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ABSTRACT
Background: Numerous studies demonstrate acute anti-
inflammatory properties of individual spices, but none have
examined the effect of longer-term consumption of a spice blend
incorporated in a meal.
Objectives: We investigated the effect of longer-term spice
consumption on inflammatory cytokines and monocyte subsets
[classical (CM), intermediate (IM), nonclassical (NCM)] in adults
at risk of cardiometabolic disease.
Methods: A 3-period, randomized, crossover, controlled feeding
trial was conducted. Participants (n = 71 recruited; n = 63
completed) randomly consumed diets differing in terms of the
quantity of spices: 0.547 g (low-dose spice diet; LSD), 3.285 g
(medium-dose spice diet; MSD), or 6.571 g (high-dose spice diet;
HSD) · d−1 · 2100 kcal−1, for 4 wk with a ≥2-wk washout between
diets. At baseline and after each diet period, proinflammatory
cytokines (IL-1β, IL-6, IL-8, monocyte chemoattractant protein-
1, and TNF-α) in plasma and LPS-stimulated peripheral blood
mononuclear cell culture supernatants, and the phenotype and
function of monocyte subsets, were measured in fasted participants.
Postprandial proinflammatory cytokines also were quantified at
baseline by consumption of a low-spice-dose test meal, and after
each diet period by consumption of a test meal containing a spice
dose corresponding to daily spice consumption during the preceding
4-wk diet period.
Results: Fasting plasma IL-6 was reduced (mean ± SEM: −118.26
± 50.63 fg/mL; P < 0.05) after MSD compared with baseline.
Postprandial plasma IL-1β, IL-8, and TNF-α were lower (mean ±
SEM : −9.47 ± 2.70 fg/mL, −0.20 ± 0.05 pg/mL, and −33.28 ±
12.35 fg/mL, respectively) after MSD compared with LSD (main
diet effect; P < 0.05). CM adherence was reduced (mean ± SEM:
−0.86 ± 0.34; P = 0.034) after HSD compared with LSD. IM
migration was reduced after MSD and HSD compared with LSD
(mean ± SEM: −0.39 ± 0.09 and −0.56 ± 0.14, respectively; P <

0.05).
Conclusions: Four weeks of MSD consumption reduced fasting
plasma IL-6 and postprandial plasma IL-1β, IL-8, and TNF-α

as well as altering monocyte function. This trial was registered
at clinicaltrials.gov as NCT03064932. Am J Clin Nutr
2022;115:61–72.

Keywords: inflammatory cytokines, monocytes, nutritional inter-
vention, cardiovascular disease, randomized controlled trial

Introduction
The prevalence of obesity has tripled since 1960 (1), affecting

42.4% of adults in the United States in 2018 (2). Obesity is
associated with chronic low-grade inflammation (3) and increases
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the risk of cardiovascular disease (CVD) and atherosclerosis (4).
Atherosclerosis is the dominant cause of CVD, and monocytes
and macrophages play a crucial role in the initiation and
progression of atherosclerosis (5). Monocytes invade the arterial
wall, differentiate into macrophages, and engulf oxidized LDL,
ultimately forming foam cells that contribute to atherosclerotic
plaque formation (5). Monocytes also produce a myriad of
inflammatory mediators that contribute to monocyte adherence
and invasion into the intima of the arterial wall (6).

Three subsets of monocytes are identified in humans by
differential surface expression of CD14 (LPS receptor) and CD16
(low-affinity Fc receptor III for IgG): classical (CD14++CD16−;
CMs), intermediate (CD14++CD16+; IMs), and nonclassical
(CD14+CD16++; NCMs) monocytes (7). Each monocyte subset
exhibits distinct properties that may confer different roles
during the inflammatory response (8). CMs express high levels
of C-C chemokine receptor type 2 (CCR2) and present the
greatest capacity for trans-endothelial migration (9, 10). IMs
have robust proinflammatory responses and may be attracted to
atherosclerotic lesions in a CCR5-dependent manner (11, 12).
NCMs patrol the vascular endothelium and can detect damaged
cells (13). Our recent meta-analysis highlighted the importance of
each monocyte subset and their association with cardiometabolic
disorders and CVD (14). In addition, all monocyte subsets can
accumulate intracellular lipids to become foamy monocytes (14).
Foamy monocytes may have enhanced capacity to infiltrate into
early atherosclerotic lesions in a CD11c-dependent manner (15),
suggesting that foamy monocytes are an additional indicator of
atherosclerotic risk. A better understanding of the phenotype
and function of monocyte subsets may have important clinical
implications for the prevention and treatment of atherosclerosis.

Spices can confer numerous health benefits including a
reduction in inflammatory mediators (16), which may be
mediated by bioactive compounds (17). Preclinical and clinical
studies have demonstrated anti-inflammatory effects of individual
spices, such as cinnamon (18, 19), cumin (20), and ginger
(21, 22). We previously demonstrated a postprandial anti-
inflammatory effect of consuming a spice blend (6 g) delivered
in a single high-saturated-fat, high-carbohydrate meal in men
with overweight/obesity (n = 12) (16). However, no studies to
date have examined the effect of longer-term consumption of a
spice blend on inflammation. Therefore, this study was designed
to 1) investigate the effect of 4 wk of spice consumption, using
3 doses of a spice blend in an average American diet, on fasting
proinflammatory cytokine concentrations and the phenotype and
function of monocyte subsets; and 2) evaluate the effect of 4 wk
of spice consumption on postprandial inflammatory responses, in
adults with overweight or obesity at risk of CVD.

Methods

Participants

We recruited nonsmoking adults (30–75 y) with overweight or
obesity [BMI (in kg/m2): 25–35], elevated waist circumference
(≥94 cm for men and ≥80 cm for women), and ≥1 of the
following risk factors for CVD: altered lipid profile (LDL
cholesterol > 130 mg/dL, triglyceride ≥ 150 mg/dL, or HDL
cholesterol < 40 mg/dL for men and < 50 mg/dL for women),
elevated C-reactive protein (CRP) (>1 mg/L), elevated blood

pressure (systolic ≥ 130 mm Hg or diastolic ≥ 85 mm Hg),
or elevated fasting glucose (≥100 mg/dL). Exclusion criteria
included having diabetes (fasting glucose > 126 mg/dL) or hyper-
tension (systolic blood pressure > 160 mm Hg or diastolic blood
pressure > 100 mm Hg); taking any antihypertensive or glucose-
lowering drugs; having established CVD, stroke, diabetes, liver,
kidney, or autoimmune disease; using cholesterol/lipid-lowering
medication or supplements (psyllium, fish oil, soy lecithin,
and phytoestrogens) and botanicals; pregnancy or lactation; and
having weight loss of ≥10% of body weight within 6 mo
before enrolling in the study. Participants who self-reported
as vegetarians were excluded because the menus reflected an
average American diet, which contains meat, poultry, fish, and
dairy.

Recruitment, screening, and random assignment

Participants were recruited between January 2017 and Septem-
ber 2019 through StudyFinder (https://studyfinder.psu.edu/) and
advertisements placed in campus buildings, facilities on campus
and in surrounding areas (gyms, churches, supermarkets, coffee
shops, etc.), local newspapers and radio stations, and coupon
packets sent by mail. Individuals who were on the university
email listserv and who participated in previous studies were
contacted. Potentially eligible participants were scheduled for a
screening visit at the Clinical Research Center on the Pennsylva-
nia State University, University Park campus. Participants fasted
for 12 h and abstained from alcohol for 48 h before the screening
visit. Height, weight, blood pressure, and waist circumference
were measured. Women were asked to provide a urine sample for
a pregnancy test. A blood sample was collected and sent to Quest
Diagnostics (Pittsburgh, PA) for measurement of liver and kidney
function, glucose, lipid/lipoprotein profile, complete blood count,
and CRP. After screening, 71 eligible participants were randomly
assigned before the baseline visit, using a computer-generated
6-sequence scheme to assign their diet sequence order (www.rand
omization.com). The randomization code was kept by the kitchen
staff preparing the meals and the code was broken at the end of
the study.

Study design

The study was a 3-period, randomized, crossover, controlled
feeding trial (NCT03064932) that was designed to examine the
effect of spice consumption for 4 wk on serum LDL cholesterol as
a primary outcome (23). To detect an LDL cholesterol difference
of 12.5 ± 25.9 mg/dL (mean ± within-participant SD) with
90% power (α = 0.05), 63 participants were estimated as the
necessary sample size using a power calculation for crossover
design studies (21, 24–28). We anticipated a dropout rate of
15%, thus we planned to recruit 74 participants. The outcomes
in the current study are all secondary outcomes in the trial.
In random order, participants consumed an average American
diet containing 3 different doses of a spice blend for 4 wk
at each dose: a low-dose spice diet (LSD), a medium-dose
spice diet (MSD), or a high-dose spice diet (HSD), with a
≥2-wk washout period between each intervention period. There
were a total of 4 study visits, including a baseline visit and
a study visit after each dietary intervention period (Figure 1).
A 7-d rotating meal plan was designed in 300-kcal increments

https://studyfinder.psu.edu/
http://www.randomization.com
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FIGURE 1 Study design used to examine the effect of consuming an LSD, MSD, and HSD for 4 wk in adults at risk of cardiometabolic disease. HSD,
high-dose spice diet; LSD, low-dose spice diet; MSD, medium-dose spice diet.

(1800–3900 kcal/d) for weight maintenance (Supplemental
Table 1). All food was prepared in the metabolic kitchen at
the Pennsylvania State University. Participants were provided
with meals daily Monday through Friday and all of their
weekend meals were distributed on Friday. Table 1 shows the
average daily nutrient profile of the background diet based on
2100 kcal/d. Energy requirements were calculated using the
Harris–Benedict equation (29). Each participant’s body weight
was monitored daily when they picked up their food. The calorie
amounts were adjusted so that the participants maintained their
body weight throughout the duration of the study. Table 2
shows the mean composition of the spice blend in the LSD,
MSD, and HSD over the 7-d menu based on 2100 kcal/d.
Based on the different daily calorie intakes, the spice intake
ranged from 0.450 to 1.025 g/d, 2.715 to 5.785 g/d, and
5.430 to 11.571 g/d for the LSD, MSD, and HSD, respectively
(Supplemental Table 2). Compliance was monitored by the
metabolic kitchen managers using daily checklists to determine
if/how much food was uneaten. Participants were allowed to
consume noncaloric beverages ad libitum; however, caffeinated
beverages and alcoholic drinks were limited to 5 cups/d (<1184
mL/d) and 2 drinks/wk, respectively. The spices were chosen
based on previous studies that reported benefits on CVD and
inflammatory outcomes (24, 27, 30, 31), and are among the most
widely consumed spices in the United States (32, 33). Thus,
the blend of spices used could be feasibly consumed in the
average American diet. The dosages of spices were chosen to

TABLE 1 The nutrient profile of the background study diet1

Nutrient profile Values

Carbohydrate2 50
Protein2 17
Total fat2 33

Saturated fat2 11
Monounsaturated fat2 11
Polyunsaturated fat2 8

Fiber, g/d 22
Sodium, mg/d 3023

1Based on the 2100-kcal/d diet.
2Percentage of total calories.

include dosages below, near, and above the average daily spice
consumption per capita in the United States in 2015 (mean:
4.5 g/d) (33, 34). The meal plan contained the same foods for
all test diets and only varied in the quantity of spices provided;
thus, the micronutrient and macronutrient profiles of all test diets
were identical.

All the experiments in this study were performed with the
approval of the Institutional Review Board of the Pennsylvania
State University, University Park campus (STUDY00003603).

Meal challenge test

In men and postmenopausal women, a meal challenge test
was conducted at baseline and at the end of each 4-wk dietary
intervention period (Figure 1) to evaluate the effect of 4 wk
of spice consumption on postprandial proinflammatory cytokine
concentrations in plasma. Premenopausal women were excluded
from the meal challenge test in order to exclude the possible effect
of estrogen on inflammatory processes (35). The participants
consumed a ∼1200-kcal standardized test meal containing ∼33%
kcal from fat and 49% kcal from carbohydrate (Supplemental
Table 3). The test meal contained either a low (0.613 g), a
medium (3.675 g), or a high (7.350 g) dose of a spice blend
(cardamom, cinnamon, coriander, cumin, garlic, ginger, paprika,
red pepper, turmeric) (Supplemental Table 4). The test meal
at baseline was a low-dose spice meal (0.613 g). The dose of
the spice blend in the test meal after each intervention period
corresponded to the dose of the spice blend in the diet that the
participants consumed for the prior 4-wk intervention period
(i.e., low-dose spice meal after LSD, medium-dose spice meal
after MSD, high-dose spice meal after HSD). The test meal was
chicken tikka masala and an apple pie yogurt parfait. At baseline
and at the end of each intervention period, a premeal blood
sample was collected, and participants were asked to consume
the test meal within 15 min. After the meal consumption, blood
samples were collected at timed intervals (30, 60, 120, 180, and
240 min).

Blood sample collection

Fasting blood samples were collected in sterile EDTA (K2)-
coated blood tubes (BD Biosciences) at baseline and at the end of



64 Oh et al.

TABLE 2 Mean composition of the spice blend over the 7-d menu based on 2100 kcal/d1

Spices, g/d (% of total dose) LSD MSD HSD

Cinnamon 0.099 (18.55) 0.595 (18.51) 1.190 (18.51)
Coriander 0.069 (12.98) 0.417 (12.96) 0.833 (12.96)
Ginger 0.055 (10.23) 0.328 (10.21) 0.656 (10.21)
Cumin 0.045 (8.42) 0.270 (8.40) 0.540 (8.40)
Parsley 0.041 (7.72) 0.238 (7.42) 0.477 (7.42)
Black pepper 0.039 (7.36) 0.239 (7.45) 0.479 (7.45)
Garlic 0.028 (5.25) 0.174 (5.42) 0.348 (5.42)
Turmeric 0.026 (4.88) 0.156 (4.87) 0.313 (4.87)
Onion powder 0.026 (4.85) 0.156 (4.85) 0.311 (4.85)
Paprika 0.020 (3.80) 0.122 (3.79) 0.244 (3.79)
Chili powder 0.014 (2.67) 0.086 (2.67) 0.171 (2.67)
Rosemary 0.013 (2.41) 0.080 (2.50) 0.161 (2.50)
Cilantro 0.013 (2.38) 0.076 (2.38) 0.153 (2.38)
Oregano 0.013 (2.35) 0.075 (2.35) 0.151 (2.35)
Basil 0.011 (2.13) 0.068 (2.13) 0.137 (2.13)
Red pepper 0.009 (1.59) 0.051 (1.59) 0.102 (1.59)
Thyme 0.008 (1.50) 0.050 (1.57) 0.101 (1.57)
Bayleaf 0.006 (1.21) 0.040 (1.25) 0.080 (1.25)
Cardamom 0.004 (0.76) 0.024 (0.76) 0.049 (0.76)
Sesame seeds 0.002 (0.44) 0.014 (0.44) 0.029 (0.44)
Sage 0.002 (0.33) 0.011 (0.33) 0.021 (0.33)
Poppy seeds 0.001 (0.22) 0.007 (0.22) 0.014 (0.22)
Dill weed <0.001 (0.08) 0.003 (0.08) 0.005 (0.08)
Allspice <0.001 (0.08) 0.003 (0.08) 0.005 (0.08)
Total 0.547 3.285 6.571

1HSD, high-dose spice diet; LSD, low-dose spice diet; MSD, medium-dose spice diet.

each intervention period to measure proinflammatory cytokines
in plasma and culture supernatants from LPS-stimulated periph-
eral blood mononuclear cells (PBMCs), and the distribution,
phenotype, adherence, and migratory capacity of monocyte
subsets. In addition, blood samples were collected before and
after the meal challenge test (≤4 h after meal consumption) to
evaluate the effect of 4 wk of spice consumption on postprandial
proinflammatory cytokine concentrations in plasma. Both fasting
and postprandial plasma was dispensed into microcentrifuge
tubes and frozen at −80◦C until analysis.

Proinflammatory cytokine secretion assay

PBMCs were isolated from blood as previously described
(16, 36). PBMCs (2 × 105/mL) were stimulated with 0.625 μg
LPS/mL (Sigma-Aldrich) in round-bottomed 96-well plates, and
supernatants were harvested after 4 h incubation and frozen at
−80◦C until analysis.

Measurement of proinflammatory cytokine concentrations

Cytokines and chemokines [IL-1β, IL-6, IL-8, TNF-α, and
monocyte chemoattractant protein (MCP)-1] in plasma and
culture supernatants were measured using the V-PLEX Proin-
flammatory Panel 1 Human Kit and V-PLEX Human MCP-1
kit (Meso Scale Diagnostics) as per manufacturers’ instructions.
For the data points below the detection range, half of the lower
limit of detection was used as the values in the analyses. High-
sensitivity CRP was measured using a Cobas C311 chemistry
analyzer (Roche Diagnostics) in the Biomarker Core Laboratory
at the Pennsylvania State University.

Monocyte trans-endothelial migration assay

The monocyte trans-endothelial migration assay was per-
formed by following a modified version of a previously described
protocol (9, 10). Briefly, human umbilical vein endothelial cells
(HUVECs) (ATCC) were grown in endothelial growth medium
[vascular cell basal medium (ATCC) and endothelial cell
growth medium plus vascular endothelial growth factor (VEGF)
(ATCC)], and seeded onto fibronectin-coated transwell migration
inserts (Corning Inc.) at a density of 1×105 HUVECs/cm2 mem-
brane area. Migration medium with or without 2.5 ng/mL TNF-α
(R&D systems) was added into the dish below the transwell
insert. PBMCs in 500 μL of migration medium were placed
inside each transwell insert. After 6 h of incubation at 37◦C,
supernatants containing nontransmigrated PBMCs (floating)
were obtained. Transmigrated PBMCs (transmigrated) were
obtained from the lower compartment. The PBMCs adhering to
the HUVEC monolayer (adherent) were obtained together with
the HUVECs by brief trypsinization. Cells from the 3 compart-
ments were stained with fluorescently labeled antibodies for the
identification of monocyte subsets. Monocyte adherence or trans-
migration was represented as an index of adherence or migration,
calculated for each monocyte subset by dividing the number of
adherent or transmigrated cells in the TNF-α-containing well
by the number of adherent or transmigrated cells in the control
well. The monocyte trans-endothelial migration was measured
in 6 participants (all were women; mean age: 38.5 y; mean BMI:
31.5).

Flow cytometric analysis

PBMCs and whole blood were stained with fluorescence-
labeled antibodies as previously described (36, 37). Antibodies
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included CD3, CD11b, CD11c, CD14, CD16, CD18, CD19,
CD45, CD49d, CD56, CD62L, CD66, CD162, CD192, CD195,
and human leukocyte antigen-DR isotype (HLA-DR). Antibody
isotype controls included mouse IgG1 and mouse IgG2a. Whole
blood was stained with Nile red using a Lipid Droplets Fluo-
rescence Assay Kit (Cayman Chemical Company) to measure
foamy monocytes, i.e., monocytes containing intracellular lipid
droplets. A total of 300,000 events were acquired using a BD
LSR-Fortessa (BD Biosciences). Data were analyzed and plotted
using FlowJo 10 (FlowJo, LLC). The gating strategies to identity
monocyte subsets in whole blood and PBMCs are presented in
Supplemental Figures 1 and 2, respectively. The distribution
of monocyte subsets and the expression of adhesion molecules
and chemokine receptors on monocytes were measured in 23
participants (48% women; mean age: 42.5 y; mean BMI: 28.7).
Foamy monocytes and CD11c expression were measured in
12 participants (82% women; mean age: 41.9 y; mean BMI:
31.4).

Statistical analyses

Statistical analyses were performed using SAS version 9.4
(SAS Institute). Q-Q plot assessment was used to confirm
the normality of the data. Residual-versus-predicted value plot
assessment was used to confirm the equal variance of the
data. Data points that were >3SDs from the mean were
regarded as outliers and removed. A mixed-models procedure
for repeated measures was used to test the effect of treatment
(diet) on each outcome. For the outcomes assessed in fasted
participants (cytokine concentrations in plasma and PBMC
culture supernatants; percentages of CMs, IMs, and NCMs;
percentage of foamy monocytes; surface expression of adhe-
sion molecules and chemokine receptors on monocytes; and
adherence and migration indexes), change from baseline was
calculated by subtracting measurements taken at baseline from
post-intervention period values. The baseline values (single
measurements at the beginning of the trial) were included in
the model as a fixed effect. We evaluated both between- and
within-diet differences using change from baseline values. For
postprandial cytokine concentrations in plasma, change from the
premeal value was calculated by subtracting measurements taken
before the ingestion of the test meal from the postprandial values.
We evaluated the effects of time, diet, and time-by-diet interaction
on the change from the premeal value. For outcomes measured in
a fasted and a postprandial state, participant was included as a
random effect and sex was included as a fixed effect. To detect
a carryover effect, the diet-by-period interaction was included as
a fixed effect. When no diet-by-period interaction was detected,
diet-by-period was removed from the model. Selection of model
covariance structures was based on optimizing fit statistics, which
was evaluated as the lowest Bayesian Information Criterion.
In cases where a significant between-diet effect was detected,
a Tukey–Kramer post hoc test was performed to correct for
multiple comparisons. Spearman correlation was used to evaluate
the association between the percentage of foamy monocytes
and CD11c expression for each monocyte subset. In SAS,
the effect of diet on each outcome was assessed using PROC
MIXED and the aforementioned correlations were assessed using
PROC CORR. Statistical significance was accepted at P < 0.05
for all outcomes. Graphs were plotted using Prism version 7

TABLE 3 Baseline characteristics of participants who completed the trial1

Characteristic Values

Age, y 45.3 ± 11.2 (30–67)
Male n / female n 28/35
BMI, kg/m2 29.6 ± 3.0 (25.0–35.7)
Waist circumference, cm 102.2 ± 7.1 (88–117)
Blood pressure, mm Hg

Systolic 130.1 ± 12.8 (106–162)
Diastolic 81.4 ± 10.3 (61–102)

Glucose, mg/dL 99.6 ± 7.3 (80.5–123.5)
Insulin, μU/mL 11.7 ± 6.4 (3.9–35.4)
Total cholesterol, mg/dL 192.9 ± 33.2 (131.5–271.5)
HDL cholesterol, mg/dL 49.4 ± 11.8 (31.3–77.6)
LDL cholesterol, mg/dL 126.2 ± 27.8 (78.4–188.6)
Triglyceride, mg/dL 112.0 ± 50.7 (31.0–284.5)
High-sensitivity C-reactive protein, mg/L 3.0 ± 2.8 (0.3–13.2)

1n = 63. Values are mean ± SD (range).

(GraphPad). Descriptive data are reported as mean ± SD. Values
in the figures are reported as mean ± SEM.

Results

Participants and baseline characteristics

Supplemental Figure 3 provides a diagram of the flow
of participants through the study. Briefly, 223 participants
were assessed for eligibility via phone screening; 113 were
screened for eligibility based on biochemical parameters; 71 were
randomly assigned; and 63 completed the trial. The dropout rate
after random assignment of eligible participants was 11%.

Participants self-reported that they consumed all of the
provided foods on 94% of the study days. Diet compliance was
comparable across the 3 study periods (93%, period 1; 94%,
period 2; 95%, period 3) and on each of the diets (94% for the
LSD, MSD, and HSD).

Table 3 shows the baseline characteristics of the study
participants who completed the trial. The participants included
28 men and 35 women (age: 45.3 ± 11.2 y) with overweight
or obesity (BMI: 29.6 ± 3.0) and increased waist circumference
(102.2 ± 7.1 cm). There was a wide range in blood pressure
and biochemical measures among participants because only
1 additional risk factor for CVD was required as per the
inclusion criteria. Supplemental Table 5 presents the baseline
characteristics of the study participants that were included in the
meal challenge test.

Fasting proinflammatory cytokine concentrations in plasma
and culture supernatants

No evidence of a carryover effect was observed in cytokine
concentrations in plasma and culture supernatants. No significant
between-diet differences were observed in any plasma cytokine
(Figure 2A–E, Supplemental Table 6) and no significant within-
diet differences were observed in plasma IL-1β, IL-8, MCP-1,
and TNF-α (Figure 2A, C–E) in fasted participants. However,
there was a significant reduction from baseline in plasma IL-6
after MSD consumption (−118.26 ± 50.63 fg/mL; P < 0.05)
(Figure 2B, Supplemental Table 6).
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FIGURE 2 Change in plasma IL-1β (A), IL-6 (B), IL-8 (C), MCP-1 (D), and TNF-α (E) concentrations and change in IL-1β (F), IL-6 (G), IL-8 (H),
MCP-1 (I), and TNF-α (J) secretion from LPS-stimulated peripheral blood mononuclear cells after consuming an L, M, and H for 4 wk in fasted adults at risk
of cardiometabolic disease. Labeled means without a common letter differ, P < 0.05. ∗Significant change from baseline, P < 0.05. Data are mean ± SEM. n
= 63. H, high-dose spice diet; L, low-dose spice diet; M, medium-dose spice diet; MCP, monocyte chemoattractant protein.

There were no significant between-diet differences in IL-1β,
IL-8, MCP-1, and TNF-α secretion from LPS-stimulated PBMCs
collected from fasted participants (Figure 2F, H–J, Supplemental
Table 6). However, there was a significant main effect of diet on
IL-6 secretion (Figure 2G, Supplemental Table 6) (P = 0.036).
IL-6 secretion was significantly lower (−202.06 ± 86.04 pg/mL;
P = 0.041) after MSD consumption than after HSD consumption,
but not compared with LSD in fasted participants. No change
from baseline was observed for any cytokine after consuming any
of the diets (Figure 2F–J, Supplemental Table 6).

Postprandial proinflammatory cytokine concentrations in
plasma

A carryover effect was observed in postprandial plasma IL-1β

and TNF-α concentrations. There was a significant main effect
of time on postprandial plasma IL-1β (P < 0.001), IL-6 (P <

0.001), IL-8 (P = 0.015), MCP-1 (P < 0.001), and TNF-α (P
< 0.001) (Figure 3A–E, Supplemental Table 7). There was a
significant main effect of diet on postprandial plasma IL-1β (P
= 0.012), IL-8 (P = 0.020), and TNF-α (P = 0.009) (Figure 3A,
C, E, Supplemental Table 7), but not on plasma IL-6 and MCP-1
(Figure 3B, D, Supplemental Table 7). Mean postprandial plasma

IL-1β, IL-8, and TNF-α concentrations were significantly lower
(−9.47 ± 2.70 fg/mL, −0.20 ± 0.05 pg/mL, and −33.28 ± 12.35
fg/mL, respectively; P = 0.008, P = 0.015, and P = 0.013,
respectively) after consuming a medium-dose spice test meal
containing 3.675 g of spices after 4 wk on the MSD intervention
than after consuming a low-dose spice test meal containing
0.613 g of spices after 4 wk on the LSD intervention.

Distribution of monocyte subsets

A representative dot plot shows the CD14-versus-CD16
staining and gating strategy used to identify CMs, IMs, and
NCMs in fasted participants (Figure 4A). No evidence of
a carryover effect was observed in percentage of circulating
monocyte subsets. Using between-diet analysis, a significant
main effect of diet on the percentage of CMs (Figure 4B) (P =
0.031), IMs (Figure 4C) (P = 0.044), and NCMs (Figure 4D) (P
= 0.016) was observed (Supplemental Table 6). The percentage
of CMs was significantly reduced (−5.81% ± 2.06%; P =
0.028) after consuming HSD compared with MSD, but not
compared with LSD. The percentage of IMs was significantly
reduced (−1.33% ± 0.60%; P = 0.034) after consuming MSD,
but not HSD, compared with LSD. The percentage of NCMs
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FIGURE 3 Change in postprandial plasma IL-1β (A), IL-6 (B), IL-8 (C), MCP-1 (D), and TNF-α (E) concentrations after test meal ingestion after LSD,
MSD, and HSD consumption for 4 wk in adults at risk of cardiometabolic disease. Data are mean ± SEM. n = 43. HSD, high-dose spice diet; LSD, low-dose
spice diet; MCP, monocyte chemoattractant protein; MSD, medium-dose spice diet.

was significantly increased (5.58% ± 1.92%; P = 0.012) after
consuming HSD compared with MSD, but not compared with
LSD. Using within-diet analysis, after consuming the HSD,
there was a reduction from baseline in the percentage of CMs
(−4.53% ± 2.45%; P < 0.05) and an increase from baseline in
the percentage of NCMs (4.61% ± 2.29%; P < 0.05) (Figure 4B,
D, Supplemental Table 6).

Foamy monocytes and the expression of CD11c on monocyte
subsets

No evidence of a carryover effect was observed in the
percentage of foamy monocytes and their surface expression of
CD11c. There was a positive correlation between the percentage
of foamy monocytes and the mean fluorescence intensity (MFI)
of CD11c among the total monocyte population (r = 0.48; P =
0.003), CMs (r = 0.45; P = 0.006), IMs (r = 0.41; P = 0.014),
and NCMs (r = 0.44; P = 0.007) in fasted participants (data
pooled from participants after 4 wk on all 3 diets) (Figure 5A–D).

Using between-diet analysis, no significant effect of diet
was observed on the percentage of foamy monocytes among
total monocytes or within each monocyte subset (Figure 5E,
Supplemental Table 6). However, using within-diet analysis, after

consuming the MSD, there was a reduction from baseline in the
percentage of foamy monocytes in the total monocyte population
(−36.43 ± 9.82 MFI; P < 0.05); in CMs (−36.66 ± 10.42 MFI;
P < 0.05); in IMs (−35.21 ± 9.88 MFI; P < 0.05); and in NCMs
(−31.06 ± 10.13 MFI; P < 0.05) (Figure 5E, Supplemental
Table 6).

Between-diet analysis showed a significant main effect of
diet on CD11c expression on total monocytes (P = 0.012),
CMs (P = 0.016), IMs (P = 0.041), and NCMs (P = 0.010)
(Figure 5F, Supplemental Table 6). There was a greater reduction
in CD11c expression on total monocytes after consuming MSD
than after consuming HSD (−5.18 ± 1.69 MFI; P = 0.010),
but not compared with LSD; on CMs after consuming MSD
than after consuming HSD (−4.99 ± 1.65 MFI; P = 0.012),
but not compared with LSD; and on NCMs after consuming
LSD and MSD than after consuming HSD (−6.20 ± 2.64 and
−5.87 ± 2.03 MFI, respectively; P = 0.016 and P = 0.040,
respectively) (Figure 5F, Supplemental Table 6). Using within-
diet analysis, there was a significant reduction from baseline in
CD11c expression on total monocytes after consuming LSD and
MSD (−6.12 ± 2.62 and −7.40 ± 2.68 MFI, respectively; P <

0.05), on CMs after consuming LSD and MSD (−5.83 ± 2.72
and −7.13 ± 2.80 MFI, respectively; P < 0.05), on IMs after
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FIGURE 4 Change in the percentage of monocyte subsets after consuming L, M, and H for 4 wk in fasted adults at risk of cardiometabolic disease. (A)
Representative dot plot of CD14 and CD16 expression and the gate of monocyte subsets. (B–D) Change in the percentages of (B) CMs, (C) IMs, and (D)
NCMs after spice consumption. Labeled means without a common letter differ, P < 0.05. ∗Significant change from baseline, P < 0.05. Data are mean ± SEM.
n = 23. CM, classical monocyte; H, high-dose spice diet; IM, intermediate monocyte; L, low-dose spice diet; M, medium-dose spice diet; NCM, nonclassical
monocyte.

consuming LSD and MSD (−7.84 ± 4.61 and −8.54 ± 3.46 MFI,
respectively; P < 0.05), and on NCMs after consuming LSD and
MSD (−6.37 ± 2.24 and −6.70 ± 2.48 MFI, respectively; P <

0.05) (Figure 5F, Supplemental Table 6).

The expression of adhesion molecules and chemokine
receptors on monocyte subsets

Evidence of a carryover effect was detected in CCR2 expres-
sion on NCMs. Between-diet analysis showed no main effect
of diet on CCR2 expression in CMs (Figure 6A, Supplemental
Table 6), but a significant main effect of diet on CCR2 expression
in IMs (P = 0.037) and in NCMs (P = 0.002) (Figure 6B,
C, Supplemental Table 6). There was a greater expression of
CCR2 in IMs after consuming HSD, but not MSD, than after
consuming LSD (12.05 ± 4.97 × 103 MFI; P = 0.031); and in
NCMs after consuming MSD, but not HSD, than after consuming
LSD (1.04 ± 0.36 × 103 MFI; P = 0.002). Within-diet analysis
showed that there was a significant increase from baseline in
CCR2 expression in IMs after consuming HSD (10.52 ± 6.36 ×
103 MFI; P < 0.05) and in NCMs after consuming MSD (0.89
± 0.34 × 103 MFI; P < 0.05) (Figure 6B, C, Supplemental
Table 6).

No other significant between- and within-diet differences were
observed on the expression of CCR5, CD11b, CD49d, L-selectin,
and P-selectin glycoprotein ligand-1 (PSGL-1) in each monocyte
subset (Supplemental Figure 4, Supplemental Table 6).

Adherence and migration indexes of monocyte subsets

No evidence of a carryover effect was observed in the
adherence and migration indexes of monocyte subsets. Between-
diet analysis showed a significant main effect of diet on the
adherence index of CMs (P = 0.040), but not on the adherence
indexes of IMs and NCMs (Figure 6D, Supplemental Table 6).
There was a lower adherence index of CMs after consuming
HSD, but not MSD, than after consuming LSD (−0.86 ±
0.34; P = 0.034). Within-diet analysis showed a reduction

from baseline in the adherence index of IMs after consuming
MSD (−0.54 ± 0.08; P < 0.05) (Figure 6D, Supplemental
Table 6).

Between-diet analysis showed a significant main effect of
diet on the migration index of IMs (P = 0.005) and NCMs (P
= 0.013), but not in CMs (Figure 6E, Supplemental Table 6).
The migration index of IMs was lower after consuming MSD
and HSD than after consuming LSD (−0.39 ± 0.09 and −0.56
± 0.14, respectively; P = 0.041 and 0.004, respectively); the
migration index of NCMs was lower after consuming HSD than
after consuming MSD (−0.55 ± 0.15; P = 0.012), but not
compared with LSD. Within-diet analysis showed that there was
a decrease from baseline in the migration index of CMs after
consuming LSD, MSD, and HSD (−0.34 ± 0.10, −0.32 ± 0.10,
and −0.51 ± 0.23, respectively; P < 0.05); an increase from
baseline in the migration index of IMs after consuming LSD (0.43
± 0.12; P < 0.05); and an increase from baseline in the migration
index of NCMs after consuming MSD (0.46 ± 0.22; P < 0.05)
(Figure 6E, Supplemental Table 6).

Discussion
This is the first controlled feeding study to evaluate the

effect of 4 wk of spice consumption at different doses in
an average American diet on inflammatory mediators related
to cardiometabolic risk. We observed a reduction in plasma
IL-6 and IL-6 secretion from LPS-stimulated PBMCs after
4 wk of MSD consumption, but no other changes in circulating
or PBMC-derived cytokines when participants were fasted.
Moreover, we observed a significant postprandial reduction in
plasma IL-1β, IL-8, and TNF-α concentrations after ingestion
of a test meal containing a medium dose (3.675 g) of spices
after 4 wk of MSD consumption compared with ingesting
a test meal containing a low dose (0.613 g) of spices after
4 wk of LSD consumption. In fasted participants, HSD and
MSD had differential effects on the distribution of, and CCR
expression in, monocyte subsets. Furthermore, consumption
of the HSD reduced adherence of CMs (compared with the
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FIGURE 5 Correlation between the percentage of foamy monocytes and the expression of CD11c on total monocytes (A), CMs (B), IMs (C), and NCMs
(D) and change in the percentage of foamy monocytes in monocyte subsets (E) and their surface expression of CD11c (F) after consuming L, M, and H for 4
wk in fasted adults at risk of cardiometabolic disease. Labeled means without a common letter differ, P < 0.05. ∗Significant change from baseline, P < 0.05.
Data are mean ± SEM. n = 12. CM, classical monocyte; H, high-dose spice diet; IM, intermediate monocyte; L, low-dose spice diet; M, medium-dose spice
diet; MFI, mean fluorescence intensity; NCM, nonclassical monocyte.

LSD) and migration of IMs (compared with the LSD) and
NCMs (compared with the MSD). Collectively, 4 wk of MSD
consumption may reduce circulating IL-6 and blunt meal-induced
proinflammatory cytokines in circulation, and modulate the
phenotype and function of monocytes.

We previously demonstrated no effect of acute spice consump-
tion (6 g) on postprandial plasma cytokine concentrations, but a
robust effect of acute spice consumption (6 g) on IL-1β, IL-8, and
TNF-α secretion from LPS-stimulated PBMCs when the spice
blend was delivered in a high-saturated-fat, high-carbohydrate
meal (16). Findings from the current study and our previous work
(16) suggest 4 wk of MSD consumption diminishes postprandial
plasma cytokine responses but the timing at which cytokines
are measured in plasma in relation to meal ingestion may be
a critical factor to consider. Plasma polyphenol concentrations
reach their peak 3 h after consuming a polyphenol-rich beverage
and return to fasting concentrations 6 h after meal consumption
(38). Our data support these findings and suggest circulating
bioactive compounds in the MSD may mediate a beneficial effect
during the postprandial period.

Monocytes invade the arterial wall during atherogenesis and
drive disease progression (6). Each monocyte subset exhibits
distinct phenotypic and functional properties that contribute to
inflammatory responses (8, 39–43) and may play a role in

atherogenesis. Based on the proatherogenic function of CMs
observed in mice (44) and humans (45), CMs are hypothesized
to be involved in the pathogenesis of CVD (44). A higher
percentage of IMs is observed in patients with atherosclerosis
than in healthy controls, suggesting IMs may also be involved
in the process of CVD development (14, 46). We demonstrated
that HSD consumption reduced the percentage of CMs compared
with MSD, and MSD consumption reduced the percentage of
IMs compared with LSD, suggesting that an MSD and HSD may
influence the distribution of monocyte subsets with inflammatory
potential. In contrast, we observed an increase in the percentage
of NCMs after consuming an HSD compared with an MSD
and baseline. Several studies report a proatherogenic role of
NCMs in humans (47, 48), whereas other studies report an
atheroprotective role of NCMs in preclinical models (49, 50).
Additional studies are needed to determine if consuming an HSD
reduces atherosclerotic risk via modulating the percentage of
NCMs.

We observed that MSD consumption reduced the percent-
age of total foamy monocytes compared with baseline, and
reduced CD11c expression on total monocytes, CMs, and
NCMs compared with an HSD. Previous studies report an
inhibitory effect of spice-derived bioactives, such as curcumin
(51), capsaicin (52), and piperine (53), on intracellular lipid
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FIGURE 6 Change in the expression of CCR2 on CMs (A), IMs (B), and
NCMs (C), in the adherence of monocyte subsets to HUVECs (D), and in the
trans-endothelial migration of monocyte subsets through HUVECs (E) after
consuming L, M, and H for 4 wk in fasted adults at risk of cardiometabolic
disease. Labeled means without a common letter differ, P < 0.05. ∗Significant
change from baseline, P < 0.05. Data are mean ± SEM. CCR2, n = 23.
Adherence and migration indexes, n = 6. CCR2, C-C chemokine receptor
type 2; CM, classical monocyte; H, high-dose spice diet; HUVEC, human
umbilical vein endothelial cell; IM, intermediate monocyte; L, low-dose spice
diet; M, medium-dose spice diet; MFI, mean fluorescence intensity; NCM,
nonclassical monocyte.

accumulation in THP-1 human monocytes and RAW 264.7
murine macrophages. However, the dose of spice needed to
achieve any potential atheroprotective effect is unclear, because
we observed differential effects of the MSD and HSD on
the percentage of foamy monocytes, CD11c expression, and
adhesion/migration of monocytes.

In a chronic low-grade inflammatory state, TNF-α activates
vascular endothelial cells to produce MCP-1 (54, 55). Monocytes
are recruited to the site of vascular inflammation through CCR2,
an MCP-1 receptor (56, 57). We observed an increased CCR2
expression on IMs after HSD consumption and on NCMs

after MSD consumption. However, increased CCR2 expression
on monocytes did not correspond to elevated adherence and
migration into the subendothelial space, a crucial first step
for atherogenesis (58). We demonstrated HSD consumption
reduced the adherence of CMs to HUVECs and trans-endothelial
migration of IMs and NCMs. Previous in vitro studies reported
that spice-derived bioactives, such as gingerenone A (59, 60)
and curcumin (61, 62), attenuated adherence and/or migration
of monocytes through vascular endothelial cells. The reduction
in migration of CMs compared with baseline after consuming
all 3 diets may be due to differences in the habitual diets of
the participants compared with the meal plan developed for
this study. Many adults in the United States do not meet the
dietary recommendations for fruits and vegetables (63); thus, our
experimental diets likely included more fruits and vegetables than
those the participants typically consume, which may have had a
beneficial effect on monocyte migration.

Although a dose–response relation between phytochemical
consumption and chronic disease risk is reported (64), we
observed differences between the MSD and HSD on proin-
flammatory cytokine concentrations, with MSD consumption
conferring greater reduction than HSD consumption. There may
be a nonlinear relation (e.g., U-shaped dose response) between
spice consumption and inflammatory cytokine modulation. The
HSD may have a high phenolic content with pro-oxidant activity
that may induce oxidative stress either by generating reactive
oxygen species or by inhibiting the antioxidant defense system
(52). Thus, it is plausible there is a dosage of bioactive
compounds that is optimal in the MSD range (2.715–5.785 g/d),
and the HSD may have higher concentrations of bioactives with
counteractive effects. Additional studies are needed to test these
hypotheses.

A major strength of our study is the controlled-feeding design
that eliminated the influence of dietary factors other than spices
on the endpoints measured. Moreover, this is the first study
that we know of to examine the effect of multiple doses of
longer-term (4 wk) spice consumption on inflammatory cytokines
and the phenotype/function of monocyte subsets. Previous
studies highlighted an association between monocyte subset
distribution and the development of atherosclerosis and CVD
(65), and that dietary factors may modulate this relation (66).
Thus, studying the effect of dietary factors on each monocyte
subset may clarify their role in the inflammatory process and
atherosclerotic risk. A limitation of our study is that our spice
blend included 24 different spices, thus the role of any individual
spice on inflammatory outcomes cannot be determined. We also
did not measure polyphenolic content in plasma, which may
underlie the differences observed between the MSD and HSD on
inflammatory outcomes and monocyte function. Furthermore, we
only had 1 baseline visit after randomization, which limited our
ability to definitively evaluate any carryover effect of the diets.
Lastly, analysis of multiple outcomes may increase the likelihood
of a type 1 error. Thus, these results need to be interpreted with
caution and evaluated in subsequent studies.

In conclusion, incorporation of a medium (2.715–5.785 g/d)
dosage of spices into an average American diet for 4 wk may
reduce inflammatory cytokines and alter monocyte function,
which may confer an atheroprotective effect. However, additional
studies are needed to explore the mechanisms underlying the
differences in inflammatory outcomes after consumption of an
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MSD compared with an HSD, cytokine response kinetics in a fed
compared with a fasted state, and how spice consumption alters
monocyte phenotype and function.
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