1–3). It has long been 
postulated that a chronic sterile inflammatory state in HF may 
be involved in disease progression and may contribute to worse 
clinical outcomes (4, 5). While proinflammatory cytokines such 
as TNF-α, IL-1, IL-6, and IL-18 have been demonstrated to have 
a negative inotropic effect in various experimental models (6), 
results of anti–TNF-α clinical trials in HF were discouraging (7, 8). 
More recently, the CANTOS trial of anti–IL-1B monoclonal anti-
body therapy in atherosclerosis showed promising results in the 
HF subgroup analysis (9). These conflicting results likely reflect 
the complexity and intricacy of the cytokine-mediated mecha-
nisms of HF. A better understanding of the molecular mechanisms 

by which peripheral monocytes process and respond to proinflam-
matory signals is imperative to the development of targeted novel 
therapeutics for HF.

Mitochondrial dysfunction contributes to the development of 
HF via multiple mechanisms (10). Damage-associated molecular 
pattern released from mitochondria (MitoDAMP) has been impli-
cated to activate the TLR/NFKB axis of peripheral monocytes 
in cardiac injury, leading to cytokine production and systemic 
inflammation (4, 5, 11). Furthermore, production of reactive oxy-
gen species (ROS) by mitochondria has been proposed as a criti-
cal step in the activation of NLRP3 inflammasome and secretion 
of proinflammatory cytokines (12, 13). To date, it has not been 
determined whether mitochondrial dysfunction of circulating 
immune cells contributes to the heightened inflammatory state 
in patients with HF.

Recently, nicotinamide riboside (NR), a precursor in the NAD 
salvage pathway (14), has been demonstrated to enhance respi-
ratory function, reduce mitochondrial ROS (mtROS) production, 
and reduce IL-1B production in peripheral blood mononuclear 
cells (PBMCs) (15). In addition, NR was shown to reduce the pro-
duction of TNF-α and IL-6 and upregulate antiinflammatory mol-
ecule, adiponectin, in mouse hepatocytes (16) and reduce circulat-
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and macrophages, as well as proinflammatory cytokines (IL-1B, 
IL-18, TNF-α), were significantly higher in patients with stage 
D HFrEF as compared with healthy participants. IL-6 showed a 
similar trend but did not reaching statistical significance (Figure 
1D). Although subjects with HF had a slightly higher monocyte-to- 
lymphocyte ratio in the PBMCs (Supplemental Table 2; supple-
mental material available online with this article; https://doi.
org/10.1172/JCI138538DS1), it is unlikely that it accounted for the 
reduced maximal respiration or increased cytokine expression. It 
has been shown that basal and maximal OCR per microgram pro-
tein are comparable between healthy monocytes and lymphocytes 
(22), and monocytes are roughly 2 times larger in volume than lym-
phocytes (23, 24). Thus, a higher fraction of monocytes in PBMCs 
would increase rather than decrease OCR. Moreover, the IL-1B, 
IL-6, and TNF-α productions in response to LPS simulation were 
shown to be comparable between monocytes and PBMCs (25).

MitoDAMP induces PBMC respiratory impairment and inflam-
matory cytokine gene expression, which can be attenuated by inhibi-
tion of the NLRP3 inflammasome axis. To explore the potential cel-
lular mechanisms linking mitochondrial respiratory function and 
cytokine production, we sought to create in vitro models to mimic 
the proinflammatory state in HF. We first treated PBMCs from 
healthy participants with lipopolysaccharide (LPS), an endotoxin 
known to trigger proinflammatory activation in peripheral mono-
cytes. Four hours of LPS treatment resulted in a sharp decline in 
PBMC maximal OCR (Supplemental Figure 1A) as well as increas-
es in mRNA expression for NLRP3 and proinflammatory cytokines 
(Supplemental Figure 1B), most notably, IL-6.

Mitochondrial content, by virtue of its evolutionary origin, can 
elicit an immunogenic response independent of HF status (26). It 
was recently reported that the plasma level of mitochondrial DNA 
is elevated in patients with HF (27). To test whether the release of 
DAMP from damaged mitochondria could elicit a sterile inflam-
matory state in HF, MitoDAMP was extracted by lysing mitochon-
dria isolated from myocardial tissue of patients with end-stage HF 
undergoing left ventricular assist device (LVAD) surgeries (Fig-
ure 2A). Similar to LPS, MitoDAMP treatment of healthy PBMCs 
induced a marked elevation of proinflammatory cytokine gene 
expressions (Figure 2B).

As shown in Figure 2C, MitoDAMP treatment resulted in a 
surge of mtROS production within 2 hours, which persisted for 6 
hours. Mitochondrial maximal OCR was significantly impaired 
by MitoDAMP (Figure 2D). mtROS generation has been reported 
to be one of the key activators of the NLRP3 inflammasome (28), 
thus the role of NLRP3 inflammasome in connecting respirato-
ry impairment and cytokine production was tested. Treating the 
PBMCs with MitoTempo, a nitroxide-based mitochondrial-specif-
ic ROS scavenger, in the presence of MitoDAMP, did not change 
maximal OCR (Figure 2D) but markedly attenuated cytokine gene 
expressions (Figure 2E). Moreover, treatment with MCC950, a 
specific inhibitor of the NLRP3 inflammasome, resulted in a sim-
ilar attenuation of the MitoDAMP-induced surge on IL-6 gene 
expression (Figures 2E), while maximal OCR was marginally 
improved (Figure 2F). These findings suggest that MitoDAMP- 
induced mtROS production and NLRP3 activation contributes to 
proinflammatory cytokine gene expression in PBMCs. However, 
inhibition of either mechanism alone appears to minimally affect 

ing of IL-5 and IL-6 in healthy elderly subjects (17). Last, systemic 
NAD repletion by NR or NMN (nicotinamide mononucleotide) 
has been shown to be cardioprotective in multiple murine models 
of cardiomyopathy (18–20). These observations raise the possibil-
ity that targeting NAD metabolism might benefit patients with HF 
by modulating the HF-associated inflammatory state.

To further explore this possibility we (a) compared PBMC 
respiratory function and inflammatory cytokine expression of 
patients with heart failure with reduced ejection fraction (HFrEF) 
and healthy participants, (b) investigated the mechanistic link 
between mitochondrial dysfunction and inflammatory activation 
in PBMCs, and (c) explored the possibility that targeting mitochon-
drial metabolism by increasing NAD level with NR might attenuate 
PBMC inflammatory activation in vitro and in patients with HFrEF.

Results
Baseline characteristics of study participants. A total of 19 patients 
with stage D HF and 19 healthy participants were recruited. As 
shown in Table 1, the subjects with HF were predominantly male 
with a mean left ventricular ejection fraction (LVEF) of 20% ± 7%, 
among which approximately 80% had nonischemic etiology of car-
diomyopathy, and 68% were on inotropic support when their blood 
samples were obtained. Mean age comparison between healthy 
and HF groups by Mann-Whitney test showed a P value of 0.034.

PBMCs from patients with HFrEF showed reduced respiratory 
capacity and elevated proinflammatory cytokine gene expression. 
Purified PBMCs from study participants were subjected to the 
standard Seahorse Mito Stress Test (Figure 1A and ref. 21). Mean 
PBMC basal respiration (oxygen consumption rate [OCR]) trended 
lower in subjects with HF than healthy subjects though not reach-
ing statistical significance (Figure 1B). The FCCP-induced (trifluo-
romethoxy carbonylcyanide phenylhydrazone–induced) maximal 
OCR was significantly lower in patients with HF as compared with 
healthy participants (Figure 1C). Together, these findings suggest 
that PBMC respiratory capacity is impaired in patients with HFrEF. 
Furthermore, consistent with previous reports that HFrEF is asso-
ciated with a proinflammatory state, we found that mRNA levels 
of NLRP3, a key component of the inflammasome in monocytes 

Table 1. Baseline characteristics of study subjects

Healthy Heart failure
Total number 19 19
Sex Male 6 13

Female 6 6
Unavailable 7 0

Age 42.3 ± 8.0 51.8 ± 14.1
LVEF (%) 20.1 ± 7.2
Etiology of CM Ischemic 21%

Nonischemic 79%
Comorbidities HTN 42%

DM 32%
Smoker 68%

Inotropes 68% 

CM, cardiomyopathy; HTN, hypertension; DM, diabetes mellitus. LVEF, left 
ventricular ejection fraction. Data are mean ± SD. 
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lated from healthy subjects (Supplemental Figure 3). In contrast, 
recombinant IL-1B and IL-18 treatments did not result in a signif-
icant decrease in PBMC maximal OCR (Supplemental Figure 4). 
Together, these results suggest that autocrine activation of IL-6 
is a key mediator of MitoDAMP-induced respiratory impairment.

Next, we searched for the end-effector of IL-6–induced 
reduction of maximal OCR. To this end, we compared changes in 
OCR in response to various electron transport chain (ETC) com-
plex inhibitors in sequence in order to identify those complex-
(es) whose activity was affected by IL-6 treatment. As shown in 
Figure 3D, complex I inhibition by rotenone virtually eliminated 
all FCCP-induced OCR such that subsequent inhibition of com-
plex III by Antimycin A only resulted in minimal OCR reduction, 
suggesting complex II was a minor contributor to the overall ETC 
activity in our system. Moreover, when TMPD (N,N,N′,N′-Te-
tramethyl-p-Phenylenediamine) and ascorbate were added to the 
system as electron donors for cytochrome C, which drives OCR 
through complex IV, we observed no difference in OCR between 
vehicle- and IL-6–treated PBMCs. These results suggest that IL-6 
affected function of complex I function, but not of complexes II or 
IV. The contributions of each complex to the OCR in our assay sys-
tem are summarized in Figure 3E. Consistent with these findings, 
direct measurement of complex I activity showed that IL-6 treat-
ment reduced complex I enzymatic activity (Figure 3F). Together, 
these results suggest that IL-6 reduces mitochondrial respiration 
via reduction of complex I activity.

Increasing NAD+ levels with NR suppresses proinflammatory 
response in PBMCs in vitro. Based on the recent observations that 
NAD augmentation by NR enhances respiratory function and 
reduces mtROS and IL-1B productions in PBMCs (15), we hypoth-
esized that NR may ameliorate the reductions in maximal OCR 
and cytokine production seen with MitoDAMP stimulation. As 
shown in Figure 4, A and B, concurrent NR treatment of healthy 
PBMCs in the presence of MitoDAMP resulted in a reduction of 
IL-6 secretion and proinflammatory cytokine gene expressions, 
respectively. Importantly, NR treatment partially prevented the 
MitoDAMP-induced decline of maximal OCR (Figure 4C). A 
similar effect of NR in enhancing maximal OCR and reducing 
proinflammatory cytokine gene expressions is also observed in 
LPS-treated PBMCs (Supplemental Figure 1C).

maximal OCR, suggesting that mtROS generation is downstream 
of respiratory impairment.

Secreted IL-6 impairs mitochondrial respiration by reducing com-
plex I activity. Among the cytokines studied in the in vitro exper-
iments, increases in gene expression levels in response to proin-
flammatory stimuli were consistently highest for IL-6. Further, 
MitoDAMP stimulation of PBMCs resulted in a surge of secreted 
IL-6 protein within 4 hours (Figure 3A). We therefore hypothe-
sized that the MitoDAMP-induced IL-6 secretion mediated the 
observed mitochondrial respiratory impairment in an autocrine 
fashion. Concurrent treatment with LMT28, an inhibitor of IL-6 
receptor B (GP130), prevented the MitoDAMP-induced decline in 
maximal OCR (Figure 3B). Conversely, treating healthy PBMCs 
with recombinant IL-6 resulted in a dose-dependent decline of 
maximal OCR (Figure 3C). A significant reduction of maximal 
OCR by IL-6 was observed at concentrations as low as 0.1 ng/
mL, which is comparable to the plasma concentrations of IL-6 
during acute cardiac decompensation (29), as well as with the 
level of secreted IL-6 achieved at 4 hours following MitoDAMP 
stimulation in our in vitro experiments (Figure 3A). Consistently, 
treatment of IL-6 decreased the maximal OCR of monocytes iso-

Figure 1. Heart failure is associated with a reduced maximal respiration 
and elevated proinflammatory cytokine gene expressions in PBMCs. (A) 
Representative OCR plot upon various inhibitor injections in a standard 
Seahorse Mito stress test, comparing PBMCs from healthy subjects and 
those with stage D HF. Oligomycin A: inhibitor of complex V. FCCP (trifluo-
romethoxy carbonylcyanide phenylhydrazone): uncoupling agent by perme-
abilizing inner mitochondrial membrane. Antimycin A: inhibitor of complex 
III. Rotenone: inhibitor of complex I. (B and C) Basal and FCCP-induced 
maximal respiration of PBMCs from healthy subjects (n = 19) and subjects 
with stage D HF (n = 19), respectively. OCR data normalized via log10 trans-
formation were subjected to ordinary unpaired 2-tailed parametric test 
(Welch’s t test). Normal distribution was assessed by Kolmogorov-Smirnov 
test. (D) Relative mRNA levels of NLRP3 and proinflammatory cytokines of 
PBMCs of healthy subjects and those with stage D HF by RT-qPCR. NLRP3 
(healthy n = 9, HF n = 9), IL-1B (n = 9, n = 9), IL-6 (n = 12, n = 11), IL-18 (n = 7,  
n = 9), TNF-α (n = 9, n = 9). Mean mRNA level of healthy subjects normal-
ized to 1. mRNA data analyzed with unpaired nonparametric 2-tailed t 
test. All data shown in mean ± SEM.
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Discussion
This study demonstrates a critical role of mitochondrial function in 
the inflammatory activation of peripheral immune cells in patients 
with HFrEF. We found that proinflammatory molecules (e.g., dam-
age-associated molecular patterns released from dysfunctional 
mitochondria, likely via the Toll-like receptor cascade) trigger 
increased expressions of proinflammatory cytokines, particular-
ly IL-6. Secreted IL-6 appears to feed back in an autocrine man-
ner to impair mitochondrial respiration by inhibiting complex I  
activity and inducing mitochondrial ROS production, resulting in 
assembly of the NLRP3 inflammasome and increased secretion of 
proinflammatory cytokines such as IL-1B and IL-18 (13, 28, 31, 32). 
Secreted IL-1B can feed back to further potentiate the NFKB axis, 
resulting in a vicious cycle (ref. 33 and Figure 7).

Based on the results of our in vitro experiments, we speculate 
that the effect of NR represents an upstream mechanism which 
preserves mitochondrial respiration and reduces ROS production 
in the presence of an inflammatory trigger. On the other hand, 
mtROS and NLRP3 are downstream of the mitochondrial dys-
function; therefore, their inhibitions do not result in improvement 

NR enhances mitochondrial respiration and reduces proinflamma-
tory cytokine production in human HF. We subsequently tested the 
effect of NR on the PBMCs of patients with HF in the absence of 
MitoDAMP. Incubation with NR in vitro increased the basal and 
maximal OCR in the PBMCs of both healthy subjects and subjects 
with HF (Figure 5, A and B, respectively). However, reductions of 
NLRP3 and proinflammatory cytokine gene expressions in HF 
PBMCs were minimal (Supplemental Figure 2), indicating that a 
4-hour exposure to NR may be insufficient to revert the inflamma-
tory state. To investigate this more closely, we enrolled patients with 
stage D HF to take NR orally for 5 to 9 days (Figure 6). Blood sam-
ples were obtained before and after NR administration. As shown 
in Figure 5C, oral NR administration resulted in increases of whole 
blood NAD+ levels, as previously seen in healthy subjects (30). Fur-
thermore, NR treatment resulted in a consistent enhancement of 
the basal and maximal OCR in healthy and HF PBMCs (Figure 5, D 
and E), and an up to 30-fold reduction of proinflammatory cytokine 
gene expressions (Figure 5F). Background information of the study 
subjects can be found in Supplemental Table 1. No adverse effects 
associated with NR were observed among the 5 participants.

Figure 2. MitoDAMP induces PBMC respiratory impairment and inflammatory cytokine gene expression, and the latter can be partially attenuated by 
inhibition of the NLRP3 inflammasome axis. (A) Schematics of the MitoDAMP extracted from mitochondria purified from human myocardial tissue. (B) 
Relative mRNA levels of NLRP3 and proinflammatory cytokines of healthy PBMCs after 4-hour treatments of vehicle or MitoDAMP. Vehicle normalized to 1. 
P value was determined by paired 2-tailed t test. n = 4. (C) Mitochondrial ROS levels of healthy PBMCs after MitoDAMP treatment. Zero hour normalized to 
100%. P value cut off of 0.05 was determined by paired 2-tailed t test. n = 3. (D) Maximal respiration of healthy PBMCs after 4-hour treatment of vehicle 
or MitoDAMP with or without 0.5 mM MitoTempo, n = 4. P value determined by 1-way ANOVA with multiple pairwise comparisons. (E) Percent change of 
NLRP3 and cytokine mRNA levels of healthy PBMCs after 4-hour treatment of MitoDAMP with 0.5 mM MitoTempo (n = 4) or 1 μM MCC950 (n = 5) relative 
to MitoDAMP alone. P value was determined by paired 2-tailed t test. (F) Maximal respiration of healthy PBMCs after 4-hour treatments of vehicle or 
MitoDAMP with or without 1 μM MCC950. n = 3. P value determined by 1-way ANOVA with multiple pairwise comparisons. All data shown in mean ± SEM.
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IL-6 was shown to hyperpolarize mitochondrial inner membrane 
in CD4+ cells (37). While the exact mechanism remains elusive, 
there has been evidence suggesting that a small fraction of STAT3, 
a downstream effector of the IL-6R axis, localizes in the mitochon-
dria to regulate the electron transport chain and ATP production 
(38). Whether mitochondrial STAT3 is responsible for inhibiting 
complex I activity during chronic sterile inflammatory states, such 
as HF, is currently underexplored.

Recently, there has been tremendous interest in agents that 
increase cellular NAD as potential therapeutics for HF. Multiple 
studies demonstrated that augmenting NAD level is cardiopro-
tective in animal models of cardiomyopathy induced by pressure 
overload (18–20), iron overload (39), or genetic mutations (19, 40). 
Most of those studies focus on the effect of NAD in the myocar-
dium, such that boosting myocardial NAD+ leads to activation of 
NAD-dependent deacetylases (i.e., Sirtuins) or polyADP-ribosy-
lases. Increasing cardiac NAD levels by pharmacological or genetic 
approaches has been shown to improve myocardial mitochondrial 
function and energy metabolism partly via the activity and down-
stream targets of mitochondrial-specific Sirtuins (18, 19, 41, 42).

of maximal OCR. Although the IL-6 mRNA level was reduced by 
mitochondrial ROS and NLRP3 inflammasome inhibition, the 
treatment may not be sufficient to normalize the secreted IL-6 lev-
el and remove mitochondrial impairment in our experimental set-
ting. The molecular mediators by which NR treatment improves 
maximal OCR and reduces cytokine production in PBMCs war-
rant further investigation.

It has been demonstrated that circulating IL-6 is upregulated 
in both acute myocardial infarction and chronic HF; the former 
was thought to be cardioprotective, but if left unchecked, chronic 
IL-6 elevation can result in maladaptive hypertrophy and reduced 
LVEF (34, 35), potentially perpetuating HF. To date, there has not 
been a randomized clinical trial antagonizing IL-6 during post–
myocardial infarction remodeling or in chronic HF. The present 
study suggests that IL-6 assumes an important signaling role 
connecting mitochondrial function and inflammation in periph-
eral immune cells. In cultured adipocytes, in vitro IL-6 treatment 
resulted in a decrease of mitochondrial membrane potential, 
cellular ATP production, an increase in intracellular ROS, and a 
reduction of respiratory reserve capacity (36). On the contrary, 

Figure 3. Secreted IL-6 from MitoDAMP stimulation impairs mitochondrial respiration by reducing complex I activity. (A) Secreted IL-6 protein level by 
ELISA of healthy PBMCs after 2-hour (n = 3) or 4-hour (n = 6) treatment of vehicle or MitoDAMP. P value determined by paired 2-tailed t test. (B) Maximal 
respiration of healthy PBMCs after 4-hour treatments of vehicle or MitoDAMP with or without 100 μM LMT28, a specific inhibitor of the IL-6 receptor b (GP 
130). n = 4. (C) Maximal respiration of healthy PBMCs after 4-hour treatments of vehicle or increasing concentrations of human recombinant IL-6. n = 4. 
B and C analyzed with 1-way ANOVA with multiple pairwise comparisons. (D) Representative Seahorse plot of baseline and post-drug treatment OCR of 
healthy PBMCs after 4-hour treatments of vehicle or IL-6 (1 ng/mL). FCCP; uncoupling agent by permeabilizing inner mitochondrial membrane; Rotenone 
(Rot): complex I inhibitor; Antimycin A (AA): complex III inhibitor; TMPD/Ascorbate: exogenous electron donor for complex IV. n = 3. (E) Quantitation of 
D. (F) Complex I activity of healthy PBMCs after 4-hour treatments of vehicle or IL-6 (1 ng/mL). n = 5. Vehicle normalized to 1. E and F analyzed by paired 
2-tailed t test. All data shown in mean ± SEM.
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Results from this study suggest that NAD augmentation may 
be protective against cardiomyopathy. The reduction of systemic 
inflammation through inhibition of proinflammatory activation 
of circulating immune cells allows the system to break from the 
vicious cycle that perpetuates the disease. Mechanistically, NAD+ 
repletion by NR has been shown to reduce mtROS production 
across tissue types (15, 43–46), which suppresses NLRP3 inflam-
masome/caspase I axis and secretions of active IL-1B and IL-18 
(Figure 5 and ref. 28). In addition, NAD+-dependent activities of 
SIRT1 and SIRT2 in the cytosol have been found to inhibit tran-
scription factor NFKB, resulting in blunted proinflammatory cyto-
kine gene expression (47–49). On the other hand, there is evidence 
that the NAD+-consuming enzyme CD38 is upregulated in human 
monocyte-derived macrophages during inflammation, and that 
CD38 promotes cytokine secretion (50).

To our knowledge, this study is the first to examine whether 
NAD augmentation has antiinflammatory effects in the context of 
human HF. Although the human efficacy data are currently lack-
ing, the collective actions of NAD repletion on preserving cardi-
ac function and reducing systemic inflammation may provide a 
molecular basis for a novel HF therapy.

Limitations of the study. For our in vitro experiments, wheth-
er a 4-hour culture truly reflects the cellular changes in a chronic 
inflammatory state needs to be substantiated. In addition, in this 
study, we modeled sterile inflammation in HF using mitochondri-
al extracts to mimic MitoDAMP. This mixture contains mitochon-
drial DNA, RNA, proteins, and phospholipids, many of which have 
been shown to be proinflammatory (11). The specific component(s) 
in MitoDAMP responsible for triggering PBMC proinflammato-
ry activation are yet to be identified, and quantitative changes of 
MitoDAMP in peripheral blood of patients with HF warrant fur-
ther investigation. Moreover, while the small number (n = 4) and 
short treatment period (5–9 days) of the experiments involving NR 
administration to patients with stage D HF (Figures 5 and 6) limit 
our ability to draw conclusions regarding the efficacy or safety of 

NR, the results pose promising opportunities for 
future clinical trials to investigate NR’s potential 
antiinflammatory effect. Last, since the aver-
age age of healthy participants in the study was 
younger than that of patients with HF, a poten-
tial influence of age on our findings could not be 
excluded with the small sample size.

Methods
Study participants. For baseline Seahorse standard 
mito stress test, 19 healthy (i.e., with no history of 
acute or chronic disease) participants and 19 hospi-
talized patients with stage D HFrEF were enrolled 
into the study. In the HF group, those requiring 
temporary mechanical support, such as Impella, 
intraaortic balloon pump (IABP), or extracorporeal 
membrane oxygenation (EMCO), were excluded.

For experiments associated with oral NR admin-
istration (Figure 5, C–F), 5 hospitalized patients with 
stage D HF undergoing advanced HF therapy eval-
uations were put on escalating doses of NR (250 
mg twice a day for day 1, 500 mg twice a day for 

day 2, and 1000 mg twice a day from day 3 on) for 5 to 9 days. Fasting 
blood samples were obtained for PBMC isolation at baseline and after 
NR administration. Subject 5 was withdrawn due to a change in clinical 
course deemed to be independent from NR administration.

PBMC and monocyte isolation. A quantity of 30–60 mL fast-
ing blood was collected into EDTA-containing Vacutainers (Becton 
Dickinson; catalog 364606). Blood then was diluted (1:1) with RPMI 
medium (Corning; catalog 17-105-CV) and applied to Histopaque 
gradient medium (MilliporeSigma; catalog 10771) using SepMate-50 
(STEMCELL Technologies), and centrifuged at 1200g for 10 minutes. 
The top layer contained the enriched PBMCs, which were collect-
ed followed by centrifugation at 300g for 10 minutes. The pellet was 
resuspended with ACK lysis buffer (Gibco; catalog A1049201) and 
incubated at room temperature for 5 minutes to remove residual red 
blood cells. Next, the enriched PBMCs were washed twice with RPMI 
medium. All PBMC samples were subjected to the baseline Seahorse 
mito stress test. When available, the remaining cells were used for 
cytokine mRNA quantitative PCR and in vitro assays. For monocyte 
isolation, a magnetic bead–based negative-selection monocyte isola-
tion kit (Miltenyi Biotec, 130-096-537) was used per manufacturer’s 
instructions. Briefly, antibody-conjugated magnetic bead solution was 
added to isolated PBMCs resuspended in RPMI containing 0.5% BSA 
and incubated for 20 minutes at 4°C, followed by magnetic column 
binding and elution. The procedure was repeated once to improve the 
purity of monocytes. The monocytes were washed once with RPMI 
before subsequent experiments.

Seahorse mito stress test. OCR of freshly isolated PBMCs was 
assessed using a Seahorse XFe24 analyzer (Agilent Technologies). 
Briefly, purified PBMCs were resuspended in Seahorse base medium 
(Agilent Technologies; supplemented with 1 mM pyruvate, 2 mM glu-
tamine, and 10 mM glucose, pH 7.4), and added 106 cells/well at equal 
volume of 500 μL in Seahorse 24-well plate. The cells were main-
tained in a non-CO2 incubator and allowed to settle for 30 minutes at 
37°C. Next, the plate was centrifuged at 40g for 10 minutes at room 
temperature without no application of the brake to help cells attach to 

Figure 4. NR attenuates MitoDAMP-induced PBMC respiratory impairment and proinflammato-
ry cytokine production in vitro. (A) Secreted IL-6 protein by ELISA of healthy PBMCs after 4-hour 
treatment of vehicle or 1 mM NR in the presence of MitoDAMP. P value determined by paired 
2-tailed t test. (B) Percent change of NLRP3 and cytokine mRNA levels of healthy PBMCs after 
4-hour treatment of MitoDAMP with 1 mM NR relative to MitoDAMP only. P value was determined 
by paired 2-tailed t test. n = 4. (C) Maximal respiration of healthy PMBCs after 4-hour treatment 
of vehicle, MitoDAMP, or MitoDAMP with 1 mM NR. n = 4. P value determined by ordinary 1-way 
ANOVA with multiple pairwise comparisons. B and C shown in mean ± SEM.
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the bottom of the plate. Drugs used in the assay: 5 μM oligomycin A 
(MilliporeSigma; catalog 75351), 3 μM trifluoromethoxy carbonylcya-
nide phenylhydrazone (FCCP) (MilliporeSigma; catalog C2920), 1 μM 
rotenone (MilliporeSigma; catalog A8674), 1 μM antimycin A (Milli-
poreSigma; catalog R8875), 0.5 mM TMPD (MilliporeSigma; catalog 
T7394) and 10 mM ascorbate (MilliporeSigma; catalog 95209).

PBMC and monocyte culture. Freshly isolated PBMCs or mono-
cytes from healthy subjects or subjects with HF were resuspended 
with RPMI medium plus 10% heat inactivated FBS. PBMCs (106 
cells/well) were seeded in Seahorse 24-well plates and incubated at 
37°C in CO2 incubator with various proinflammatory triggers (vehi-
cle, MitoDAMP, LPS) and compounds (NR, MCC 950, MitoTempo, 
or LMT-28). After 4 hours incubation, the plate was centrifuged at 
40g for 10 minutes at room temperature without no application of the 
brake to help cells attach to the bottom of the plate. The cells were 
washed twice and then brought up to 500 μL using Seahorse base 
medium (Agilent Technologies, supplemented with 1 mM pyruvate,  
2 mM glutamine, and 10 mM glucose, pH 7.4).

MitoDAMP isolation. Human heart tissue samples (100–200 mg) 
from the left ventricular apex were collected at the time of left ven-
tricular assist device (LVAD) implantation when tissue from the LVAD 
core became available. Fresh tissue was stored in ice-cold sterile PBS 
before mitochondria isolation per prior protocol (19). The purified 

mitochondria was resuspended in 200 μL MSE buffer (19), and subse-
quently stored at –80°C. Mitochondria from 6 donors were pooled and 
lysed by freeze (in liquid nitrogen) and thaw for 3 times, followed by 
sonication at 30% intensity with 3 seconds on and 3 seconds off for 3 
cycles. The lysed mitochondria were then spun down at 10,621g for 10 
minutes. Protein concentration of the supernatant (MitoDAMP) was 
determined by BCA kit. The supernatant was aliquoted and stored at 
–80°C for future use. For all MitoDAMP stimulation assays, the final 
protein concentration of MitoDAMP was 0.5 mg/mL (Figure 2A).

IL-6 ELISA. Isolated PBMCs (4 × 106 cells per sample) from 
healthy subjects or participants with HF were resuspended in RPMI 
medium containing 10% heat-inactivated FBS and treated with var-
ious proinflammatory triggers (vehicle, MitoDAMP, LPS) and com-
pounds (NR, MCC 950, MitoTempo, or LMT-28) to a final PBMC con-
centration of 10 × 106 cells per mL. See below for detailed descriptions 
of the reagents. The samples were incubated in Eppendorf tubes at 
37°C in 5% CO2 incubator with caps open for time designated in fig-
ure legends. The cultured PBMC samples were centrifuged at 6797g at 
room temperature. The supernatant was used for ELISA per the man-
ufacturer’s protocol using R&D Systems human IL-6 kit (DY206-05). 
The cell pellets were stored at –80°C.

RNA isolation and quantitative PCR analysis. Total RNA was iso-
lated from frozen PBMC pellets using Trizol (Invitrogen) per the 

Figure 5. NR enhances mitochondrial respiration and reduces proinflammatory 
cytokine production in HF. (A and B) Ratios of basal and maximal respiration of 
healthy or HF PBMCs after 4-hour 1 mM NR treatments relative to vehicle, respec-
tively. n = 8 and n = 10, respectively. (C) Whole blood NAD+ level of subjects with 
stage D HF before or after 5 to 9 days of oral NR administration. (D and E) Basal 
and maximal respiration of PBMCs from subjects with stage D HF before and 
after oral NR administration, respectively. (F) Relative mRNA levels of NLRP3 and 
inflammatory cytokines of PBMCs from subjects with stage D HF before and after 
NR administration. Post-NR mRNA level normalized to 1. n = 4. (A and B) P values 
determined by unpaired 2-tailed t test, and data shown in mean ± SEM. (C–F) P 
values determined by paired 2-tailed t test.
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dye were added and optical density (OD) was seri-
ally measured at 450 nm over 1 hour. The slope of 
the curve within the linear range was recorded as 
complex I activity.

Whole blood NAD+ assays. These assays were 
performed as previously described (30). Briefly, 
50 μL thawed blood samples were added to tubes 
containing 1 μg BMP as the internal standard and 
immediately followed by 300 μL of 4% trichlo-
roacetic acid to precipitate proteins. Calibration 
standards were similarly prepared except that the 

matrix was 30 mg/mL BSA spiked with NAD+ and NMN that had been 
dissolved in methanol. After protein precipitation and high-speed cen-
trifugation, the supernatants were loaded onto Costar Spin-X 0.22 μm 
spin filters and subject to high speed centrifugation again. The eluates 
were injected onto an Agilent 1100 series high-performance liquid 
chromatograph coupled to an Agilent G1956B single-quadrupole mass 
spectrometer. The mass spectrometer was operated in electrospray 
ionization mode with positive polarity.

Reagents. Lipopolysaccharide (LPS) was purified from Salmonella 
Minnesota R595 (Enzo Life Sciences, catalog ALX-581-008-L001). 
MCC 950 stock (MilliporeSigma, catalog PZ0280-5MG) was dis-
solved in RPMI to 100 μM and stored at –80°C. MitoTempo (Milli-
poreSigma, catalog SML07375MG) stock solution was dissolved in 
RPMI to 10 mM and stored at –80°C. LMT-28 (MilliporeSigma, catalog 
SML1628-5MG)stock solution was dissolved in DMSO to 10 mM and 
stored at –80°C. Human recombinant IL-6 (Gibco, catalog PHC0064) 
stock solution was dissolved in RPMI to 1 μg/mL and stored at –80°C. 
Human recombinant IL-1B and IL-18 (R&D Systems, catalog 201-LB 
and 9124-IL, respectively) stock solutions were dissolved in RPMI to  
1 μg/mL and stored at –80°C.

Nicotinamide riboside. For in vitro assays, NR was supplied as pow-
der by the manufacturer (Niagen, ChromaDex). Stock solutions (10 mM 
or 100 mM) dissolved in RPMI with 10% heat inactivated FBS were 

manufacturer’s instructions, and cDNA was synthesized using iScript 
Reverse Transcription Supermix (Bio-Rad) per the manufacturer’s 
instructions. Real-time PCR was performed in the Corbett rotor 
gene 6000 real-time PCR machine using iQ SYBR Green Supermix 
(Bio-Rad) and expression levels of the indicated genes were calculat-
ed using the ΔΔCt method. Primer sequences are as follows. NLRP3 
forward: GTGTTTCGAATCCCACTGTG; reverse: TCTGCTTCT-
CACGTACTTTCTG; IL-1B forward: ATGCACCTGTACGATCACTG; 
reverse: ACAAAGGACATGGAGAACACC; IL-6 forward: CCACT-
CACCTCTTCAGAACG; reverse: CATCTTTGGAAGGTTCAG-
GTTG; TNF-α forward: ACTTTGGAGTGATCGGCC; reverse: 
GCTTGAGGGTTTGCTACAAC; IL-18 forward: CATTGACCAAG-
GAAATCGGC; reverse: CACAGAGATAGTTACAGCCATACC; 18S 
rRNA forward: GTAACCCGTTGAACCCCATT; reverse: CCATC-
CAATCGGTAGTAGCG.

Mitochondrial ROS detection in cultured PBMCs. To detect mito-
chondrial ROS production, the treated PBMCs were incubated with 
5 μM MitoSOX Red (Life Technologies) and MitoTracker Green (200 
nM, Life Technologies) at 37°C for 30 minutes in RPMI medium sup-
plemented with 10% heat-inactivated FBS, and then washed twice 
with cold PBS before cells were analyzed by flow cytometry on a Cytek 
Aurora (Cytek Biosciences).

Complex I in vitro assay. This assay was performed using Abcam 
Complex I Enzyme Activity Microplate Assay Kit (ab109721), per the 
manufacturer’s protocol. Briefly, following 4-hour treatment with 
vehicle or IL-6, 5 × 106 PBMCs were washed with PBS and lysed by 
detergent for 30 minutes on ice, followed by centrifugation at 16,000g 
for 20 minutes at 4°C. Supernatant was taken for protein concentra-
tion determination. Total protein (12.5 μg) in a final volume of 200 μL 
was incubated in microplates precoated with anti–complex I antibody 
for 3 hours at room temperature. After the washing step, NADH and 

Figure 7. Model of DAMP-induced monocyte activation. The priming 
signal involves interaction of MitoDAMP with TLRs to stimulate the 
expression of inflammasome components and proinflammatory cytokines 
via activation of transcription factor NFKB. The secreted IL-6 in the priming 
step feeds back in an autocrine manner to impair mitochondrial respiration 
by inhibiting complex I activity and inducing mitochondrial ROS produc-
tion, which leads to the assembly of the NLRP3 inflammasome to active 
caspase 1. Caspase-1, in turn, cleaves pro–IL-1B to IL-1B. Secreted IL-1B feeds 
back to further potentiate the NFKB axis.

Figure 6. Study design of oral NR administration in 
patients with HF.
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with HFrEF, the study was performed under the IRB-approved protocol 
STUDY0000543, ClinicalTrials.gov NCT03727646.
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