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ABSTRACT

OBJECTIVE: Postprandial triglyceridemia predicts cardiovascular events. Niacin might lower postprandial
triglycerides by restricting free fatty acids. Immediate-release niacin reduced postprandial triglycerides, but
extended-release niacin failed to do so when dosed the night before a fat challenge. The study aims were
to determine whether extended-release niacin dosed before a fat challenge suppresses postprandial tri-
glycerides and whether postprandial triglycerides are related to free fatty acid restriction.

METHODS: A double-blinded, placebo-controlled, random-order crossover experiment was performed, in
which healthy volunteers took 2 g extended-release niacin or placebo 1 hour before heavy cream. We
sampled blood over 12 hours and report triglycerides and free fatty acid as means * standard deviation for
incremental area under the curve (AUC) and nadir.

RESULTS: By combining 43 fat challenges from 22 subjects, postprandial triglycerides incremental AUC was
+312 = 200 mg/dL*h on placebo versus +199 = 200 mg/dL*h on extended-release niacin (33% decrease, P = .02).
The incremental nadir for free fatty acid was —0.07 = 0.15 mmol/L on placebo versus —0.27 = 0.13 mmol/L on
extended-release niacin (P <<.0001), and free fatty acid incremental AUC decreased from +2.9 = 1.5 mmol/L*h to
+1.5 = 1.5 mmol/L*h on extended-release niacin (20% decrease, P = .0015). The incremental AUC for triglycerides
was strongly related to the post-dose decrease in free fatty acid (r = +0.58, P = .0007).

CONCLUSIONS: Given right before a fat meal, even a single dose of extended-release niacin suppresses
postprandial triglyceridemia. This establishes that postprandial triglycerides suppression is an acute
pharmacodynamic effect of extended-release niacin, probably the result of marked free fatty acid restric-
tion. Further study is warranted to determine whether mealtime dosing would augment the clinical efficacy
of extended-release niacin therapy.
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Hypertriglyceridemia is associated with premature coronary
heart disease.'? Although triglycerides peak after meals,
they are measured in a fasting state for convenience. Non-
fasting triglycerides predict coronary heart disease events
better than fasting triglycerides, consistent with the athero-
genic potential of alimentary tri-
glyceride-rich lipoproteins and cho-
lesterol-rich remnants.>® Moreover,
postprandial triglyceridemia pre-
dicts endothelial dysfunction and
early atherosclerosis.””® Statins
and fibrates suppress postprandial
triglycerides, perhaps enhancing
cardiovascular benefits.

Immediate-release niacin sup- . .
presses postprandial triglycerides.'''* tective benefit.
Although it takes several days to
lower cholesterol,’” immediate-re-
lease niacin suppresses postprandial
triglycerides within hours of the first
dose, indicating that this is an acute
pharmacodynamic response.'® Ex-
tended-release niacin had no such
benefit.!” This disparity is relevant
because extended-release niacin
dominates clinical use, even though

fore a fat meal.

niacin.

CLINICAL SIGNIFICANCE

e Unlike immediate-release niacin, extended-
release niacin previously failed to sup-
press postprandial triglycerides when cta

0.10 dosed the night before a fat meal, im-

plying it lacks an important atheropro-

e Extended-release niacin suppressed post-
prandial triglycerides when given just be-

e Suppressed postprandial triglycerides de-
pended on acute restriction of free fatty
acids immediately after niacin dosing.

e African Americans did not respond to

placebo in niacin-naive subjects lacking all elements of
metabolic syndrome (Supplemental Figure 1).

Protocol

Subjects presented after a 12-hour overnight fast and took 2 g
extended-release niacin (Kos Phar-
maceuticals, Miami, Fla) or match-
ing placebo (hour 0). After 1 hour,
they drank heavy cream 50 g/m’
surface area within 20 minutes, per
the oral fat tolerance test of Cabezas
1”2 We sampled blood from an
antecubital intravenous catheter
hourly for 12 hours. Subjects crossed
to alternative treatment after=1
week. Some also provided 12 hours
of fasting samples as a physiologic
reference.

Laboratory Analysis

Within 30 minutes of collection into
chilled ethylenediaminetetraacetic
acid tubes, plasma was separated
from whole blood in a 4°C centri-
fuge. This was stored at —70°C un-

only immediate-release niacin pre-

vented hard cardiovascular out-

comes.'®!” If suppression of postprandial triglyceride-rich li-
poproteins retards atherosclerosis, extended-release niacin may
prove less atheroprotective than immediate-release niacin. Re-
cent cardiovascular outcome studies of niacin + statin exclu-
sively used extended-release niacin.”**' Clinical dosing differs
by formulation: immediate-release niacin 3X daily with meals
versus extended-release niacin once daily at bedtime, that is,
before the major/only daily fast. Because triglycerides peak
after a meal, one would expect dosing before fasting to under-
mine efficacy if an acute dosing effect suppresses postprandial
triglycerides.'® We suspect extended-release niacin misses an
opportunity for efficacy because its short-lived triglyceride-
suppressive effects occur after bedtime, dissipating before
breakfast. Conversely, we hypothesized that dosing extended-
release niacin before a meal would suppress postprandial
triglycerides.

MATERIALS AND METHODS

Objectives

The study objectives were to determine whether extended-
release niacin before a fat challenge suppresses postprandial
triglyceridemia and whether restricted supply of free fatty
acid or its metabolite hydroxybutyrate predicts postprandial
triglyceride suppression.

Design
We performed a double-blind, random-order, crossover ex-
periment of a single 2 g dose of extended-release niacin or

til assaying runs by subject for tri-
glycerides, free fatty acid, and
hydroxybutyrate enzymatically on a Hitachi 912 autoanalyzer
(Roche Diagnostic Systems Inc, Indianapolis, Ind) using
Sigma reagents (Sigma-Aldrich, St Louis, Mo). The respective
intra-assay and interassay coefficients of variation were 1.5%
and 1.8% for triglycerides, 0.75% and 0.75% for free fatty
acid, and 10% and 5% for hydroxybutyrate.

Statistics

We calculated the area under the curve (AUC) over 12
hours using the trapezoidal rule, baseline by averaging
—20-, —10-, and O-minute samples, and incremental
AUC as AUC — (baseline X 12 hours). Although the rec-
ommended sample size for postprandial triglycerides
studies is at least 10 subjects,” our power calculations
suggested a need for 22 subjects according to related
literature.”*?*2® By assuming a baseline triglyceride
AUC of 2482 mg/dL*h, we needed 21 subjects for 80%
power to detect a 615 mg/dL*h (25%) decrease with a
standard deviation of 691 mg/dL*h for the study’s sig-
nificance threshold: a 2-tailed alpha at <0.05. We per-
formed all analyses in Stata v10.0 (StataCorp LP, College
Station, Tex), comparing incremental AUC by mixed-
effects regression, adjusting for sex, African American
race, and body mass index. African Americans typically
have lower fasting?’ and postprandial triglycerides,*® so
we tested for race interaction. We report mean, standard
deviation, and 95% confidence intervals.
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Figure 1  Effect of niacin on postprandial triglycerides. A, Time course of postprandial
triglycerides. B, Time course of postprandial free fatty acids. Filled shapes denote a
significant comparison with OFTT + placebo at the same hour. NA = niacin; OFTT = oral
fat tolerance test; SEM = standard error of the mean.
RESULTS clearance.”®> On extended-release niacin, postprandial triglyc-
.. erides increased +72 * 41 mg/dL, peaking at 143 = 49 mg/dL
Participants after 4.8 = 2.4 hours and normalizing by 9 hours. During the

Because 22 subjects received both oral fat tolerance tests,
we analyzed 44 oral fat tolerance test studies (Supplemental
Figure 1, Supplemental Table 1).

Extended-Release Niacin Suppresses
Postprandial Triglycerides

On placebo, postprandial triglycerides increased +82 * 35
mg/dL, peaking at 150 * 49 mg/dL after 5.6 = 2.5 hours, and
normalizing by 9 hours (Figure 1A). This bell-shaped curve is
typical of postprandial triglycerides, for which the ascending
phase indicates triglyceride-rich lipoprotein accumulation, and
the descending phase indicates triglyceride-rich lipoprotein

accumulation phase, the increase in triglycerides was super-
imposable. In contrast, extended-release niacin significantly
decreased postprandial triglycerides levels during the post-
peak clearance phase at 5 and 7 hours (both P <.01 vs pla-
cebo). On placebo, triglyceride incremental AUC was
+312 =200 mg/dL*h versus +199 =200 mg/dL*h on ex-
tended-release niacin (P =.02), a median decrease of 82
mg/dL (—33%) from the oral fat tolerance test alone (Figure
2, Table 1).

With extended-release niacin, significant interactions
were found by race. During triglyceride-rich lipoprotein
accumulation, African Americans reach peak triglyceride
faster. Post-peak, during the triglyceride-rich lipoprotein
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Figure 2  Effect of niacin on triglyceride incremental AUC. Whiskers delimit 10th and

90th percentiles, enclosed region depicts the IQR, horizontal line depicts the median, and
notches depict the 95% confidence interval and mean. Diagonal lines depict change in each
individual. Percent change is the median of individuals’ change. NA = niacin; OFTT = oral

fat tolerance test.

clearance phase, extended-release niacin failed to sup-
press triglyceride among African Americans (interaction
P=.01, Figure 1 A). The median percent change in
triglyceride incremental AUC was —47% on extended-
release niacin (interquartile range [IQR], —123 to —14) among
non—African Americans versus +4% (IQR, —14 to +15)
among African Americans. Thus, the 33% decrease in triglyc-
eride incremental AUC pooling races obscures a marked dis-
parity, falsely implying a benefit in African Americans and
underestimating benefit in others. Accordingly, we recommend
that outcomes be considered separately because interaction is
present. The triglyceride incremental AUC among non—Afri-
can Americans was +270 = 196 mg/dL*h on placebo vs
+54 £ 194 mg/dL*h on niacin (P = .0005, median decrease
160 mg/dL*h), driven by a decrease during the triglyceride-
rich lipoprotein clearance phase from 5 to 7 hours. In con-
trast, triglyceride incremental AUC among African Ameri-
cans was +363 = 193 mg/dL*h on placebo and 364 = 193
mg/dL*h on niacin (+26 mg/dL*h, P = 1). Moreover, nia-
cin failed to reduce postprandial triglycerides from placebo
at any time and even exceeded placebo at 3 hours (P <.05).

Effect of Niacin on Postprandial Free Fatty
Acids and Hydroxybutyrate

On placebo, postprandial free fatty acid increased
0.561 = 0.480 mmol/L, peaking at 7.3 = 2.7 hours. The free
fatty acid did not normalize because even fasting increases
free fatty acid (Figure 1B). In non—African Americans,
postprandial free fatty acid did not differ from the fasting
reference. In African Americans, postprandial free fatty acid

exceeded fasting levels at hours 4 to 7 (all P<.05). On
niacin, the classic antilipolytic effect was seen, because free
fatty acid decreased 0.274 = 0.134 mmol/L to an absolute
nadir of 0.108 =0.109 mmol/L at 3.9 *4.0 hours post-
niacin. At hour 1, the nadir decreased below baseline irre-
spective of race (P <.0l1), and at hour 2, the nadir remained
lower in African Americans (P <.05, Figure 1B). Among
non—African Americans, post-nadir free fatty acid tracked
with postprandial and fasting free fatty acid except for a few
decreases after hour 7. Among African Americans, post-
prandial free fatty acid exceeded fasting free fatty acid at 4
to 6 hours (all P <.03), as well for non—African Americans
(all P<.05). This suggests that free fatty acid rebound in
African Americans prevented niacin from suppressing post-
prandial triglycerides. Irrespective of race, on placebo free
fatty acid incremental AUC was +2.93 = 1.48 mmol/L*h
versus +1.49 * 1.48 mmol/L*h on extended-release niacin
over 12 hours (P =.0015), a decrease of 0.59 mmol/L*h
(—20%, Table 1).

Because only hepatocytes convert free fatty acid to hy-
droxybutyrate, plasma hydroxybutyrate reflects hepatic free
fatty acid exposure and corroborates free fatty acid substrate
availability for hepatic triglyceride assembly. Postprandial
hydroxybutyrate resembled free fatty acid, with a nadir of
63.4. = 50.1 wmol/L on placebo and abruptly decreasing to
32.5*+50.1 wmol/L on niacin (P =.006). Among African
Americans, hydroxybutyrate rebounded between 4 to 8
hours, but gradually peaked at 12 hours in others (Supple-
mental Figure 2). Irrespective of race, on placebo hydroxy-
butyrate incremental AUC was +3931 = 2472 pumol/L*h



Table 1  Postprandial Lipid Changes

Effect of Niacin on Selected Outcomes

Oral Fat Tolerance Test

2 g Extended-Release Niacin + OFTT

Fasting Alone

Fasting vs
Niacin + OFTT

Plasma TG Total AUC (0-12 h) (mg/dL*h) in Non-African Americans
Mean (95% CI) 1102.0 (921.0-1283.0)
P vs OFTT Ref
Median delta (IQR)
Median % change
(IGR)

917.6 (732.6-1102.5)

P =.0099

—94.5 mg/dL*h (—469.5 to +11.0)
~11.6% (—30.3 to +1.8%)

Plasma TG Total AUC (0-12 h) (mg/dL*h) in African Americans (Interaction P = .0488)

Mean (95% CI) 1125.1 (935.0-1315.3)
P vs OFTT Ref

Median delta (IQR)

Median % change

(IQR)

1145.4 (955.2-1335.5)

P=.38

+50.3 mg/dL*h (—153.5 to +117.5)
+4.0% (—13.7 to +14.8%)

Plasma TG Incremental AUC (0-12 h) (mg/dL*h) in Non-African Americans

Mean (95% CI) +270.0 (+159.3 to +380.7)
P vs OFTT Ref

Median delta (IQR)

Median % change

(IQR)

+53.7 (—61.1 to +168.5)

P =.0005

—160.0 mg/dL*h (—414.5 to —16.0)
—47.3% (—123.0 to —13.9%)

Plasma TG Incremental AUC (0-12 h) (mg/dL*h) in African Americans (Interaction P =.0174)

Mean (95% CI) +362.8 (+243.2 to +482.5)
P vs OFTT Ref
Median delta (IQR)
Median % change
(IGR)
Plasma FFA AUC (0-12 h) (mmol/L*h) Pooled Across Race (Interaction
Mean (95% CI) 7.326 (6.749-7.904)
P vs OFTT Ref
Median delta (IQR)
Median % change
(IQR)
Plasma FFA Incremental AUC (0-12 h) (mmol/L*h) Pooled Across Race
Mean (95% CI) +2.930 (+2.311 to +3.550)
P vs OFTT Ref
Median delta (IQR)
Median % change
(IGR)

+363.5 (+243.8 to +483.1)

P=1

+26.0 mg/dL*h (—152.5 to +62.5)
+6.4% (—33.1 to +16.9%)

P =.9037)

6.014 (5.428-6.600)

P < .0001

~1.615 mmol/L*h (—2.075 to —0.515)
—23.7% (—30.3 to —5.6%)

(Interaction P = .5578)

+1.492 (+0.857 to +2.126)

P=.0015

—0.585 mmol/L*h (—3.235 to +0.040)
—20.0% (—80.3 to +3.1%)

914.7 (688.1-1141.4)

P=.02

—286.9 mg/dL*h (—369.4 to —187.3)
—28.4% (—31.5 to —16.5%)

856.8 (640.5-1073.0)

P=.031

—149.9 mg/dL*h (—254.9 to —66.0)
—11.0% (—19.9 to —9.7%)

—111.1 (—269.8 to +47.5)

P < .0001

—133.4 mg/dL*h (—798.9 to —123.2)
~76.7% (—142.3 to —36.5%)

+14.2 (—127.6 to +156.0)

P < .0001

—326.9 mg/dL*h (—329.4 to —286.0)
~79.0% (—97.4 to —73.2%)

6.638 (6.038-7.238)

P=.059

—0.815 mmol/L*h (—1.466 to —0.005)
—14.0% (—22.7 to —0.1%)

+2.474 (+1.807 to +3.141)

P=.09

—0.340 mmol/L*h (—2.355 to +1.079)
—9.3% (—40.8 to +32.5%)

P=.6638
P=.045

P=.0353
P =.0002
P=.0296
P=.1762
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Continued

Table 1

Effect of Niacin on Selected Outcomes

Fasting vs

Niacin + OFTT

Fasting Alone

2 g Extended-Release Niacin + OFTT

Oral Fat Tolerance Test

Plasma Hydroxybutyrate AUC (0-12 h) (umol/L*h) Pooled Across Race (Interaction P = .4994)

P=.2305

2643.3 (1606.1-3680.4)

P =.0027

3328.9 (2291.0-4366.8)

P=.032

3930.7 (2898.0-4963.5)

Ref

Mean (95% CI)

P vs OFTT

—1438.5 pmol/L*h (—1938.5 to —1069.8)

—62.8% (—72.1 to —29.6%)

—547.5 pmol/L*h (—982.0 to +92.5)

~19.9% (—36.1 to +5.0%)

Median delta (IQR)
Median % change

(IGR)
Plasma Hydroxybutyrate Incremental AUC (0-12 h) (wmol/L*h) Pooled Across Race (Interaction P = .5785)

P=.0921

+1829.7 (+875.5 to +2784.0)

P <.0001

+2530.9 (+1492.0 to +3569.9)

P=.07

+3094.4 (+1999.3 to +4189.4)

Ref

Mean (95% CI)
P vs OFTT

—1154.6 pmol/L*h (—1573.4 to —817.8)

—67.5% (—79.5 to —24.4%)

—790.0 pwmol/L*h (—1370.0 to —105.5)

—37.6% (—65.0 to —11.2%)

Median delta (IQR)
Median % change

(IQR)

interquartile range; OFTT = oral fat tolerance test; TG = triglyceride.

Note that a negative incremental AUC is the same as —(incremental area over the curve) and represents a decrease from baseline.

AUC = area under the curve; CI = confidence interval; FFA = free fatty acids; IQR

versus +3329 = 2427 umol/L*h on niacin (P =.032), a
decrease of 548 wmol/L*h (—20%, Table 1).

Restricted Fatty Acids Predict Suppressed
Postprandial Triglyceride

Because the liver depends on adipose tissue for free fatty
acid to make triglyceride, niacin-induced free fatty acid
restriction could limit hepatic triglyceride assembly by sub-
strate limitation. Accordingly, changes in free fatty acid or
hydroxybutyrate predicted subsequent changes in triglycer-
ide incremental AUC (Figure 3, Supplemental Table 2). As
expected, regression often revealed a stronger relationship
than Spearman’s correlation coefficient, because the former
adjusted for race (Supplemental Table 2). Triglyceride in-
cremental AUC was strongly predicted by the incremental
nadirs of free fatty acid (r = +0.58, P =.0007) and hy-
droxybutyrate (r = +0.52, P=.0011), suggesting that
abruptly restricting free fatty acid or hydroxybutyrate drives
subsequent triglyceride suppression. Time to hydroxybu-
tyrate nadir inversely correlated with triglyceride incremen-
tal AUC (r = —0.55, P=.05), implying that prolonged
restriction of hepatic free fatty acid supply predicts greater
postprandial triglycerides suppression. The free fatty acid
incremental AUC strongly correlated with triglyceride in-
cremental AUC (r = +0.49). Thus, restricted free fatty acid
supply predicts suppressed postprandial triglycerides.

DISCUSSION

The current study is the first to demonstrate that extended-
release niacin suppresses postprandial triglyceridemia. Fre-
quent sampling revealed that acutely dosed extended-re-
lease niacin suppresses triglycerides during the post-peak
triglyceride-rich lipoprotein clearance phase only, as does
immediate-release niacin.'""'? Our pooled 33% reduction in
triglyceride incremental AUC by 2 g extended-release nia-
cin resembles reductions on chronic immediate-release ni-
acin (Supplemental Table 3, online).'*'* Others found im-
mediate-release niacin 3X daily with meals suppressed
diurnal/postprandial triglycerides (9 am to 9 pm), as well as
nocturnal/post-absorptive triglycerides (10 pm to 9 am), and
24 hours AUC.'* We show that extended-release niacin also
suppresses diurnal/postprandial triglycerides for 12 hours,
provided niacin is given before a meal; however, the full
24-hour effect remains unknown. Irrespective of formula-
tion, niacin reduces triglyceride AUC 21% to 41%.'*'
Statins suppress postprandial triglycerides 2% to 33%>° and
fibrates 33% to 55%,’° suggesting 2 to 3 g niacin has
intermediate potency. Additive effects are reported with
statin + gemfibrozil®' and statin + immediate-release nia-
cin.'* Because postprandial triglyceride-rich lipoproteins
are considered atherogenic, we believe further study of
combination therapy is warranted.

Our results vary from those of Plaisance et al,'” whose
bedtime dosing of = 1500 mg extended-release niacin for 6
weeks failed to suppress postprandial triglycerides the next
day, adversely distinguishing extended-release niacin from
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Figure 3  Relationship between postprandial fatty acids and postprandial triglycerides.
We transformed the triglyceride incremental AUC to reduce heteroskedasticity and skew.
i1AUC = incremental area under curve; iNadir = incremental nadir; OFTT = oral fat toler-

ance test.

immediate-release niacin. Our results may differ for several
reasons. Perhaps their subjects with metabolic syndrome
took medications interfering with postprandial triglyceride
suppression not used by our healthier cohort. They used
chronic niacin therapy; conceivably, the first-exposure post-
prandial triglycerides response is greater than long-term
response (ie, tachyphylaxis). If so, our suppression might
not translate to chronic therapy. On the contrary, immedi-
ate-release niacin chronically suppresses postprandial tri-
glycerides. Moreover, triglyceride suppression grows more
potent at the end of the first week versus first exposure to
immediate-release niacin.'> Perhaps they enrolled more
African Americans or other nonresponders. Differences
in oral fat tolerance test might explain the disparate
results; however, their carbohydrate-enriched oral fat tol-
erance test should amplify/prolong free fatty acid and
hydroxybutyrate restriction by insulin’s antilipolytic ef-
fect, thus deepening triglyceride suppression and not
accounting for the discrepancy.

The simplest explanation may be that niacin’s ability to
suppress postprandial triglycerides depends on acute post-
dose pharmacodynamics. Accordingly, we speculate that
bedtime dosing squanders an opportunity and suggest com-
paring bedtime with pre-prandial extended-release niacin to
test this. Further study is justified because counterphysi-
ologic dosing could diminish extended-release niacin’s ef-
ficacy as an atheroprotective therapy, because nocturnally
dosed extended-release niacin fails to suppress atherogenic
postprandial remnant lipoproteins. A recent study found that
cardiovascular benefits of =3 g mealtime immediate-re-
lease niacin did not materialize when =2 g bedtime extend-
ed-release niacin was compared with placebo, with aggres-

sive statin titration or addition of ezetimibe therapy in both
groups.” Disappointing cardiovascular effects of bedtime ex-
tended-release niacin may involve failure to suppress athero-
genic triglyceride-rich lipoproteins/remnants during the post-
prandial phase that dominates the 24-hour period. By
completely dissociating acute from chronic effects, we chal-
lenge the notion that niacin suppresses postprandial triglycer-
idemia by merely lowering baseline/fasting triglyceride."”
Froberg et al'? proposed 3 candidate mechanisms for
niacin-induced postprandial triglycerides suppression: (1)
accelerating chylomicron or very low density lipoprotein
catabolism (eg, by enhancing lipoprotein lipase activity);
(2) retarding intestinal chylomicron production; or (3) re-
tarding very low density lipoprotein production (eg, free
fatty acid restriction). The third mechanism is best sup-
ported, and we offer an expanded mechanistic hypothesis
(Supplemental Figure 3, online). A dose of niacin rapidly
suppresses hormone-sensitive lipase’” by stimulating adi-
pocyte GPR109A.**3° Thus, niacin restricts lipolysis of
stored triglyceride to free fatty acid, prompting a precipitous
decrease in adipose-derived plasma free fatty acid within
minutes,*® restricting free fatty acid delivery to the liver,
largely via the portal vein.'®***? Because the liver depends
on adipose-derived free fatty acid for triglyceride synthesis,
restricted free fatty acid supply suppresses triglyceride syn-
thesis, halting very low density lipoprotein production as
early as 1 hour post-dose.”’” With a half-life of 1 to 2
hours,?” arrested very low density lipoprotein production
takes several hours to shrink the very low density lipopro-
tein and total triglyceride pools, consistent with observed
triglyceride suppression 4 hours post-dose.'® Niacin-in-
duced free fatty acid restriction is thought to initiate very
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low density lipoprotein and plasma triglyceride suppres-
sion.”®2? Sustained suppression during plasma free fatty
acid rebound suggests that additional mechanisms perpetu-
ate the initial halt in very low density lipoprotein produc-
tion®”*%*? or that restored production simply lags plasma
free fatty acid rebound.

Regardless of how niacin suppresses very low density
lipoprotein-triglyceride production, the resulting post-dose
reduction in the very low density lipoprotein-triglyceride
pool could be exploited clinically to reduce postprandial
chylomicron triglyceride by simply taking extended-release
niacin at mealtime. Catabolism of chylomicron/very low
density lipoprotein triglyceride is rate-limited by lipoprotein
lipase, facilitating dissolution of triglyceride to free fatty
acid. Because chylomicron and very low density lipoprotein
compete for lipoprotein lipase, post-dose restriction of very
low density lipoprotein-triglyceride leaves more lipoprotein
lipase available for chylomicron-triglyceride catabolism, fa-
cilitating postprandial triglycerides clearance. Moreover,
free fatty acid inhibits lipoprotein lipase activity;*® thus,
restricted free fatty acid disinhibits lipoprotein lipase activ-
ity, another way mealtime niacin might accelerate triglyc-
eride-rich lipoprotein catabolism. Accordingly, in our study
restricted free fatty acid preceded postprandial triglycerides
suppression during the clearance phase of the curve 5 to 7
hours post-niacin, with robust correlations between rapid
free fatty acid restriction (r = +0.58) or hydroxybutyrate
(r = +0.52) and subsequent postprandial triglycerides sup-
pression, which to our knowledge are novel. Although free
fatty acid restriction has long been invoked to explain tri-
glyceride suppression by virtue of biological plausibility,
strong correlations in our study advance the case for a
causal relationship.

Plasma free fatty acid may not reflect the totality of
hepatic exposure to free fatty acid by underrepresenting
portal free fatty acid delivery to the liver.** Because hepa-
tocytes convert free fatty acid to hydroxybutyrate, plasma
hydroxybutyrate may thereby provide a more specific
marker for hepatic (ie, portal) free fatty acid flux than
peripheral vein free fatty acid.** Thus, hydroxybutyrate
provides an important and novel corroboration of the con-
cept that restricted free fatty acid mediates postprandial
triglyceride suppression.

The major clinical implication is that the recommended
dosing strategy for extended-release niacin undermines its
efficacy, especially because our results are in accord with
studies of periprandial immediate-release niacin, whereas
the study of pre-fast extended-release niacin had no effect
on postprandial triglycerides. We propose that dosing ex-
tended-release niacin at bedtime undermines efficacy by (1)
ensuring the rapid decrease in free fatty acid is long gone by
the time of the next day’s meal, an opportunity cost; and (2)
risking timing breakfast during the free fatty acid rebound,
an active interference with benefit. Indeed, bedtime dosing
increases fasting free fatty acid well into the next morning,
reflecting nocturnal free fatty acid rebound, which may
promote very low density lipoprotein production, thereby

undermining triglyceride suppression.*>*” Alternatively,
pre-meal dosing of extended-release niacin could fully ex-
ploit a postprandial benefit and even forestall nocturnal free
fatty acid rebound, deepening fasting triglyceride suppres-
sion. A theoretic benefit has been used to justify bedtime
dosing of extended-release niacin®® because type IV trig-
lyceridemics exposed to a high-carbohydrate meal and nia-
cin infusion had diminished nocturnal free fatty acid re-
bound and triglycerides.*” A more practical reason to
initiate extended-release niacin at bedtime is to time the
disagreeable dermal response with sleep.’® We propose that
after developing tolerance to the latter, bedtime dosing is
neither obligatory nor advantageous. Indeed, the results of
Plaisance et al'” and our group imply that nocturnal dosing
undermines a potentially atheroprotective benefit of the ex-
tended-release formulation. If switching the timing con-
ferred additional 24-hour efficacy, perhaps extended-release
niacin would achieve similar fasting and postprandial effi-
cacy as immediate-release niacin, a proposition worthy of
additional study.

The African-American population has lower fasting tri-
glycerides and postprandial triglycerides.”® This may reflect
increased lipoprotein lipase activity and superior triglycer-
ide-rich lipoprotein clearance. Fasting and postprandial tri-
glycerides did not vary by race on oral fat tolerance
test + placebo in our study. Perhaps the expected racial
differences depend on variations in metabolic defects, so
selecting fit subjects abrogated differences. With extended-
release niacin in African Americans, free fatty acid rebound
quickly followed free fatty acid restriction, suggesting that
free fatty acid rebound prevented niacin from accelerating
triglyceride-rich lipoprotein clearance.*” To our knowledge,
this is the first study demonstrating significant inefficacy of
extended-release niacin in African Americans, but it does
not speak to the inefficacy of long-term therapy or fasting
lipoproteins.

Study Limitations

Our study is subject to several limitations. We limited niacin
to a single exposure in drug-naive subjects to separate acute
pharmacodynamic from chronic therapy effects, thus better
representing pharmacodynamic effects at the expense of
generalizability to chronic therapy. We limited intra-indi-
vidual variability by enrolling healthy individuals at the
expense of generalizability to dyslipidemia. We selected an
oral fat tolerance test with minimal insulin effects.”’ Al-
though this minimizes confounding by a second antilipoly-
tic, it limits generalizability to mixed meals. Strengths in-
clude the randomized, double-blind, placebo-controlled
design, larger sample size than prior studies,'''*'” high-
resolution sampling, and robust participation of African
Americans, which allowed us to detect interaction by race.

CONCLUSIONS

We found a single exposure to extended-release niacin sup-
pressed postprandial triglyceridemia in drug-naive subjects,
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in contrast to a report in which bedtime extended-release
niacin failed to suppress postprandial triglyceridemia at
breakfast. This indicates niacin suppresses postprandial tri-
glyceridemia by an acute pharmacodynamic effect, proba-
bly by restricted free fatty acid supply limiting very low
density lipoprotein and accelerating chylomicron catabo-
lism. Clinically, this challenges the conventional wisdom of
dosing extended-release niacin before a prolonged fast,
which may undermine lipid if not atherosclerosis benefits.
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Supplemental Table 1: Baseline characteristics

Baseline Characteristics for OFTT Participants

Non-African African Significance Pooled
American American
Result n=12 n=10 n=22
Intrinsic Characteristics
Female 75% (9/12) 20% (2/10) p =0.0102 50% (11/22)
Asian 8.3% (1/12) 0% (0/10) p =0.3501 4.5% (1/22)
Hispanic 16.7% (2/12) 0% (0/10) p=0.1757 9.1% (2/22)
Physical Characteristics
Age (years) 37.0 (10.2) 41.1 (12.4) p = 0.3997 38.9 (11.2)
Systolic Blood Pressure (mmHg) 108.5 (12.9) 120.7 (7.0) p =0.0146 114.1 (12.1)
Diastolic Blood Pressure (mmHg) 68.5 (9.1) 78.2 (6.5) p =0.0102 72.9 (9.3)
Weight, Women (kg) 58.2 (11.1) 78.3(13.2) p = 0.0498 61.9 (13.5)
Weight, Men (kg) 83.3(11.7) 85.2 (11.5) p = 0.8083 84.7 (11)
Body Mass Index, Women (kg/m2) 21.9 (3.0) 27.8 (2.4) p =0.0319 23 (3.7)
Body Mass Index, Men (kg/m2) 26.5 (2.7) 27.9 (2.3) p=0.4212 27.5 (2.3)
Mean Abdominal Girth, Women (cm) 77.8 (73.5t0 87.1(87.1to p = 1.0000 78.8 (73.9 to 79)
78.9) 87.1)
Mean Abdominal Girth, Men (cm) 95.8 (5.0) 93.2(7.3) p =0.5961 93.9 (6.6)
Lifestyle Attributes
Current Smoker 25.0% (3/12) 30.0% (3/10) p =0.7932 27.3% (6/22)
Doesn't Drink Alcohol 50.0% (6/12) 30.0% (3/10) p =0.3421 40.9% (9/22)
Drinks Alcohol < Weekly 33.3% (4/12) 40.0% (4/10) p =0.7462 36.4% (8/22)
Drinks Weekly 16.7% (2/12) 20.0% (2/10) p = 0.8400 18.2% (4/22)
Drinks Daily 0.0% (0/12) 10.0% (1/10) p =0.2622 4.5% (1/22)
Exercises Monthly 8.3% (1/12) 0% (0/10) p =0.3501 4.5% (1/22)
Exercises Weekly 33.3% (4/12) 20% (2/10) p =0.4844 27.3% (6/22)
Exercises Several Times a Week 25% (3/12) 40% (4/10) p =0.4520 31.8% (7/22)
Exercises Daily 33.3% (4/12) 30% (3/10) p =0.8673 31.8% (7/22)
Laboratory Studies
Mean LDL-c by ultracentrifugation 93.8 (26.0) 90.5 (30.0) p=0.7877 92.3 (27.2)
(mg/dL)
Mean Non-HDL-c (mg/dL) 108.9 (30.2) 102.9 (34.5) p=0.6723 106.2 (31.6)
Mean HDL-c, Women(mg/dL) 64.1 (13.2) 79.3 (16.5) p =0.1864 66.9 (14.3)
Mean HDL-c, Men(mg/dL) 53.6 (16.7) 60.1 (11.1) p =0.4590 58.3 (12.3)
Mean VLDL-c (mg/dL) 14.8 (6.1) 13.2 (5.6) p = 0.5325 14 (5.8)
Mean TG (mg/dL) 71.0 (29.8) 74.7 (17.9) p =0.7332 72.7 (24.6)
Glucose (mg/dL) 74.7 (8.5) 79.7 (6.8) p =0.1523 77 (8)
Creatinine, Women (mg/dL) 0.73 (0.11) 0.73 (0.04) p =0.9361 73 (.1)
Creatinine, Men (mg/dL) 0.92 (0.85 to 1.10 (0.96 to p =0.2970 1.05 (.87 to
1.03) 1.13) 1.11)
Glomerular Filtration Rate, CKD-EPI 102.7 (11.9) 106.5 (19.4) p = 0.5697 104.4 (15.5)

(mL/min per 1.73m2)

Given expected differences in fasting and postprandial lipids, we present baseline characteristics by African American
status in addition to the pooled results, and provide a statistical comparison between African Americans and Non-African

Americans.

Note: continuous variables are presented as mean (SD), except skewed variables are presented as median (25th to 75th
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percentile).

HDL-c = high-density lipoprotein cholesterol, LDL-c = low-density lipoprotein cholesterol, Non-HDL-c = non-high-density
lipoprotein cholesterol, TG = triglyceride, VLDL-c = very low-density lipoprotein cholesterol.



Supplemental Table 2: Predictors of TG iAUC

Explanatory Variable
FFA iAUC (0 to 12h)
FFA iAUC (0 to 4h)
FFA iNadir (0 to 12h)
FFA Nadir Time (0 to 12h)

HBA iAUC (0 to 12h)

HBA iAUC (0 to 4h)

HBA iNadir (0 to 12h)
HBA Nadir Time (0 to 12h)

rho
+0.48
+0.35
+0.41
-0.19

+0.03
+0.12
+0.43
-0.39

Spearman

p-value
0.0012
0.0308
0.006
0.2325

0.8717
0.4591
0.0042
0.0096

Correlation Analysis for TG iAUC (0 to 12h)

+0.49
+0.49
+0.58
-0.44

-0.47
+0.37
+0.52
-0.50

UsmanMH 12-336

Regression

p-value
0.051
0.0223
0.0007
0.2166

0.3064
0.2734
0.0011
0.0534

Unless otherwise indicated, parameters are from 0 to 12 hours. The Spearman’s correlation coefficient, rho,
indicates the direction and strength of the relationship between TG iIAUC and each candidate explanatory
variable. The linear regression does the same, but also incorporates the interaction by race as well as an
adjustment term for race. As expected, regression models provided a better fit than Spearman’s correlation,

since the former adjusted for race and its interaction.

AUC = area under the curve, FFA = free fatty acids, HBA = hydroxybutyrate, iAUC = incremental area under

the curve, iNadir = incremental nadir
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Supplemental Table 3: Comparison to Other Studies

Postprandial Triglyceride
Postprandial Triglyceride Total Incremental Area Under
Area Under Curve (mg/dL*h) Curve (mg/dL*h)
OFTT vs OFTT OFTTvs
Study Design Population N* Protocol +NA % Change OFTT + NA | % Change
Studies of Immediate-Release Niacin
Froberg, Parallel RCT | Healthy Men 6 | IR NA 1g thrice daily, 1895+12 vs -29% n.r. n.r.
1971(1) 15 samples/12h 133746 ** p<0.01
King, Random- Men with Low 12 | IRNA1gthrice daily, | 297241200 vs -41% +1290+682 -45%
1994(2) order HDL 3 samples/8h (hours 0, 17364800 p<0.005 vs +709+409 p<0.025
crossover 4, and 8)
O’Keefe, Parallel RCT | Adults with low | 21 | IR NA 1g thrice daily + n.r n.r n.r, *** -32%
1995(3) HDL+ high TG pravastatin, 2 (+130+130 p=0.04
samples/8h (hours 0 vs +88+114
and 8) mg/dL at 8 h)
Studies of Extended-Release Niacin
Plaisance, | Fixed- Men with 15 | ER NA 2g before bed, 3063 vs 2365 -23% +1058 vs +3%
2008(4) sequence Metabolic 5 samples/8h (hours p<0.001 +1085 NS
crossover Syndrome 0,2,4,6,and 8)
Usman, Random- Adults with no 22 | ER NA 2g 1h prior, 15 11024319 vs -11.6% +270£196 vs -47%
2012 order elements of samples/12h 918+313 p=0.009 +53.7£194 p=0.0005
(Current crossover, Metabolic 12 Non-African
study) single dose | Syndrome Americans
10 African Americans 1125+307 vs +4% +363+196 vs +6%
1145+307 p=0.8 +364+193 p=1.0
All 22 subjects pooled 11124317 vs -26% +312+200 vs -33%
1025+314 p=0.11 +199+200 p=0.02

*Number of subjects exposed to niacin

*+Qriginally reported as average TG for each time point: 1.80+0.14 mmol/L on placebo vs 1.27+0.007 on niacin. We multiplied by 38.7 to convert to
mg/dL and then multiplied that result by 12h.

**Data shown are increment from baseline at hour 8 in units of mg/dL.

n.r. = not reported
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Supplemental Figure 1: Recruitment, Randomization and disposition of study subjects

Between January 2006 and July 2010, we screened healthy adults aged 18 to 75 from
the Philadelphia area by flyers and Penn recruitment databases, and included those
with fasting triglyceride <150 mg/dL, HDL >40 mg/dL in men and >50 mg/dL in women,

glucose <100 mg/dL, abdominal girth <102 cm in men (<89 cm for Asians) and <88 cm



in women (<79 cm in Asians) and blood pressure <130/85 mmHg. We excluded those
on lipid-altering therapy, or who had atherosclerotic cardiovascular disease, congestive
heart failure, diabetes, chronic kidney disease, chronic liver disease, serum albumin
<2.5 mg/dL, serum creatinine >2.0 mg/dL, HIV, malignancy in the prior 5 years,
uncontrolled thyroid disease, major active pulmonary, rheumatologic, dermatologic or
inflammatory conditions, history of organ transplantation, alcohol or drug abuse, or
major surgery in the previous 3 months, pregnant women, and subjects exposed to an

investigational drug within 6 weeks.

Subjects received ER niacin 2 g or matching placebo in random order in each of two
visits at least 7 days apart (n.b. since niacin was only given at one of the study visits,
subjects were not on niacin prior to participation or between visits). The University of
Pennsylvania (UPenn) Investigational Drug Service (IDS) over-encapsulated ER niacin
and matching placebo. The IDS assigned treatment order electronically

(www.randomization.com), dispensed blinded medication at each visit, and maintained

the blinding information until analysis.

One subject left the visit early to avoid being stranded at the hospital during a brisk
snowstorm, and did not complete the later blood draws. Since expected FFA
nadir/peak and TG peak occurred before she left, these parameters were included in

the analysis, but we did not include area parameters (i.e. AUC and iIAUC).
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Supplemental Figure 2: Effect of niacin on postprandial hydroxybutyrate

Data depicted in same manner as Figure 1.



Supplemental Figure 3: Proposed Mechanism of Niacin-Induced suppression of Postprandial Triglyceridemia
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