Nicotinamide; An Oral Antimicrobial

Agent with Activity against Both
Mycobacterium tuberculosis
and Human Immunodeficiency Virus

Michael F. Murray

Department of Medicine, Brigham and Women's Hospital, Harvard University, Boston, Massachusetts

Coinfection with Mycobacterium tuberculosis and human immunodeficiency virus (HIV) is responsible for one-third of all

deaths due to acquired immunodeficiency syndrome. More than 99% of cases of HIV-M. tuberculosis coinfection occur in

the developing world, where limited resources add urgency to the search for effective and affordable therapies. Although

antimicrobial agents against each of these infections are available, single agents that have activity against both M. tuberculosis

and HIV are uncommon. The activity of nicotinamide has been evaluated in 2 different eras: in anti-M. tuberculosis studies

performed during 1945-1961 and in anti-HIV studies performed from 1991 to the present. This review brings together these

2 bodies of inquiry and raises the possibility that, with more study, this small molecule could emerge at the beginning of

the 21st century either as a therapeutic agent in itself or as the lead compound for a new class of agents with activity against

both M. tuberculosis and HIV.

The story of nicotinamide’s antimycobac-
terial capacity is unknown to many, be-
cause the literature predates the careers of
most people currently involved in the
treatment of these infections as well as the
National Institutes of Health PubMed da-
tabase [1]. In 1945, the first trials of strep-
tomycin that involved humans were tak-
ing place in the United States [2], and a
worldwide search for other effective
anti—-Mycobacterium tuberculosis therapies
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was underway. That year, in Paris, Ernst
Huant [3] reported a serendipitous dis-
covery regarding the use of nicotinamide
for the treatment of patients undergoing
radiation therapy for “lung tumors.” He
found that nicotinamide therapy, which he
had initiated in an attempt to protect pa-
tients’ mucous membranes from the ef-
fects of radiation, shrunk those lung in-
filtrates that were caused by M. tu-
berculosis. This report complemented an-
other report from France by Chorine [4],
who suggested a new role for nicotin-
amide, distinct from its known vitamin
effect, as an anti-M. tuberculosis therapy.
McKenzie et al. [5], who apparently were
screening compounds without knowledge
of either Huant or Chorine’s work, in-
dependently confirmed these findings.

Two structurally related compounds,

pyrazinamide and isoniazid, were found
to be effective anti—-M. tuberculosis thera-
pies in the period from 1945 through
1951; these discoveries were made, in part,
through the use of nicotinamide as a lead
compound (figure 1) [6, 7]. Nicotinamide
monotherapy resulted in clinical improve-
ment for up to 64% of M. tuberculo-
sis-infected patients described in pub-
lished reports [8]. However, interest in
nicotinamide as a treatment for M. tuber-
culosis faded rapidly when one of the fore-
most research groups of the day reported
antagonism between nicotinamide and
isoniazid when they were used together as
a 2-drug therapeutic regimen [9].

By the 1990s, all of this information had
fallen into relative obscurity. In fact, a
comprehensive review of nicotinamide’s

pharmaceutical effects, published in 1991
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(the year of the first reported use of ni-
cotinamide in HIV research), makes no
mention of its effects against M. tubercu-
losis [10].

In the past decade, 3 different hypoth-
eses have prompted the testing of nicotin-
amide for use as therapy for HIV. First,
several groups studied the effects of treat-
ment with nicotinamide for HIV, giving
attention to its inhibitory activity against
the nuclear enzyme poly-ADP ribose poly-
merase (PARP) [11, 12]. Second, in 1995,
when we reported that nicotinamide was
an inhibitor of HIV [13], our hypothesis
was generated out of interest in potential
correlations between pellagra and AIDS
[14]. Third, Cossarizza et al. [15] pursued
studies of nicotinamide in the context of
its antioxidant properties, and they re-
ported inhibition of HIV-induced cellular
damage. Of interest, these hypotheses were
all pursued without reference to the
anti-M. tuberculosis data that preceded
them by 30-50 years.

Single agents with activity against both
HIV and M. tuberculosis are rare. Any such
agent stirs interest both as a potential ther-
apy and as a window on pathogenesis. Al-
though some of the nucleoside reverse-
transcriptase inhibitors have been shown
to have antibacterial inhibitory effects in
addition to their known antiretroviral ef-
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Structure of nicotinamide and related compounds

fects, this antibacterial activity does not
extend to mycobacteria [16]. A number
of cytokines have been shown to be sig-
nificant in both infections, and therapeutic
cytokine delivery for these infectious dis-
eases is an area of active investigation [17,
18]. Nicotinamide is neither a reverse-
transcriptase inhibitor nor a cytokine. Al-
though nicotinamide is an inexpensive
and orally available agent without signif-
icant side effects that has been in use for
65 years, there remain many unanswered
questions regarding its unusual antimicro-
bial spectrum.

NICOTINAMIDE AS A DRUG

Niacin is the generic name for 2 com-
pounds: nicotinamide and nicotinic acid.
Both nicotinamide and nicotinic acid were
first used clinically in 1937, when these
newly purified compounds were each
shown to act as “pellagra-preventive” fac-
tors [19]. Niacin, also known as vitamin
B,, is considered part of the B vitamin
complex. Niacin can either be synthesized
in the body or acquired directly from di-
etary sources; in fact, by some definitions,
niacin is not a vitamin, given that its syn-
thesis in the human body is achievable.
The majority of preformed dietary niacin
is nicotinamide, not nicotinic acid, al-

though both compounds are readily trans-
ported across the gastrointestinal epithe-
lium [10]. In the body, nicotinic acid is
converted to nicotinamide in hepatocytes
and erythrocytes, and nicotinamide can
then be transported in plasma to be used
by all cells for the synthesis of nicotin-
amide nucleotides (i.e., nicotinamide ad-
enine dinucleotide [NAD] and nicotin-
amide adenine dinucleotide phosphate)
[20]. To fulfill routine dietary require-
ments, only 20 mg of niacin is required
on a daily basis. When this dietary re-
quirement is significantly exceeded, then
niacin in either form is considered to be
a pharmacological agent or drug. Al-
though nicotinamide and nicotinic acid
can be used interchangeably to treat diet-
associated pellagra, their other pharma-
cological activities often differ (table 1)
[10].

A recent study of the use of nicotin-
amide for the treatment of HIV-positive
patients confirmed that dosages of 3 g/day
could be well tolerated [22]. Studies of the
use of nicotinamide for the treatment of
M. tuberculosis have used similar dosages
(e.g., 50 mg/kg/day) without attributable
toxicity [9]. The pharmacokinetics of ni-
cotinamide have been studied in humans;
a study of twice-daily administration of
oral nicotinamide in a total daily dose of
25 mg/kg revealed a plasma half-life of 3.5
h, and the mean maximum plasma con-
centration was 42.1 pug/mL (0.3 mM) [24].

M. TUBERCULOSIS AND
NICOTINAMIDE

Additional clinical trials of the use of ni-
cotinamide monotherapy for humans fol-
lowed Huant’s original observation. These
studies were published as small series or
case reports and occurred primarily in Eu-
rope [25]. Tanner 8] described 11 patients
with pulmonary M. tuberculosis infection,
most of whom had experienced failure of
therapy with streptomycin, para-amino-
salicylic acid, or both. He treated these
patients with nicotinamide monotherapy
for an average of 112 days, noting clinical
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Table 1.
terium tuberculosis.

Effects of niacin compounds (nicotinamide [NAm] and nicotinic acid [NAc]) against HIV and Mycobac-

First author

Effect NAc Comment [reference]

Improved serum lipid profile + Effects limited to NAc; accounts for most DiPalma [10]
common pharmacological use of niacin
compounds

Pruritus + Limits use of NAc for some patients, not DiPalma [10]
seen with NAmM

Flushing + Limits use of NAc for some patients, DiPalma [10]
not seen with NAm

Insulin resistance + Potential additive or synergistic problem if Dube [21]
combined with HIV protease inhibitors

Increased plasma level of trypto- ? Small trial of NAm only, NAc's effects unstudied  Murray [22]

phan in HIV-positive patients

In vitro anti-HIV activity - Despite a lack of in vitro effects, NAc may have  Murray [13]
in vivo activity, given its routine conversion
to NAm in the liver

In vivo anti-M. tuberculosis activity ? Animal models in the 1940s and 1950s sug- Tanner [8]
gested an effect for NAm but not for NAc;
however, further study is warranted

Preserves B cell function in patients ? + Under continued study Pozzilli [23]

with new-onset type | diabetes

NOTE. +, Positive;

or bronchoscopic improvement in 7 of the
11 patients. Although apparently no head-
to-head trials involving humans compared
nicotinamide monotherapy with other
therapies for M. tuberculosis, the effect of
nicotinamide against M. tuberculosis was
compared in the mouse model, where it
exceeded the effect of para-aminosalicylic
acid and was greater than or equal to the
effect of streptomycin [26, 27], although
nicotinamide was 7-fold less effective than
pyrazinamide [28].

In 1953, soon after the first clinical use
of isoniazid, it became apparent that this
drug had adverse effects on the normal
metabolism of 2 B complex vitamins:
B,[29] and niacin [30]. To this day, iso-
niazid remains better known for its more
commonly observed effects on vitamin B
and the resultant peripheral neuropathy
that can occur in patients who do not re-
ceive adequate amounts of vitamin B. It
is less well known by clinicians that iso-
niazid can also significantly affect niacin
metabolism and that it has been observed
to induce clinical pellagra (i.e., niacin de-
pletion) [31]. One link between vitamin
B, and nicotinamide is the tryptophan ox-

—, no effect; ?, untested/unknown.

idation pathway, which uses vitamin B as
a cofactor in the routine conversion of
1%—2% of dietary tryptophan to nicotin-
amide and nicotinamide nucleotides (fig-
ure 2). Studies of uninfected animal mod-
els have shown that isoniazid inhibits
enzymes in the tryptophan oxidation
pathway of the host [32]. In addition, in
the absence of adequate amounts of avail-
able vitamin B, tryptophan’s conversion
to NAD is inhibited [33].

In 1961, on the basis, in part, of studies
that successfully used the nicotinamide-
derived drug pyrazinamide in combina-
tion with isoniazid [34], Jordahl et al. [9]
tested the combination of isoniazid and
nicotinamide for the treatment of hu-
mans. Their published study of 33 patients
with pulmonary M. tuberculosis, 32 of
whom had cavitary disease, showed that
the use of nicotinamide and isoniazid as
combination therapy resulted in a “rever-
sal of infectiousness” significantly lower
than that experienced by historical con-
trols described in a study published 3 years
earlier [35]. Only 27% of the patients re-
ceiving dual treatment, compared with
72% of the controls treated with isoniazid

monotherapy, achieved clearing of my-
cobacteria from the sputum at 6 months
after the initiation of therapy. At the time
of this study, many had concluded that
“any regimen containing isoniazid is su-
perior to all others” [36, p. 75], and, so,
these results essentially brought the clinical
use of nicotinamide in mycobacteriology
to a halt.

The antimycobacterial mechanism of
action of isoniazid remained unclear for
almost half a century, despite widespread
use of the drug. In 1998, Rozwarski et al.
[37] published evidence of a mechanism
based on isoniazid covalently binding to
the nicotinamide ring of NADH within
the active site of the drug target. It is rea-
sonable to speculate that the observed an-
tagonism between nicotinamide and iso-
niazid could result from nicotinamide
competing with NADH for isoniazid
binding (figure 3), and one might also ex-
pect pyrazinamide, although structurally
related, to be a less efficient inhibitor of
isoniazid, given the alteration of its 6-
member ring structure. Regardless of the
precise mechanism of the mutual antag-
onism, one could expect clinical failures
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as well as the emergence of drug-resistant
M. tuberculosis to be risks of combining
isoniazid and nicotinamide, because stan-
dard doses of antagonistic therapies lead
to subtherapeutic “effective concentra-
tions” of those medications.

Pyrazinamide apparently is not antag-
onized by nicotinamide. These agents,
however, share a cross-resistance mecha-
nism through the inactivation of the my-
cobacterial enzyme nicotinamidase, which
is also known as pyrazinamidase [38].
Therefore, although the combination of
these drugs does not appear to be contra-
indicated, the standard recommendations
for 3- and 4-drug therapies aimed at
avoiding the emergence of resistance
should not be altered outside of a con-
trolled clinical trial [39].

HIV-1 AND NICOTINAMIDE

The first study of nicotinamide against
HIV was published in 1991 [11]. This
study showed the efficacy of nicotinamide
and other PARP inhibitors as antiretroviral
agents. Also, in 1991, Yamagoe et al. [12]
reported that nicotinamide could inhibit
the HIV long terminal repeat in an in-
ducible in vitro system. Furlini et al. [40]
demonstrated that HIV infection was as-
sociated with an increased intracellular
ADP ribosylation of proteins. PARP activ-
ity recently was shown to be critical to
efficient HIV integrase action, and inhi-
bition of this enzyme with nicotinamide
may cause inhibition at the point of pro-
viral integration [41], although nicotin-
amide’s activity in a postintegrational HIV

model system suggests that other points
in the virus’s life cycle are also affected.
We have postulated that HIV induces
niacin depletion. This is based on 4 ob-
servations: a pentad of features common
to HIV and pellagra (table 2), the existence
of a model for clinically significant infec-
tion-induced vitamin deficiency (i.e.,
measles and vitamin A) [42], the existence
of other inducible nondietary niacin de-
ficiency states (table 3), and the lack of
any specific dietary niacin deficiency in
HIV-positive patients [43]. Plasma tryp-
tophan deficiency, which is 1 of 5 shared
features of HIV and pellagra, has been
demonstrated in HIV-positive patients by
several groups. In a test of the use of phar-
macological doses of nicotinamide for
HIV-infected persons, we found a specific
and significant increase in plasma tryp-
tophan levels after 2 months of treatment
with high-dose nicotinamide [22]. Further
study is needed to determine whether this
therapy has effects on virus load, immune
function, or clinical outcomes.
Observational studies of niacin (i.e.,
pooled nicotinic acid and nicotinamide)
intake among HIV-infected persons in the
United States have suggested that even
modest increases in niacin intake are as-
sociated with beneficial outcomes. Abrams
et al. [44] observed that higher niacin in-
take was associated with higher CD4 cell
counts. When Tang et al. [45] studied the
Multicenter AIDS Cohort Study cohort
with use of time to death as the clinical
endpoint, they observed that a daily niacin
intake equaling 3—4 times the US rec-
ommended daily allowance correlated, as
an independent variable, with slower pro-
gression and improved survival. These
data imply that increasing the niacin in-
take from the US recommended daily al-
lowance of 20 mg/day (~0.3 mg/kg/day)
to >64 mg/day (~1 mg/kg/day), indepen-
dent of other interventions, may prolong
the life of HIV-infected patients (figure 4).
Although this dosage of niacin would not
be expected to yield plasma concentra-
tions comparable to the observed in vitro
antiviral threshold, the effects of niacin
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observed by Tang et al. [45] and Abrams
et al. [44] may be the result of benefits
other than direct antiviral effects, such as
the repletion of intracellular NAD con-
centrations in uninfected non-T lympho-
cyte “bystander cells” [46].

NICOTINAMIDE'S
ANTIMICROBIAL MECHANISM
OF ACTION

Nicotinamide’s antimicrobial mechanism
of action is not currently known. Its ac-
tivity may come to be understood as that
of an indirect antimicrobial that has pri-
marily a prohost effect. Among the rea-
sons to suggest a prohost effect is the body
of literature that reports an immunomod-
ulatory role for nicotinamide in a wide
variety of experimental systems [47-51].
One specific immunomodulatory effect is

Proposed pathway for formation of the isonicotinic acyl-NADH inhibitor of InhA.

a change in HLA-DR expression [52]. Of
interest, the expression of HLA-DR on T
cells is doubled in patients with M. tu-
berculosis monoinfection and is tripled in
patients with M. tuberculosis—HIV coin-
fection [53]; the effect of nicotinamide on
T cell HLA-DR in patients with either M.
tuberculosis or HIV has not yet been stud-
ied. Other potentially important immu-
nomodulatory effects of nicotinamide in-
clude modulation of cytokine action [54],
alterations in nitric oxide production [55],
and regulation of the intercellular adhe-
sion molecule [56]. Recent studies lay the
groundwork for examining a role for ni-
cotinamide in reversing an arrest in T cell
proliferation linked to tryptophan deple-
tion [57].

With regard to both M. tuberculosis and
HIV infection, it has been observed that
the host response includes an elevation of

blood niacin levels [58, 59]. The meth-
odology used to measure blood levels of
niacin in these studies pools nicotinic acid
together with nicotinamide, so that the
contribution of the individual com-
pounds to the overall elevation is not
known. Although studies of uninfected
healthy subjects demonstrate that nico-
tinamide makes up >80% of circulating
niacin, further study is needed to deter-
mine whether the same 4:1 ratio of nic-
otinamide to nicotinic acid is maintained
in infected persons [60]. The degree of
elevation of blood levels of niacin in pa-
tients with both infections is similar: in
patients with M. tuberculosis infection,
the elevation is 22% greater than that in
controls [58], and, in patients with HIV
infection, the elevation is 17% greater
than that in controls [59]. When elevated
blood levels of niacin were first observed
in patients with M. tuberculosis in the
1950s, it was proposed that this elevation
could be attributable to the direct pro-
duction of nicotinic acid by mycobacte-
ria; however, the fact that HIV cannot
synthesize niacin casts doubt on micro-
bial niacin production as the complete
explanation for elevated levels. Studies of
blood levels of niacin in coinfected pa-
tients have not been reported to date. In
both infections, there is evidence for ac-
tivation of tryptophan’s oxidative metab-
olism in response to infection; this re-
sponse can raise blood concentrations of
niacin independent of microbial metab-
olism (figure 2). More study of the innate
drive to increase blood levels of niacin
during these infections will likely con-
tribute to our understanding of exoge-

Table 2. Pentad of shared features of
classical dietary pellagra and HIV
infection.

Shared feature

Plasma tryptophan depletion

Intracellular nicotinamide adenine
dinucleotide depletion

|diopathic dermatitis
Idiopathic diarrhea
Idiopathic dementia
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Table 3.
of pellagra.

Dietary and nondietary causes

Cause

Dietary
Niacin deficiency
Tryptophan deficiency
Nondietary
Hartnup disease
Carcinoid tumors
Drug induced (e.g., isoniazid)

nous nicotinamide’s antimicrobial mech-
anism of action.

The beneficial effects of nicotinamide
for the treatment of HIV infection appear
to be linked to cellular utilization of NAD.
Nicotinamide appears to be void of any
cell-free reverse-transcriptase inhibition or
virucidal activities [13]. However several
cell-associated observations link HIV, nic-
otinamide, and NAD. HIV-infected cells
demonstrate an increase in the ADP ri-
bosylation of proteins, a phenomenon in
which NAD is used as the ADP-ribose do-
nator to covalently modify proteins [40].
As a general feature, nicotinamide inhibits
ADP ribosylation reactions. Protein ADP
ribosylation can occur in the nucleus, in
the cytoplasm, and on the cell surface of
lymphocytes. PARP is a nuclear enzyme
that catalyzes the formation of ADP-ribose
polymers that attach to multiple different
proteins. The activity of PARP is critical
to the integration of foreign DNA, in-
cluding proviral DNA; inhibition or ab-
sence of this enzyme interrupts the HIV
life cycle [41]. Along with poly-ADP ri-
bosylation, monoribosylation steps also
involve proteins in cells, including the
ADP ribosylation of both HIV Tat protein
[61] and cellular defensins [62, 63]. The
antimicrobial action of nicotinamide
might also work through the modulation
of certain histone deactylase reactions (i.e.,
Sir2 proteins) that use NAD in the si-
lencing of chromosomal DNA expression
[64].

CONCLUSION

More work is needed to define the exact
mechanism of action of nicotinamide;
however, it appears clear that increasing
through
pharmacological supplementation is con-

nicotinamide concentrations
sistent with the natural host response to
both M. tuberculosis and HIV. It cannot,
however, be assumed that infected patients
would benefit simply from pharmacolog-
ical doses of any or all “natural products.”
In patients with HIV infection, increased
levels of zinc appear to be a risk for pro-
gression of disease [45], and vitamin A
appears to have a deleterious effect at the
extremes of the average dose range and a
benefit in the middle dose range [45]. Vi-
tamin D has been shown to benefit pa-
tients with M. tuberculosis, but it appears
to stimulate HIV production in vitro [33,
65, 66]. Vitamin B, generally is thought

to be critical to immune function [45, 67],
and its benefit may be derived, in part,
from its function as a cofactor in the pro-
duction of nicotinamide and nicotinamide
nucleotides from tryptophan [68, 69].

In the conquest of tuberculosis, as in
the conquest of most diseases, some ther-
apeutic leads have been abandoned to fo-
cus resources on the most promising ther-
apies. The abandonment, in 1961, of
nicotinamide as therapy for M. tuberculosis
infection seemed reasonable in its day, but,
with the new perspective of its activity
against HIV disease, its use will require
reevaluation. Although nicotinamide ther-
apy generally is accessible without pre-
scription, there are significant medical
concerns that warrant its pharmacological
use only within supervised clinical trial
settings until more information is availa-

ble. Most significant among those con-
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Figure 4.

Kaplan-Meier survival curve demonstrating improved survival of HIV-infected patients

with a daily niacin intake of =64 mg/day (relative hazard, 0.57). The patient group (n = 281) was
followed for 8 years (1984—1992). Reprinted with permission from [45].
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cerns is the antagonism of isoniazid ther-
apy and the potential for the emergence
of drug-resistant M. tuberculosis— includ-
ing primary nicotinamide resistance, pyr-
azinamide cross-resistance, and isoniazid
resistance secondary to antagonism.

There is interest in nicotinic acid as a
lipid-modulating agent for HIV-infected
patients receiving HAART, and several
clinical trials have been initiated [21, 70].
Nicotinic acid used in pharmacological
doses would be expected to raise circulat-
ing nicotinamide concentrations in par-
ticipating patients via conversion in the
liver and red blood cells. Although it is
possible that these clinical trials may shed
light on the use of niacin compounds for
the treatment of HIV-infected patients,
drawing conclusions from the secondary
analysis of any study always requires
caution.

The death toll associated with HIV-M.
tuberculosis coinfection was estimated to
be 1 million deaths in 1999 [71]. Although
nicotinamide, compared with most phar-
macological agents, is a relatively weak in-
hibitor in both infections, there are several
reasons to pursue evaluation of its poten-
tial use: it is nontoxic, orally available, and
inexpensive, and it appears to have pro-
host effects. Nicotinamide exists in food,
but, unlike other vitamins, it can also be
synthesized in the human body; therefore,
it can be viewed as a vitamin or nutritional
supplement in low concentrations or a
drug when used in pharmacological con-
centrations. As with any drug, the use of
nicotinamide needs to be monitored for
potential associated side effects. Nicotin-
amide, a “pellagra-preventive” agent first
used in 1937, may eventually contribute
to therapeutic approaches of the 21st cen-
tury as part of regimens used as “AIDS-
preventive” agents [72] and “tuberculosis-

preventive” agents.

Acknowledgments

I thank J. C. Sacchettini, D. P. Rogers,
R. R. MacGregor, and M. M. Murray for

their helpful comments and critical review
of the manuscript.

References

1. National Institutes of Health PubMed data-
base. Available at: http://www.ncbi.nlm.nih.
gov/entrez/query.fcgi. Accessed 17 September
2002.

2. Hinshaw HC, Feldman WH. Streptomycin in
treatment of clinical tuberculosis: a prelimi-
nary report. Proceedings of the Staff Meetings
of the Mayo Clinic 1945;20:313-8.

3. Huant E. Note sur I’action de tres fortes doses
d’amide nicotinique dans les lesion bacillaires.
Gazette Hopitau 1945; 118:259-60.

4. Chorine V. Action de 'amide nicotinique sur
les bacilles du genre Mycobacterium. C R Acad
Sci TIT 1945;220:150-1.

5. McKenzie D, Malone L, Kushner S, Oleson JJ,
Subbarow Y. The effect of nicotinic acid amide
on experimental tuberculosis of white mice. J
Lab Clin Med 1948;33:1249-53.

6. Kushner S, Dalalian H, Sanjurjo JL, et al. Ex-
perimental chemotherapy of tuberculosis.
II. The synthesis of pyrazinamides and relat-
ed compounds. ] Am Chem Soc 1952;74:
3617-21.

7. McDermott W. The story of INH. J Infect Dis
1969; 119:678-83.

8. Tanner. Uber den Versuch einer neuer me-
dikamentosen Therapie der Bronchustuber-
kulose. Helv Med Acta 1951;18:456—60.

9. Jordahl C, Desprez R, Muchenheim C, Deus-
chle K, McDermott W. Ineffectiveness of ni-
cotinamide and isoniazid in treatment of pul-
monary tuberculosis. Am Rev Respir Dis
1961;83:899-901.

10. DiPalma JR, Thayer WS. Use of niacin as a
drug. Annu Rev Nutr 1991;11:169-87.

11. Krasil’'nikov II, Kalnina LB, Korneeva MN, et
al. Inhibitors of ADP ribosylation as antiviral
agents: an experimental study in a model of
HIV infection [Russian]. Vopr Virusol 1991;
36:216-8.

12. Yamagoe S, Kohda T, Oishi M. Poly(ADP-
ribose) polymerase inhibitors suppress UV-in-
duced human immunodeficiency virus type 1
gene expression at the posttranscriptional
level. Mol Cell Biol 1991;11:3522-7.

13. Murray MF, Srinivasan A. Nicotinamide in-
hibits HIV-1 in both acute and chronic in vitro
infection. Biochem Biophys Res Commun
1995;210:954-9.

14. Murray MF, Nghiem M, Srinivasan A. HIV
infection decreases intracellular nicotinamide
adenine dinucleotide [NAD]. Biochem Bio-
phys Res Commun 1995;212:126-31.

15. Cossarizza A, Mussini C, Mongiardo N, et al.
Mitochondria alterations and dramatic ten-
dency to undergo apoptosis in peripheral
blood lymphocytes during acute HIV syn-
drome. AIDS 1997;11:19-26.

16. Elwell LP, Ferone R, Freeman GA, et al. An-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

tibacterial activity and mechanism of action
of 3-azido-3"-deoxythymidine (BW A509U).
Antimicrob Agents Chemother 1987;31:
274-80.

Holland SM. Cytokine therapy of mycobac-
terial infections. Adv Intern Med 2000;45:
431-52.

Armstrong WS, Kazanjian P. Use of cytokines
in human immunodeficiency virus—infected
patients: colony-stimulating factors, erythro-
poietin, and interleukin-2. Clin Infect Dis
2001; 32:766-73.

Elvehjem CA, Teply LJ. The structure and es-
timation of natural products functionally re-
lated to nicotinic acid. Chem Rev 1942;41:
185-208.

Henderson LM. Niacin. Annu Rev Nutr
1983; 3:289-307.

Dube MP, Sprecher D, Henry WK, et al. Pre-
liminary guidelines for the evaluation and
management of dyslipidemia in adults in-
fected with human immunodeficiency virus
and receiving antiretroviral therapy: recom-
mendations of the Adult AIDS Clinical Trial
Group Cardiovascular Disease Focus Group.
Clin Infect Dis 2000;31:1216-24.

Murray ME, Langan M, MacGregor RR. In-
creased plasma tryptophan in HIV-infected
patients treated with pharmacologic doses of
nicotinamide. Nutrition 2001; 17:654—6.
Pozzilli P, Browne PD, Kolb H. Meta-analysis
of nicotinamide treatment in patients with re-
cent-onset IDDM. The Nicotinamide Trialists.
Diabetes Care 1996; 19:1357-63.

Petley A, Macklin B, Renwick AG, Wilkin TJ.
The pharmacokinetics of nicotinamide in hu-
mans and rodents. Diabetes 1995;44:152-5.
Lehmann E. Behandlung der Lungentuber-
kulose mit nikotinsaureamid: vorlanfige ther-
apeutische mitteilung. Dtsch Med Woch-
enschr 1952;77:1480-1.

Fust B, Studer A. Uber die antituberkulose
wirkung des nikotylamids. Helv Med Acta
1951; 31:449-55.

McDermott W. Pyrazinamide-isoniazid in tu-
berculosis. American Reviews of Tuberculosis
1954;69:319-50.

Malone L, Schurr A, Lindh H, McKenzie D,
Kiser JS, Williams JH. The effect of pyrazin-
amide on experimental tuberculosis in mice.
American Reviews of Tuberculosis 1952;65:
511.

Snider DE Jr. Pyridoxine supplementation
during isoniazid therapy. Tubercle 1980;61:
191-6.

McConnell RB, Cheetham HD. Acute pellagra
during isoniazid therapy. Lancet 1952;263:
959-60.

Darvay A, Basarab T, McGregor JM, Russell-
Jones R. Isoniazid induced pellagra despite
pyridoxine supplementation. Clin Exp Der-
matol 1999;24:167-9.

Shibata K, Marugami M, Kondo T. In vivo
inhibition of kynurenine aminotransferase ac-
tivity by isonicotinic acid hydrazide in rats.
Biosci Biotechnol Biochem 1996; 60:874—6.

Nicotinamide Therapy ¢ CID 2003:36 (15 February) ¢ 000



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Shibata K, Mushiage M, Kondo T, Hayakawa
T, Tsuge H. Effects of vitamin B, deficiency
on the conversion ratio of tryptophan to ni-
acin. Biosci Biotechnol Biochem 1995;59:
2060-3.

Muschenheim C, McDermott W, McCune R,
Deuschle K, Ormond L, Tompsett R. Pyrazin-
amide-isoniazid in tuberculosis: results in 58
patients with pulmonary lesions one year after
the start of therapy. American Reviews of Tu-
berculosis 1954; 70:743-7.

Jordahl C, Desprez R, Deuschle K, Muschen-
heim C, McDermott W. Further experience
with single-drug (isoniazid) therapy in chronic
pulmonary tuberculosis: initial therapy with
high-dose isoniazid. Am Rev Tuberc Pulm
1958;77:539-42.

Badger TL. Tuberculosis. N Engl ] Med
1959;261:30-6, 74-81.

Rozwarski DA, Grant GA, Barton DH, Jacobs
WR Jr, Sacchettini JC. Modification of the
NADH of the isoniazid target (InhA) from
Mycobacterium tuberculosis. Science 1998;279:
98-102.

Somoskovi A, Parsons LM, Salfinger M. The
molecular basis of resistance to isoniazid, ri-
fampin, and pyrazinamide in Mycobacterium
tuberculosis. Respir Res 2001;2:164-8.
Targeted tuberculin testing and treatment of
latent tuberculosis infection. Am ] Respir Crit
Care Med 2000; 161:5221-47.

Furlini G, Re MC, La Placa M. Increased
poly(ADP-ribose) polymerase activity in cells
infected by human immunodeficiency virus
type-1. Microbiologica 1991; 14:141-8.

Ha HC, Juluri K, Zhou Y, Leung S, Herman-
kova M, Snyder SH. Poly(ADP-ribose) poly-
merase—1 is required for efficient HIV-1 in-
tegration. Proc Natl Acad Sci USA 2001;98:
3364-8.

Hussey GD, Klein M. Measles-induced vita-
min A deficiency. Ann NY Acad Sci 1992; 669:
188-96.

Sharkey SJ, Sharkey KA, Sutherland LR,
Church DL. Nutritional status and food intake
in human immunodeficiency virus infection.
GI/HIV Study Group. J Acquir Immune Defic
Syndr 1992;5:1091-8.

Abrams B, Duncan D, Hertz-Picciotto 1. A
prospective study of dietary intake and ac-
quired immune deficiency syndrome in HIV-
seropositive homosexual men. ] Acquir Im-
mune Defic Syndr 1993;6:949-58.

Tang AM, Graham NM, Saah AJ. Effects of
micronutrient intake on survival in human
immunodeficiency virus type 1 infection. Am
] Epidemiol 1996; 143:1244-56.

Tabucchi A, Carlucci E, Consolmagno E, et al.
Changes in purine nucleotide content in the

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

lymphocyte subpopulations of patients in-
fected with HIV. Clin Chim Acta 1994;225:
147-53.

Schein PS, Loftus S. Streptozotocin: depres-
sion of mouse liver pyridine nucleotides. Can-
cer Res 1968;28:1501-6.

Nagai A, Matsumiya H, Hayashi M, Yasui S,
Okamoto H, Konno K. Effects of nicotin-
amide and niacin on bleomycin-induced acute
injury and subsequent fibrosis in hamster
lungs. Exp Lung Res 1994;20:263-81.
LeClaire RD, Kell W, Bavari S, Smith TJ,
Hunt RE. Protective effects of niacinamide
in staphylococcal enterotoxin-B—induced
toxicity. Toxicology 1996;107:69-81.
Hiromatsu Y, Sato M, Yamada K, Nonaka K.
Inhibitory effects of nicotinamide on recom-
binant human interferon-gamma—induced
intercellular adhesion molecule-1 (ICAM-1)
and HLA-DR antigen expression on cultured
human endothelial cells. Immunol Lett 1992;
31:35-9.

. Otsuka A, Hanafusa T, Miyagawa ], Kono N,

Tarui S. Nicotinamide and 3-aminobenzamide
reduce interferon-gamma-induced class II
MHC (HLA-DR and -DP) molecule expres-
sion on cultured human endothelial cells and
fibroblasts. Immunopharmacol Immunotox-
icol 1991; 13:263-80.

Hiromatsu Y, Sato M, Yamada K, Nonaka K.
Nicotinamide and 3-aminobenzamide inhib-
it recombinant human interferon-gamma—
induced HLA-DR antigen expression, but not
HLA-A, -B, -C antigen expression, on cultured
human thyroid cells. Clin Endocrinol (Oxf)
1992;36:91-5.

Vanham G, Toossi Z, Hirsch CS, et al. Ex-
amining a paradox in the pathogenesis of hu-
man pulmonary tuberculosis: immune acti-
vation and suppression/anergy. Tuberc Lung
Dis 1997;78:145-58.

Hiromatsu Y, Yang D, Miyake I, et al. Nico-
tinamide decreases cytokine-induced activa-
tion of orbital fibroblasts from patients with
thyroid-associated ophthalmopathy. J Clin
Endocrinol Metab 1998;83:121-4.

Andrade J, Conde M, Ramirez R, et al. Pro-
tection from nicotinamide inhibition of in-
terleukin-1 beta—induced RIN cell nitric oxide
formation is associated with induction of
MnSOD enzyme activity. Endocrinology
1996; 137:4806—10.

Hiromatsu Y, Sato M, Tanaka K, Ishisaka N,
Kamachi ], Nonaka K. Inhibitory effects of
nicotinamide on intercellular adhesion mol-
ecule—1 expression on cultured human thy-
roid cells. Immunology 1993;80:330-2.
Munn DH, Shafizadeh E, Attwood JT, Bon-
darev I, Pashine A, Mellor AL. Inhibition of

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

T cell proliferation by macrophage tryptophan
catabolism. ] Exp Med 1999; 189:1363-72.
Fl-Ridi MS, Abdel Kader MM, Habib A, Aziz
A. Role of tubercle bacilli in raising the nic-
otinic acid level in the blood. J Egypt Med
Assoc 1953; 36:435—44.

Skurnick JH, Bogden JD, Baker H, et al. Mi-
cronutrient profiles in HIV-1-infected heter-
osexual adults. ] Acquir Immune Defic Syndr
Hum Retrovirol 1996;12:75-83.

Jacobson EL, Dame AJ, Pyrek JS, Jacobson
MK. Evaluating the role of niacin in human
carcinogenesis. Biochimie 1995;77:394-8.
Kameoka M, Tanaka Y, Ota K, Itaya A, Ya-
mamoto K, Yoshihara K. HIV-1 Tat protein is
poly(ADP-ribosyl)ated in vitro. Biochem Bio-
phys Res Commun 1999;261:90—4.

Zhang L, Yu W, He T, et al. Contribution of
human «-defensin-1, -2, and -3 to the
anti-HIV-1 activity of CD8 antiviral factor.
Science 2002;298:995-1000.

Paone G, Wada A, Stevens LA, et al. ADP
ribosylation of human neutrophil peptide-1
regulates its biological properties. Proc Natl
Acad Sci USA 2002;99:8231-5.

Moazed D. Enzymatic activities of Sir2 and
chromatin silencing. Curr Opin Cell Biol
2001;13:232-8.

Schraufnagel DE. Tuberculosis treatment for
the beginning of the next century. Int ] Tuberc
Lung Dis 1999;3:651-62.

Skolnik PR, Jahn B, Wang MZ, Rota TR,
Hirsch MS, Krane SM. Enhancement of hu-
man immunodeficiency virus 1 replication in
monocytes by 1,25-dihydroxycholecalciferol.
Proc Natl Acad Sci USA 1991; 88:6632—6.
Rall LC, Meydani SN. Vitamin B, and immune
competence. Nutr Rev 1993;51:217-25.
Beach RS, Mantero-Atienza E, Shor-Posner G,
et al. Specific nutrient abnormalities in asymp-
tomatic HIV-1 infection. AIDS 1992;6:701-8.
Baum MK, Mantero-Atienza E, Shor-Posner
G, et al. Association of vitamin B status with
parameters of immune function in early HIV-
1 infection. J Acquir Immune Defic Syndr
1991;4:1122-32.

Fessel W], Follansbee SE, Rego J. High-density
lipoprotein cholesterol is low in HIV-infected
patients with lipodystrophic fat expansions:
implications for pathogenesis of fat redistri-
bution. AIDS 2002; 16:1785-9.

Pennycook A, Openshaw P, Hussell T. Part-
ners in crime: co-infections in the developing
world. Clin Exp Immunol 2000; 122:296-9.
Murray ME Niacin as a potential AIDS pre-
ventive factor. Med Hypotheses 1999;53:
375-9.

000 « CID 2003:36 (15 February) * Murray



