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Objectives. Carrageenan is well known to cause inflammation and is used in laboratory experiments to study mediators and
treatments of inflammation. However, carrageenan is added to hundreds of processed foods to improve texture. Previous work
indicated that low concentrations of carrageenan in drinking water caused marked glucose intolerance and insulin resistance in
a mouse model. This exploratory, clinical study tested the impact of the no-carrageenan diet in prediabetes. Research Design and
Methods. Participants with prediabetes (1 =13), defined as HbAlc of 5.7%-6.4%, enrolled in a 12-week, randomized, parallel-
arm, feeding trial. One group (n = 8) was provided all meals and snacks with no carrageenan. A second group (n =5) received a
similar diet with equivalent content of protein, fat, and carbohydrate, but with carrageenan. Blood samples were collected at
baseline and during oral glucose tolerance tests at 6 and 12 weeks. The primary outcome measure was changed in %HbAlc
between baseline and 12 weeks. Statistical analysis included paired and unpaired t-tests, correlations, and 2x2 ANOVAs.
Results. Subjects on no carrageenan had declines in HbAlc and HOMA-IR (p = 0.006, p = 0.026; paired ¢-test, two tailed). They
had increases in C-peptide (p =0.029) and Matsuda Index (2.1 £ 0.7 to 4.8 +£2.3; p =0.052) and declines in serum IL-8, serum
galectin-3, and neutrophil phospho-(Ser307/312)-IRS1 (p =0.049, p =0.003, and p = 0.006; paired t-tests, two tailed). Subjects
on the diet with carrageenan had no significant changes in these parameters. Significant differences between no-carrageenan and
carrageenan-containing diet groups for changes from baseline to 12 weeks occurred in C-peptide, phospho-Ser-IRS1, phospho-
AKTI1, and mononuclear cell arylsulfatase B (p=0.007, p=0.038, p=0.0012, and p=0.0008; 2x2 ANOVA). Significant
correlations were evident between several of the variables. Conclusions. Findings indicate improvement in HbAlc and HOMA-
IR in participants on no-carrageenan diets, but not in participants on carrageenan-containing diets. Significant differences
between groups suggest that removing carrageenan may improve insulin signaling and glucose tolerance. Larger studies are
needed to further consider the impact of carrageenan on development of diabetes.

1. Introduction

Carrageenan is added to hundreds of processed foods, due to
its ability to improve the texture and the solubility of other
ingredients in processed foods. Following extraction from
red seaweed, carrageenan is obtained and incorporated into
a wide variety of food products, as well as pharmaceuticals,
cosmetics, and other manufactured items. Carrageenan is

composed of sulfated or unsulfated D-galactose residues
which are linked in alternating 3-1,4 and «-1,3 galactose-
galactose bonds. Three major types of carrageenan are used
in food products. These are ¢ (iota), x (kappa), and A
(lambda), which vary in the extent and sites of sulfation. Car-
rageenan is found in hundreds of food products, including
ice cream, chocolate milk, yogurt, soymilk, beer, deli meats,
infant formula, salad dressings, nutritional supplements,
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and many other processed foods [1, 2]. Daily intake of car-
rageenan in food was calculated to be about 100 mg/day in
adults in the United States in the 1970s [1]. More recently,
intake has been estimated by food industry publications to
be 18-40 mg/kg/day, indicating potential intake of several
grams daily [3]. In addition to its use in food products, car-
rageenan is added to a variety of other products, including
toothpaste, room air deodorizers, and cosmetics. Coinci-
dentally with widespread and increasing industrial uses,
carrageenan has been used for decades in thousands of exper-
iments in the scientific laboratory, due to its ability to provoke
inflammation [1, 4]. Carrageenan-induced inflammation has
been used to test the effectiveness of anti-inflammatory thera-
pies and to investigate mediators of inflammation in experi-
mental models, indicated by over 11,000 references in
PubMed. Previous studies showed that carrageenan initiates
inflammation in intestinal epithelial cells by activating a path-
way of innate immunity mediated by TLR4-BCL10 and by
production of reactive oxygen species (ROS) [5-9].

Since insulin resistance is associated with activation of
TLR4-initiated inflammation [10-12], the impact of carra-
geenan exposure on glucose tolerance and insulin signaling
in C57BL/6] mice was tested. When exposed to a low con-
centration of carrageenan in their water supply, the exper-
imental mice were glucose intolerant by six days [13, 14].
Oral carrageenan caused systemic inflammation, leading to
impaired insulin signaling in the mouse liver. Carrageenan
exposure inhibited insulin signaling by effects on both
hepatic phospho-insulin receptor substrate 1 (IRS1) and
growth-factor receptor bound protein 10 (GRB10) [13-15].
Carrageenan increased phospho-(Ser307/312)-IRS1, a nega-
tive regulator of insulin signaling, and reduced phospho-
Tyr-IRS1, a positive regulator of insulin signaling. These
experiments showed that oral exposure to carrageenan pro-
duced extraintestinal inflammatory effects in rodents which
led to glucose intolerance. Animal studies by food industry
scientists have also demonstrated the impact of carrageenan
exposure on glycosuria [16]. Additional mechanisms by
which carrageenan can lead to insulin resistance have been
reported by other investigators [17]. In addition, carra-
geenan increased serum galectin-3 and increased binding
of galectin-3 with the insulin receptor in the carrageenan-
induced mouse model of nonobese diabetes [18]. Since
galectin-3 interaction with the insulin receptor has been
identified as a mechanism of insulin resistance [19], these
findings support an additional mechanism by which carra-
geenan exposure can impair insulin signaling.

In the typical Western diet, carrageenan is consumed in
greater quantity than in the mice in our experiments. Aver-
age daily carrageenan consumption in the United States
was estimated in one report to be 250 mg/day, or ~4.2 mg/kg
(250 mg/60kg) [20, 21], considerably less than the amount
reported by the industry [3]. In our experiments in the
C57BL/6] mouse model, carrageenan was supplied in the
drinking water at a concentration of 10 yg/ml. With an aver-
age consumption of about 5ml of water per day in mice
weighing about 25 g, daily carrageenan intake was ~2 mg/kg
(=50 pug/25g), much less than the conservative estimate of
daily human consumption [13].
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This is the first study to directly address whether or not
carrageenan intake in the human diet affects glucose tolerance
and insulin resistance. We hypothesize that carrageenan-
induced effects on insulin signaling and inflammation con-
tribute to glucose intolerance and insulin resistance.

2. Research Design and Methods

2.1. Study Design. This pilot investigation was designed as a
randomized, parallel-arm, clinical trial in which participants
and study personnel who interacted with participants, with
the exception of the study dietician, were blinded as to diet
assignment. The study protocol was approved by the Institu-
tional Review Board of the University of Illinois at Chicago
(UIC), was supported by the American Diabetes Association,
and was registered on the ClinicalTrials.gov website (“Impact
of the no-Carrageenan Diet on Glucose Tolerance in Predia-
betes” NCT02720393). The investigators had no conflict of
interest with regard to the study. All participants provided
written informed consent but were not asked to give consent
for publication of individual data. Data supporting study
conclusions are included within this report, and additional
data are available upon request by written communication
with JKT. CONSORT recommendations for transparent
reporting of clinical trials were observed [22]. The study flow
diagram is presented in Figure 1. Throughout the study,
participants received their medical care from their per-
sonal physicians, who were blinded to the diet assignment.
Data in all study records were anonymized, and records
were compiled with a code for identification. Study proce-
dures ended in June 2018.

The primary outcome measure was changed in HbAlc
after 12 weeks of study participation. The secondary measure
was changed in HOMA-IR, based on fasting glucose and
insulin determinations at the time of glucose tolerance tests
performed at onset of participation and after 12 weeks. Based
on findings in previous mechanistic studies, additional out-
come measures of interest were the inflammatory measures:
serum IL-8, cellular phospho-(Ser307)-IRS1, and phospho-
(Ser473)-AKT1. These had been shown to be modified in
previous studies of carrageenan exposure [13-15].

2.2. Study Recruitment and Enrollment. Participants were
recruited intermittently from January 2015 to February
2018. Potential participants responded to announcements
posted in the General Medicine clinics of UI (University of
Illinois) Health and in e-mails to the University of Illinois
at Chicago (UIC) community. Respondents communicated
by email or telephone to indicate their interest in participa-
tion, completed a telephone screening to assess eligibility,
and scheduled a visit to the Clinical Research Center (CRC)
on the UIC campus. Entry criteria included over 18 years of
age, HbAlc of 5.7%-6.4% for at least 3 months, stable exer-
cise routine, on no medication that affected blood sugar, able
to pick up food weekly at the College of Applied Health Sci-
ences (AHS) kitchen on the UIC campus, stable weight, and
able to complete food questionnaires in English. Exclusion
criteria included: previous diagnosis of diabetes; use of corti-
costeroids; serious underlying medical condition, including


https://clinicaltrials.gov/ct2/show/NCT02720393

Journal of Diabetes Research 3

Assessed for eligibility

[ Enrollment ]
(n=104)

Excluded (n = 63)

| Randomized (n = 41) |

No-carrageenan group | | Carrageenan group

A A

r |

Allocated to intervention (n = 21) (

Received allocated intervention (n = 9)

did not receive allocated intervention
(n=12)

)
Allocation J Allocated to intervention (n = 20)

Received allocated intervention (n = 5)
did not receive allocated intervention
(n=15)

¢ Follow-up ] v

Lost to follow-up (1 = 0)
Discontinued intervention (n = 12)
[did not like the diet, inconvenient]

Analyzed (n = 8)
Excluded from analysis (n = 13)

Lost to follow-up (1 = 0)
Discontinued intervention (n = 15)
[did not like the diet, inconvenient]

Analysis ] ¢

Analyzed (n =5)
Excluded from analysis (n = 15)

F1gure 1: CONSORTdiagram. The CONSORT diagram shows the number of potential participants who responded to recruitment initiatives,
the number who were excluded, the number who were randomized, the number who completed the study diets, and the number who
completed laboratory procedures. One participant on review was found to have hemoglobin Alc below the cutoff for prediabetes and was
excluded from analysis.

TaBLE 1: Baseline and postintervention food intake by group.

Carrageenan-diet group (n =5) No-carrageenan diet group (1 = 8)

Nutrient Baseline Postintervention Baseline Postintervention
Energy (kcal/d) 2425 2405 2250 2211
Protein (% of energy) 16 15 14 15
Carbohydrates (% of energy) 42 48 46 49

Fat (% of energy) 42 37 40 36

Fiber (g) 21 2 20 19
Cholesterol (mg) 301 285 336 296

any disorder that affected red blood cell survival; food aller-
gies or intolerances that impaired ability to adhere to study
diet; or BMI > 40.0 kg/m®. Participants agreed to not increase
their exercise intensity or duration during the study.

2.3. Study Diet and Randomization. Participants were ran-
domized by the study statistician to receive either the no-
carrageenan diet or the comparable carrageenan-containing
diet, including all meals and snacks for 12 weeks, using a
computer-generated random allocation sequence. The
CONSORT diagram (Figure 1) indicates the allocation of
subjects: 21 to no-carrageenan diet group and 20 to
carrageenan-containing diet group. Contents of the study
diets were determined by study dieticians and study
nutritionist-coinvestigator (KV), following conversations
with food companies and evaluation of labels on commercial
tfood products. Energy from dietary fat (~35-40% of energy),
carbohydrate (~40-50% of energy), and protein (~15% of
energy) at baseline and postintervention (Table 1) were similar
for the no-carrageenan and the carrageenan-containing type
of diet. Similar foods with or without carrageenan were

selected for the majority of the dietary items. Caloric con-
tent was intended to maintain weight and baseline calorie
needs were calculated by the Mifflin equation [23]. At base-
line, subjects were classified as sedentary or lightly active
based on self-reported activity level. The activity factor used
for sedentary individuals was 1.2 and for lightly active indi-
viduals was 1.375.

Food was purchased and packaged in the metabolic
kitchen at the University of Illinois, Chicago. Carrageenan-
containing diets included 5 servings a day of carrageenan-
containing foods (total estimated to be ~250mg/day),
predominantly in dairy food items and in processed deli
meats. The amount of carrageenan consumed was assessed
based on reported carrageenan content in the generic food
products [24]. Participants completed daily logs indicating
their adherence to consumption of the study diet contents
and their consumption of nonstudy diet food items. These
records were reviewed in detail by study investigators and
compliance assessed by calculations of the number of non-
study diet food items consumed and of the number of study
diet items not eaten.



2.4. Study Procedures. At the initial visit, potential partici-
pants completed informed consent procedures and had a
blood draw to confirm HbAlc level between 5.7% and
6.4%. Food log, campus map, and stool collection kit were
distributed, and arrangements were made for food pickup
at the College of AHS of UIC. Participants were provided
the study diet for one week at a time, including three meals
daily and snacks, in a wheeled, refrigerated container. Partic-
ipants were weighed at the time of food pick up. Two-hour
oral glucose tolerance tests (OGTT) were performed in the
UIC CRC at 0, 6, and 12 weeks following a 12-hour overnight
fast. Food intake was unrestricted prior to the initial OGTT.
Glucose and insulin were measured in blood samples
collected at baseline and at 30, 60, 90, and 120 minutes fol-
lowing administration of 75 g dextrose. C-peptide levels were
measured in OGTT samples collected at 0- and 30-minute
time points at 0 and 12 weeks (Supplementary Table 1).
Participants also submitted stool samples which were tested
for fecal calprotectin and microbiome. Quality of Life SF-36
questionnaires were completed, participants were weighed
and measured, and vital signs were taken.

2.5. Laboratory Tests. Laboratory procedures were performed
using standard techniques [5, 6, 13, 14]. Blood and stool sam-
ples were collected at 0 and 12 weeks, labeled by CRC desig-
nated, random, study identification, and assayed blindly to
group assignment. Serum was separated and frozen for
ELISA assays for IL-6 (DY206, R&D Systems, Bio-Techne,
Minneapolis, MN), IL-8 (DY208, R&D), MCP-1 (DY279,
R&D), insulin (DY8056, R&D), galectin-3 (DY1154, R&D),
phospho-AKT(S473) (DYC-887B, R&D), phospho-IRS(-
Ser307) (#7287, Cell Signaling Technology, Danvers, MA),
calprotectin 30-CALPHU-EO01, ALPCO, Salem, NH), insulin
(DY8056, R&D), and C-peptide (DICP00, R&D). Arylsulfa-
tase B (ARSB, N-acetylgalactosamine-4-sulfatase) activity
assay was performed as previously described using the exog-
enous substrate 4-methylumbelliferyl sulfate [25]. Human
hemoglobin Alc assay kit (#80099, Crystal Chem, Elk Grove
Village, IL) was used to measure HbA1c% in whole blood.
Peripheral leukocytes were isolated from whole blood and
separated into mononuclear and polymorphonuclear frac-
tions by Polymorphprep™ (Axis-Shield, Inc., Norton, MA)
[25-27]. Samples were frozen in DMSO, stored in a liquid
nitrogen tank, and labeled by study identification number,
without knowledge of participant diet assignment. Perfor-
mance of some laboratory tests was limited by the volume
of the samples that was available. All assays were performed
using the manufacturer’s recommended procedures, with
technical replicates and known standards. HOMA values,
Matsuda Index, oral disposition index, and QUICKI were
calculated using glucose and insulin values from the OGTT
(Supplementary Table 2) [28-32].

2.6. Statistics. Statistical analysis was performed to identify
significant differences between pre- and postintervention test
results in each study group (paired t-test, two tailed) and
between the groups (2x2 ANOVA and unpaired ¢-tests,
two tailed). Unpaired ¢-tests were used to compare the
changes between baseline (0 weeks) and 12 weeks (postdie-
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tary intervention) by group. Correction was performed for
unequal variance when the difference between the squares
of the standard deviations of the group mean change was
more than twofold. Pearson correlation coefficients r and
associated values were determined for the following: hemo-
globin Alc, HOMA-IR, neutrophil phospho-(Ser307/312)-
IRS1, and phospho-(Ser473)-AKT1, serum interleukin-8,
monocyte arylsulfatase B, serum galectin-3, Matsuda Index,
weight, and 0-30-minute difference in C-peptide and insu-
lin values from the OGTTs. No previous data about the
impact of carrageenan withdrawal on HbA1c% were avail-
able to inform the sample size estimate in this pilot study.
High dropout rate was anticipated due to the stringent diet
and 12-week duration. Initial randomization success was
examined by testing group differences in preintervention
data using t-tests. Weight and changes of weight were
tested as potential confounding factors. All statistical tests
were performed while controlling two-sided type I error
probability of 0.05.

3. Results

3.1. Baseline Characteristics of Participants and Compliance
with Study Diet. A total of 104 potential participants
responded to an email notice to the UIC community about
a study of carrageenan in prediabetes (Figure 1). Forty-one
participants passed the screening and were randomized into
carrageenan-containing (# = 20) and carrageenan-free diets
(n=21). The remaining 63 individuals were excluded due
to a variety of reasons, including health issues, intolerance
or allergy to the diet items, or not being able to commit
sufficient time to the study. Twenty-seven participants
dropped out after the randomization. Thirteen participants
completed the study diets, including 8 participants on the
no-carrageenan diet and 5 participants on the carrageenan-
containing diet. Age range, race/ethnicity, and gender of par-
ticipants were similar in the groups (Table 2).

Participants completed weekly logs about their consump-
tion of the study diet which included all meals and snacks,
and their intake of nonstudy food items. Diet compliance of
participants who completed the study diets was similar in
both groups. Average daily consumption of outside foods
was 0.94 £ 0.62 food items. Average daily consumption of
outside foods containing carrageenan was 0.15 +0.16 food
items. The average consumption per participant of
carrageenan-containing foods during the 12 weeks of the
study was 9 in the no-carrageenan group (range: 0-24) and
was 16 (range: 0-39) in the carrageenan-containing diet
group. No harmful effects of the study diet were reported.
Some participants noted that lactose intolerance was aggra-
vated by the study diet, and this was managed by enzyme
supplement and by consultation with the study dietician to
reduce the number of dairy foods while maintaining the pro-
portionate composition of protein, fat, and carbohydrate.

Weights were similar in both groups at baseline, and
there was no significant difference in the change in weight
between the groups. Both groups had declines in weight dur-
ing the course of the study. Average decrease was 3.3 + 4.2 kg
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TaBLE 2: Baseline characteristics of study participants.

Characteristic

Carrageenan-diet group (n =15)

No- carrageenan diet group (1 = 8)

Male : Female
Age (years)
Age range (years)
Race/ethnicity
Asian
African-American
Caucasian
Hispanic or Latino
Not Hispanic or Latino
Body weight (kg)
BMI (kg/m?)
Baseline hemoglobin Alc (%)
Baseline fasting glucose (mg/dl)
Baseline 2-hour glucose in OGTT (mg/dl)
Baseline fasting insulin (¢IU/ml)
Baseline 2-hr insulin in OGTT (uIU/ml)
Baseline C-peptide (ng/ml)
Baseline Matsuda Index
Baseline serum galectin-3 (ng/ml)

Baseline arylsulfatase B (nmol/mg protein/h)

1:4 1:7
41.6+14.9 50.4+9.9
22-63 31-64
1 1
3 6
1 0
0 1
5 7
103 £22 87+ 19
345+53 312+5.5
6.09+0.19 5.94+0.17
96.2+19.5 94.5+11.6
139.3+75.1 164.4 £ 53.0
17.7+17.5 16.6 £9.8
69.1 +49.7 86.8 £46.7
0.86 £ 0.61 1.06 £ 0.51
3.83+2.73 2.12+0.71
8.90 +1.84 8.86+3.03
52.1+2.44 55.5+4.08

All values are reported as mean + SD (standard deviation).

for the carrageenan-containing diet group and 2.6 + 3.1kg
for the carrageenan-free diet group.

3.2. Major Study Outcome Measures: Hemoglobin Alc % and
HOMA-IR. Prediet and postdiet hemoglobin Alc (HbAlc)
and homeostatic assessment of insulin resistance (HOMA -
IR) results were compared between onset and at 12 weeks
in participants on the carrageenan-containing study diet
(Group 1; n=5) and on the carrageenan-free study diet
(Group 2; n=38).

Baseline hemoglobin (Hb) Alc values were similar in the
groups. Average HbAlc for the carrageenan-free diet group
declined significantly (p = 0.006, paired t-test, and two tailed),
whereas the value for the carrageenan-containing diet group
was unchanged (p = 0.95) (Figures 2(a) and 2(b)). The differ-
ence between the groups was not significant (p = 0.12, unpaired
t-test, two tailed, and unequal variance) (Figure 2(c)).

The baseline values for HOMA-IR had no significant dif-
ference between the groups. The average decline for the
carrageenan-containing controlled diet group was 1.00 +
1.67 (p=0.25, paired t-test, and two tailed) (Figure 2(d)).
In contrast, the HOMA-IR of the carrageenan-free diet group
declined by 2.69 +2.71 (p=0.026, paired t-test, and two-
tailed) (Figure 2(e)). The difference between the two groups
was not significant (Figure 2(f)).

3.3. Insulin, C-Peptide, and Matsuda Index from Oral Glucose
Tolerance Tests by Group at 0 and 12 Weeks. Values for
the change between 0 and 30 minute values of insulin
(mIU/L) obtained during oral glucose tolerance tests

(OGTT) at 0 and 12 weeks are shown (Figures 3(a) and
3(b)). Paired t-tests indicated significant differences in par-
ticipants on the no-carrageenan diet, but not on the
carrageenan-containing diet. The distribution of the
changes in the groups between 0 and 12 weeks is pre-
sented (Figure 3(c)). No significant differences were dem-
onstrated between the groups (unpaired ¢-test and 2 x2
ANOVA).

Changes in C-peptide values between 0 and 30 minutes
were compared between baseline and 12 weeks in each group.
Paired t-tests showed significant increases in the C-peptide
values (p =0.029) in the no-carrageenan diet group, but not
in the carrageenan-containing diet group (p=0.123)
(Figures 3(d) and 3(e)). The difference between the two
groups was significant (Figure 3(f)) (p = 0.006, unpaired ¢-test,
two tailed, and unequal variance; p = 0.0072, 2 x 2 ANOVA).

Matsuda Index was calculated using the results of the
OGTT. Differences between baseline and 12-week results were
calculated for each group by paired ¢-tests (Figures 3(g) and
3(h)) (p=0.64 with carrageenan and p =0.052 in the no-
carrageenan group). In the no-carrageenan diet group, mean
Matsuda Index increased from 2.1+ 0.7 to 4.8+ 2.3 and in
the carrageenan-diet group, Matsuda Index increased from
3.8 +2.7t04.4 + 2.4. Differences in the groups were not signif-
icant by unpaired t-test and 2 x 2 ANOVA (Figure 3(i)).

3.4. Impact of Diet on Inflammation: Effects on Serum
Interleukin-8 and Fecal Calprotectin. The distribution of
the initial values for the inflammatory parameters was
similar for the two groups. The average result for IL-8 in
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FiGure 2: Continued.
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Change in HOMA-IR

Carrageenan

No carrageenan

FIGURE 2: Major study outcome measures: hemoglobin Alc % and HOMA-IR. (a) Baseline (0 week) and 12-week values of hemoglobin (Hb)
Alc (%) for the group on the carrageenan-containing diet are shown and were not significantly different (p = 0.95, paired t-test, two tailed,
n=>5). (b) The difference between the 0-week and 12-week HbA1c values were significantly different for participants on the no-carrageenan
diet (p = 0.006; paired t-test, two tailed, n = 8). (c) The distribution of changes between the two groups was not significant (p = 0.12, unpaired
t-test, two tailed, unequal variance; p = 0.068, 2 x 2 ANOVA). (d) The differences between baseline and 12-week HOMA-IR scores were not
significantly different for individuals on the carrageenan-containing diet (p = 0.25, paired ¢-test, two tailed, n = 5). (e) The differences between
the baseline and 12-week HOMA-IR values were significantly different for the individuals on the no-carrageenan diet (p = 0.026, paired ¢-test,
two tailed, unequal variance, n = 8). F. The changes in HOMA-IR scores between the no-carrageenan and carrageenan-containing groups

were not significantly different.

the carrageenan-containing diet group showed no signifi-
cant change (p=0.12, paired t-test, two tailed, n=>5)
(Figure 4(a)). In contrast, the carrageenan-free diet group
had a significant decline (p = 0.049, paired ¢-test, two tailed,
n = 8) (Figure 4(b)). The difference in the changes in values
for the two groups was not significant (Figure 4(c)). Measure-
ments of fecal calprotectin (Figures 4(d)-4(f)), IL-6, and
MCP-1 (not shown) were not significantly different between
baseline and final values in either group or between groups.

3.5. Impact of Diet on Cell-Based Inflammatory Parameters;
Effects on Neutrophil Phospho-(Ser307/312)-IRS1 and Phospho-
(Ser473)-AKTI1. Phospho-(Ser307/312)-IRS1, a marker of
inhibition of insulin signaling at the intersection of inflam-
matory and insulin signaling pathways, was compared in
neutrophils from the participants. The distribution of the ini-
tial values was similar in the two groups. The carrageenan-
containing diet group showed no significant change between
onset and final values (p=0.82, paired t-test, and n=4)
(Figure 5(a)). In contrast, the no-carrageenan group had a signif-
icant decline (p=0.006, paired t-test, two tailed, and n=6)
(Figure 5(b)). The difference between the groups was not signif-
icant (p = 0.08, unpaired ¢-test, two tailed, and unequal variance)
(Figure 5(c)).

Neutrophil phospho-(Ser473)-AKT1,2 increased in all
individuals tested on the no-carrageenan diet (p=0.001,
paired t-test, two tailed, and »n =6) following 12 weeks of
intervention. The carrageenan-containing diet group had
no significant change by paired t-test (p=0.70, n=4)
(Figures 5(d) and 5(e)). Baseline values were similar between
the no-carrageenan and carrageenan-containing diet groups.
The changes between the groups were significant (p = 0.001,
unpaired ¢-test, two tailed, and equal variance; p=0.0012
2x2 ANOVA) (Figure 5(f)).

3.6. Impact of Diet on Mononuclear Arylsulfatase B and
Serum Galectin-3. Arylsulfatase B (ARSB; N-acetylgalactosa-
mine-4-sulfatase) activity was measured in circulating mono-
nuclear cells, since it was previously shown to decline when
colonic epithelial cells were treated with carrageenan and
may be useful as a surrogate marker for carrageenan expo-
sure [33]. Distribution of the initial values was similar
(Figures 6(a) and 6(b)). Following the no-carrageenan diet,
all ARSB activity values increased. Average values increased
significantly, from 55.5 + 4.1 nmol/mg protein/h to 74.9 +
4.2 nmol/mg protein/h (p=0.001, paired t-test, two tailed,
and n = 6). The average result for the carrageenan-containing
diet group was 52.1 + 2.4 nmol/mg protein/h at baseline and
52.2 + 1.5 nmol/mg protein/h at 12 weeks, showing no signifi-
cant change (p = 0.98, paired t-test, and n = 4). The difference
in the changes between the two groups was significant
(p =0.0008, unpaired t-test, two tailed, and unequal variance;
p =0.0008, 2x2 ANOVA) (Figure 6(c)).

Decline in ARSB leads to increased chondroitin 4-sulfate
(C4S), since ARSB is required for the degradation of C4S.
Previously, galectin-3 was shown to bind less to chondroitin
4-sulfate when ARSB was reduced [34], and to bind with the
insulin receptor and contribute to insulin resistance [19].
Hence, increased ARSB activity may lead to a decline in
serum galectin-3 and to reduced insulin resistance. To test
this potential mechanism by which carrageenan can contrib-
ute to insulin resistance, serum galectin-3 levels were mea-
sured in study participants. Galectin-3 values were similar
at study onset and declined significantly in the no-
carrageenan diet group, from 8.56 +2.93ng/ml to 7.25+
2.23ng/ml (p=0.003, paired t-test, two tailed, and n=8)
(Figure 6(e)), with no change in the carrageenan-containing
diet group (p =0.94, paired t-test, and n =5) (Figure 6(d)).
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FIGURE 3: Impact of diet on changes in 0-30 minute insulin and C-peptide levels in oral glucose tolerance tests and on changes in Matsuda
Index between 0 and 12 weeks. (a). Serum Insulin was measured at baseline and at 30, 60, 90, and 120 minutes following administration
of oral glucose load in glucose tolerance tests. The differences between 0 and 30 minutes were determined, and these levels at baseline and
after dietary intervention for 12 weeks are shown. No difference was evident for individuals on the carrageenan-containing diet (paired ¢
-test, two tailed, and n =5). (b). For individuals on the no-carrageenan diet, there was no significant difference between the baseline and
12-week levels (n=7). (c). No significant differences between the no-carrageenan and carrageenan-containing diet groups were detected
(p =0.073, unpaired t-test, two tailed, and unequal variance; p = 0.087, 2 x 2 ANOVA) for the change from 0 to 12 weeks in the difference
between 0 and 30 minutes. (d). Serum C-peptide levels were measured at baseline and at 30 minutes following administration of oral
glucose in the OGTT. The differences between the 0 and 30 minutes values were compared between baseline and 12 weeks. No difference
was detected in the individuals on the carrageenan-containing diet (p =0.12, paired ¢-test, two tailed, and #n =5). (e). For participants on
the no-carrageenan diet, there was a significant difference between the baseline and the 12-week levels (p = 0.029, paired ¢-test, two tailed,
and »n =6). (f). The differences between 0 and 30 minutes were compared and were significant (p = 0.006, unpaired ¢-test, two tailed, and
unequal variance; p = 0.007, 2 x 2 ANOVA) between the change from 0 to 12 weeks in the no-carrageenan vs. the carrageenan-diet group.
(g). Matsuda Index was calculated at baseline and 12 weeks using the values of insulin and glucose from the OGTT. No significant
difference was detected between baseline and 12 weeks for subjects on the carrageenan-containing diet (n = 5). (h). The difference between
individuals on the no-carrageenan diet approached statistical significance (p = 0.053, paired t-test, two tailed, n =6). (i). No significant
difference was evident between the groups.

The overall difference between carrageenan-free and 4. Discussion
carrageenan-containing diets was not significant (Figure 6(f)).

Study results indicate that participants on the no-

3.7. Correlations between Variables of Interest. Correlations
between variables for which paired t-tests or 2 x 2 ANOVA
were significant were determined (Table 3). The most signif-
icant positive correlations were between the changes between
baseline and 12 weeks in: HbAlc and p-Ser-IRS1 (r =0.94,
p <0.0001); galectin-3 and p-Ser-IRSI (r = 0.89, p = 0.0006);
C-peptide and insulin values, using the differences between 0
and 30 minutes from the OGTTs (r=0.88, p=0.0004);
and arylsulfatase B and phospho-AKT1 (r=0.88, p=
0.0009). Other significant results, including the negative cor-
relation between phospho-Ser-IRS1 and phospho-Ser-AKT
(r=-0.72, p=10.018), are consistent with established insulin
signaling pathways.

carrageenan study diet had declines in HbAlc and
HOMA-IR (paired t-tests). In contrast, the participants
who received the carrageenan-containing study diet did
not have any significant declines in HbAlc or HOMA-IR.
Other significant before-after changes in the participants on
the no-carrageenan diet include declines in serum IL-8,
serum galectin-3, and neutrophil phospho-(Serine307/312)-
IRS1. Increases include arylsulfatase B, phospho-(Ser473)-
AKT1, C-peptide, and Matsuda Index. Significant differences
between groups occurred in neutrophil phospho-(Ser473)-
AKT and neutrophil phospho-(Ser307/312)-IRS1, C-peptide,
and mononuclear ARSB activities. These results suggest
that the decline in carrageenan exposure led to improved
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F1GURE 4: Impact of diet on inflammation: effects on serum interleukin-8 and fecal calprotectin. (a). Baseline and 12-week levels of serum IL-8
levels (pg/ml) were not significantly different in participants on the control diet (1 = 5). (b). In contrast, the change in IL-8 levels between 0
and 12 weeks was significant for the participants on the no-carrageenan diet (p = 0.049; paired ¢-test, two tailed, unequal variance, and n = 7).
(c). The changes in IL-8 postdietary intervention were not significantly different between the groups. (d). Fecal calprotectin was not
significantly changed between 0 and 12 weeks in participants on the diet with carrageenan (n =5). (e). The difference between baseline
and study end was not significantly different for participants on the no-carrageenan diet (p = 0.13; paired ¢-test, two tailed, n=7). (f). No
difference between groups was detected.
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F1GURE 5: Impact of diet on cell-based inflammatory parameters; effects on neutrophil phospho-(Ser307/312)-IRS1 and phospho-(Ser473)-
AKT1. (a). Baseline and 12-week values of neutrophil phospho-(Ser307/312)-IRS1, measured as optical density (O.D.)/mg cell protein,
were similar for the carrageenan-containing diet group (n=4). (b). In contrast, the 0- to 12-week decline was significant in the no-
carrageenan group (p =0.006, paired t-test, two tailed, and n=6). (c). The changes in neutrophil phospho-(Ser307/312)-IRS1 between
the no-carrageenan and carrageenan-containing diet groups were not significantly different (p=0.08, unpaired t-test, two tailed, and
equal variance; p=0.00122 x 2 ANOVA). (d). Phospho-(Ser473)-AKT1 (ng/mg protein) was measured by ELISA in neutrophils from
participants. There was no significant difference between the baseline and 12-week results in subjects on the carrageenan-containing
study diet (p=0.70, paired t-test, two tailed, n=4). (e). In contrast, participants on the no-carrageenan diet had marked increase in
phospho-(Ser473)-AKT1, consistent with the decline in phospho-(Ser307/312)-IRS1 (p =0.001, paired t-test, two tailed, and n =6). (f).
There was a significant difference between carrageenan-containing and no-carrageenan diet groups (p=0.0012, unpaired t-test, two

tailed, and equal variance).
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F1GURE 6: Impact of diet on mononuclear arylsulfatase B and serum galectin-3. (a). Mononuclear ARSB activity (nmol/mg protein/h) was not
significantly different between baseline and 12 weeks in the participants on the carrageenan-containing diet (p = 0.98, paired ¢- test, two tailed,
and n =4). (b). In the no-carrageenan diet, the mononuclear ARSB activity increased significantly (p = 0.001, paired ¢-test, two tailed, and
n=6). (c). The changes in mononuclear ARSB activity were different between the carrageenan-free and carrageenan-containing diet
groups (p=0.0008, unpaired t-test, two tailed, and unequal variance). (d). Serum galectin-3 was similar at 0 and 12 weeks in the
carrageenan-containing diet group (p=0.94, paired t-test, two tailed, n=4). (e). In the carrageenan-free diet group, serum galectin-3
declined significantly between baseline and 12 weeks (p = 0.003, paired t-test, two tailed, n = 6). (f). The difference in the change in serum
galectin-3 between the two groups was determined (p = 0.13, unpaired ¢-test, two tailed, and unequal variance).

insulin signaling. Although study numbers are small, the
data show significant improvement in neutrophil mediators
of insulin signaling in participants on the no-carrageenan
diet, with increased phospho-(Ser473)-AKT1 and reduced

phospho-(Ser307/312)-IRS1. These findings are consistent
with our previously published findings in hepatic tissue of
carrageenan-exposed mice, in which carrageenan exposure
increased phospho-(Ser307/312)-IRS1 and reduced phospho-
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(Ser473)-AKT1, and thereby inhibited insulin signaling and
impaired glucose tolerance [13, 14, 18]. The unexpected
increase in C-peptide in the participants on the carrageenan-
free diet suggests that removal of carrageenan may also lead
to increased insulin production or secretion.

Although the study diets were not intended for to weight
loss, mean weight declined in both groups. There was no sig-
nificant difference in the weight change between the groups,
and average weight loss was less in the no-carrageenan diet
group. Although it is unclear why subjects lost weight, the
participants may have found the three-day rotating menu
to be unappealing for 12 weeks. They may have underre-
ported their lack of consumption of the study diet, since food
allotment was adjusted to provide enough calories to main-
tain weight. To our knowledge, participants did not increase
their physical activity during study participation. A decline in
HbAlc did not occur in the carrageenan-exposed group,
although average weight loss was greater than in the no-
carrageenan group. In our previously reported mouse
studies, carrageenan exposure, in contrast to high-fat diet,
was not associated with weight gain and the carrageenan
model of diabetes is a nonobese model [14, 18]. Additional
studies are needed to determine how carrageenan exposure
or removal of carrageenan might affect obesity-associated
inflammation in individuals with diabetes or prediabetes.

The implications of the study findings are limited by the
small sample size, since a type 1 error cannot be excluded.
Initial recruitment was high, but retention of recruited study
participants was less than anticipated. Participants indicated
dissatisfaction with being on the restricted study diet for 12
weeks and with the inconvenience of picking up their food
weekly. Abstinence from beer, which generally contains car-
rageenan, was a major factor in the reluctance of some indi-
viduals to follow the study diet. Other study limitations
included the relatively short duration of the study and the
occurrence of weight loss in participants, who likely did not
eat all of the food provided in the study diets due to their per-
sonal preferences. Also, most study participants were female,
so findings may be related to gender. No specific biomarker
of carrageenan consumption is available, limiting confirma-
tion of dietary compliance/noncompliance, and no lipid data
are available for study participants. Another study limitation
is the lack of specific information about volume and intensity
of exercise throughout the study. Although a criterion of par-
ticipation was agreed to not modify exercise during the study,
it is possible that change in exercise contributed to weight
loss and improved glucose tolerance.

Study findings support and build upon our previous find-
ings with carrageenan-fed mice and carrageenan-treated
human cells, which linked carrageenan exposure with glu-
cose intolerance and insulin resistance. Previous findings elu-
cidated the pathways by which carrageenan interferes with
the insulin response, by effects on signaling cascades medi-
ated by ROS, phospho-IRS1, and GRB10. Now, we include
effects of carrageenan on ARSB and galectin-3 as additional
mechanisms which may contribute to impaired insulin sig-
naling. Identification of the impact of carrageenan with-
drawal on mononuclear arylsulfatase B activity and on
serum galectin-3 is biochemical evidence that ingestion of

Journal of Diabetes Research

carrageenan can affect the metabolism of sulfated glycosami-
noglycans (GAGs) and the molecular pathways regulated by
more or less binding with the sulfated GAGs. The observed
decline in serum galectin-3 is consistent with previous
reports of mimicry by carrageenan of the naturally occurring
sulfated GAGs, particularly chondroitin 4-sulfate (C4S) [35].
Carrageenan was shown to reduce activity of ARSB, and the
binding of galectin-3 to C4S was reported to decline when
ARSB activity was less and C4S was thereby increased [34].
Hence, carrageenan exposure may also impact insulin signaling
through ARSB and chondroitin 4-sulfate-mediated changes in
free galectin-3, as suggested by the findings in this report and
animal studies [18]. Li et al. reported that hematopoietic-
derived galectin-3 binds to the insulin receptor and inhibits
downstream signaling [19]. We suggest that carrageenan-
induced changes in ARSB and C4S may impact galectin-3 avail-
ability and contribute to the effect on HbAlc that we report.
Also, in other works, a decline in ARSB led to increased C4S
and increased binding of C4S with SHP2 (PTPNI11), the ubiq-
uitous nonreceptor tyrosine phosphatase [36-38]. Increased
binding of SHP2 with C4S reduced SHP2 activity, leading to
sustained phosphorylation of several mediators, including
phospho-ERK1/2, phospho-JNK, and phospho-p38 MAPK.
Inhibition of SHP2 has been linked to changes in insulin signal-
ing [39], and it is possible that effects of carrageenan, mediated
through ARSB and chondroitin sulfation, may modify SHP2
activity and impact insulin signaling through these pathways.

Different types of dietary interventions have been pre-
viously evaluated for effectiveness in prevention of T2D
[40-45]. The effects of these interventions have often been
attributed to effects on beta cells, although effects on inflam-
mation have also been considered. The impact of carrageenan
on beta cells is unknown, and the increase in C-peptide in this
study is a new finding. Maintenance of weight loss and sus-
tained long-term dietary modification beyond the duration
of study participation are well-recognized challenges in diabe-
tes prevention through dietary intervention [45].

This report suggests that in individuals with prediabe-
tes removal from the diet of the common food additive
carrageenan is a novel intervention that may help prevent
T2D. The study diet completely eliminated the proinfla-
mmatory, commonly used food additive carrageenan from
the diet. In twelve weeks, HbAlc declined by an average of
0.12% in study participants on the no-carrageenan diet. It
is uncertain whether or not the HbAlc would continue to
decline with ongoing removal of carrageenan from the
diet. Further studies are needed to clarify the precise
mechanisms by which the specific elimination of
carrageenan-containing foods can affect glucose tolerance
in the long term. Although food industry scientists have
published several studies in support of the safety of carra-
geenan [3, 46], the overwhelming evidence in the literature
and that reported on PubMed indicates that carrageenan
exposure predictably causes inflammation and leads to sig-
nificant physiological consequences [47]. The impact of
removing carrageenan from the diet in patients with estab-
lished diabetes and impaired beta cell function needs
further investigation. Effects of carrageenan on the fecal
microbiome, lymphocyte subsets, lipid parameters, and
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other inflammatory parameters may also contribute to the
impact of carrageenan on glucose metabolism and human
health.

Data Availability

Data supporting study conclusions are included within this
report, and additional data are available from the corre-
sponding author upon request.

Conflicts of Interest

The authors have no conflict of interest with regard to this
manuscript.

Authors’ Contributions

Leo Feferman and Sumit Bhattacharyya are co-first authors.

Acknowledgments

The authors acknowledge the contributions of the staff of the
Clinical Research Center and the Center for Clinical and
Translational Science (CCTS) of the University of Illinois at
Chicago (UIC) and the dietary interns of the Department of
Nutrition and Kinesiology of the College of Applied Health
Sciences of UIC. Funding was given by the American Diabe-
tes Association to JKT ((ADA) 1-16-ICTS-114) and the
National Center for Advancing Translational Sciences,
National Institutes of Health through Grant UL1TR002003
to the UIC CCTS. The authors acknowledge the use of
facilities and resources of the Jesse Brown VAMC. The
authors acknowledge the Research Open Access Publishing
(ROAAP) Fund of the University of Illinois at Chicago for
the financial support towards the open access publishing fee
for this publication.

Supplementary Materials

Supplementary Table 1: “Results of glucose, insulin, and C-
peptide determinations during OGTT at baseline and postin-
tervention.” Supplementary Table 2: “Oral disposition index,
HOMA-IR, Matsuda Index, QUICKI, and %S at 0 and 12
weeks.” (Supplementary Materials)

References

[1] J. K. Tobacman, “Review of harmful gastrointestinal effects of
carrageenan in animal experiments,” Environmental Health
Perspectives, vol. 109, no. 10, pp- 983-994, 2001.

[2] Cornucopia Institute, “Carrageenan Report and Buyer’s
Guide,” 2016, https://www.cornucopia.org.

[3] M. L. Weiner, “Food additive carrageenan: part II: a critical
review of carrageenan in vivo safety studies,” Critical Reviews
in Toxicology, vol. 44, no. 3, pp. 244-269, 2014.

[4] European Food Safety Authority (EFSA), “Re-evaluation of
carrageenan (E-407) and processed Eucheuma seaweed as
food additives,” 2018, https://www.efsa.europa.eu/en/
efsajournal/pub/5238.

15

[5] S.Bhattacharyya, R. Gill, M.-L. Chen et al., “Toll-like receptor
4 mediates induction of the Bcl10-NF«B-Interleukin-8 inflam-
matory pathway by carrageenan in human intestinal epithelial
cells,” Journal of Biological Chemistry, vol. 283, no. 16,
pp. 10550-10558, 2008.

S. Bhattacharyya, A. Borthakur, P. K. Dudeja, and J. K. Tobac-

man, “Carrageenan induces interleukin-8 production through

distinct Bcll0 pathway in normal human colonic epithelial
cells,” American Journal of Physiology Gastrointestinal and

Liver Physiology, vol. 292, no. 3, pp. G829-G838, 2007.

S. Bhattacharyya, P. K. Dudeja, and J. K. Tobacman, “Carra-

geenan-induced NFkappaB activation depends on distinct

pathways mediated by reactive oxygen species and Hsp27 or

by Bcl10,” Biochimica et Biophysica Acta, vol. 1780, no. 7-8,

pp. 973-982, 2008.

[8] A.Borthakur, S. Bhattacharyya, A. N. Anbazhagan, A. Kumar,

P. K. Dudeja, and J. K. Tobacman, “Prolongation of

carrageenan-induced inflammation in human colonic epithe-

lial cells by activation of an NFxB-BCL10 loop,” Biochimica

et Biophysica Acta, vol. 1822, no. 8, pp. 1300-1307, 2012.

S. Bhattacharyya, H. Liu, Z. Zhang et al, “Carrageenan-

induced innate immune response is modified by enzymes

that hydrolyze distinct galactosidic bonds,” The Journal of

Nutritional Biochemistry, vol. 21, no. 10, pp. 906-913,

2010.

[10] M.R.Dasu, S. Devaraj, S. Park, and . Jialal, “Increased toll-like
receptor (TLR) activation and TLR ligands in recently diag-
nosed type 2 diabetic subjects,” Diabetes Care, vol. 33, no. 4,
pp. 861-868, 2010.

[11] M. J. Kolek, J. F. Carlquist, J. B. Muhlestein et al., “Toll-like
receptor 4 gene Asp299Gly polymorphism is associated with
reductions in vascular inflammation, angiographic coronary
artery disease, and clinical diabetes,” American Heart Journal,
vol. 148, no. 6, pp. 1034-1040, 2004.

[12] H. Shi, M. V. Kokoeva, K. Inouye, I. Tzameli, and H. Yin,
“TLR4 links innate immunity and fatty acid-induced insulin
resistance,” The Journal of Clinical Investigation, vol. 116,
no. 11, pp. 3015-3025, 2006.

[13] S. Bhattacharyya, I. O-Sullivan, S. Katyal, T. Unterman, and
J. K. Tobacman, “Exposure to the common food additive car-
rageenan leads to glucose intolerance, insulin resistance and
inhibition of insulin signalling in HepG2 cells and C57BL/6]
mice,” Diabetologia, vol. 55, no. 1, pp. 194-203, 2012.

[14] S. Bhattacharyya, L. Feferman, T. Unterman, and J. K. Tobac-
man, “Exposure to common food additive carrageenan alone
leads to fasting hyperglycemia and in combination with high
fat diet exacerbates glucose intolerance and hyperlipidemia
without effect on weight,” Journal of Diabetes Research,
vol. 2015, Article ID 513429, 13 pages, 2015.

[15] S. Bhattacharyya, L. Feferman, and J. K. Tobacman, “Carra-
geenan inhibits insulin signaling through GRB10-mediated
decrease in Tyr(P)-IRS1 and through inflammation-induced
increase in Ser(P)307-IRS1,” Journal of Biological Chemistry,
vol. 290, no. 17, pp. 10764-10774, 2015.

[16] M. L. Weiner, H. E. Ferguson, B. A. Thorsrud et al,, “An infant
formula toxicity and toxicokinetic feeding study on carra-
geenan in preweaning piglets with special attention to the
immune system and gastrointestinal tract,” Food and Chemical
Toxicology, vol. 77, pp. 120-131, 2015.

[17] T. W. Jung, S. Y. Lee, H. C. Hong et al., “AMPK activator-
mediated inhibition of endoplasmic reticulum stress amelio-
rates carrageenan-induced insulin resistance through the

=
2

g
)

o
X


http://downloads.hindawi.com/journals/jdr/2020/8267980.f1.pdf
https://www.cornucopia.org
https://www.efsa.europa.eu/en/efsajournal/pub/5238
https://www.efsa.europa.eu/en/efsajournal/pub/5238

16

(18]

(19]

(20]

(21]

(22]
(23]

(24]
[25]

(26]

(27]

(28]

(29]

(30]
(31]

(32]

(33]

(34]

(35]

suppression of selenoprotein P in HepG2 hepatocytes,” Molec-
ular and Cellular Endocrinology, vol. 382, no. 1, pp. 66-73,
2014.

S. Bhattacharyya, L. Feferman, and J. K. Tobacman, “Distinct
Effects of carrageenan and high-fat consumption on the mech-
anisms of insulin resistance in nonobese and obese models of
type 2 diabetes,” Journal of Diabetes Research, vol. 2019, Arti-
cle ID 9582714, 14 pages, 2019.

P. Li, S. Liu, M. Lu et al., “Hematopoietic-derived galectin-3
causes cellular and systemic insulin resistance,” Cell, vol. 167,
no. 4, pp. 973-984.e12, 2016.

J. West and K. A. Miller, California’s Marine resources: A Sta-
tus Report. Agarophytes and carrageenophytes, California
Department of Fish and Game, 2001.

Britannica Academic, “Algae,” Encyclopeedia Britannica, 2010,
http://search.eb.com/eb.article-31714.

http://www.consort-statement.org/.

M. D. Mifflin, S. T. St Jeor, L. A. Hill, B. J. Scott, S. A. Daugh-
erty, and Y. O. Koh, “A new predictive equation for resting
energy expenditure in healthy individuals,” The American
Journal of Clinical Nutrition, vol. 51, no. 2, pp. 241-247, 1990.

http://www.fao.org/docrep/X5822E/x5822¢05.htm.

S. Bhattacharyya, T. Shumard, H. Xie et al., “A randomized
trial of the effects of the no-carrageenan diet on ulcerative coli-
tis disease activity,” Nutrition and Healthy Aging, vol. 4, no. 2,
pp. 181-192, 2017.

G. Sharma, J. Burke, S. Bhattacharyya et al., “Reduced Arylsul-
fatase B activity in leukocytes from cystic fibrosis patients,”
Pediatric Pulmonology, vol. 48, no. 3, pp. 236-244, 2013.

Z.Zhang, L. F. Amorosa, S. M. Coyle et al., “Insulin-dependent
regulation of mTORC2-Akt-FoxO suppresses TLR4 signaling
in human leukocytes: relevance to type 2 diabetes,” Diabetes,
vol. 65, no. 8, pp. 2224-2234, 2016.

T. M. Wallace, J. C. Levy, and D. R. Matthews, “Use and abuse
of HOMA modeling,” Diabetes Care, vol. 27, no. 6, pp. 1487-
1495, 2004.

https://www.dtu.ox.ac.uk/homacalculator/download.php.
http://mmatsuda.diabetes-smc.jp/MIndex.html.

K. M. Utzschneider, R. L. Prigeon, M. V. Faulenbach et al.,
“Oral disposition index predicts the development of future
diabetes above and beyond fasting and 2-h glucose levels,”
Diabetes Care, vol. 32, no. 2, pp. 335-341, 2009.

A. Katz, S. S. Nambi, K. Mather et al., “Quantitative insulin
sensitivity check index: a simple, accurate method for assessing
insulin sensitivity in humans,” The Journal of Clinical Endocri-
nology and Metabolism, vol. 85, no. 7, pp. 2402-2410, 2000.

B. Yang, S. Bhattacharyya, R. Linhardt, and J. Tobacman,
“Exposure to common food additive carrageenan leads to
reduced sulfatase activity and increase in sulfated glycosami-
noglycans in human epithelial cells,” Biochimie, vol. 94,
no. 6, pp. 1309-1316, 2012.

S. Bhattacharyya, L. Feferman, and J. K. Tobacman, “Arylsul-
fatase B regulates versican expression by galectin-3 and AP-1
mediated transcriptional effects,” Oncogene, vol. 33, no. 47,
pp. 5467-5476, 2014.

S. Bhattacharyya and J. K. Tobacman, “Molecular signature of
kappa-carrageenan mimics chondroitin-4-sulfate and derma-
tan sulfate and enables interaction with arylsulfatase B,” The
Journal of Nutritional Biochemistry, vol. 23, no. 9, pp. 1058
1063, 2012.

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

(45]

(46]

Journal of Diabetes Research

S. Bhattacharyya, L. Feferman, and J. K. Tobacman, “Chon-
droitin sulfatases differentially regulate Wnt signaling in pros-
tate stem cells through effects on SHP2, phospho-ERK1/2, and
Dickkopf Wnt signaling pathway inhibitor (DKK3),” Oncotar-
get, vol. 8, no. 59, pp- 100242-100260, 2017.

S. Bhattacharyya, L. Feferman, X. Han et al., “Decline in aryl-
sulfatase B expression increases EGFR expression by inhibiting
the protein-tyrosine phosphatase SHP2 and activating JNK in
prostate cells,” Journal of Biological Chemistry, vol. 293, no. 28,
pp. 11076-11087, 2018.

S. Bhattacharyya, L. Feferman, and J. K. Tobacman, “Inhibi-
tion of phosphatase activity follows decline in sulfatase activity
and leads to transcriptional effects through sustained phos-
phorylation of transcription factor MITF,” PLoS One, vol. 11,
no. 4, article e0153463, 2015.

C. Dai, X. Wang, Y. Wu et al., “Polarity protein AF6 controls
hepatic glucose homeostasis and insulin sensitivity by modu-
lating IRS1/AKT insulin pathway in an SHP2-dependent man-
ner,” Diabetes, vol. 68, no. 8, pp. 1577-1590, 2019.

N. D. Guess, “Dietary interventions for the prevention of type
2 diabetes in high-risk groups: current state of evidence and
future research needs,” Nutrients, vol. 10, no. 9, p. 1245, 2018.

T. D. Filippatos, D. B. Panagiotakos, E. N. Georgousopoulou
et al,, “Mediterranean diet and 10-year (2002-2012) incidence
of diabetes and cardiovascular disease in participants with pre-
diabetes: the ATTICA study,” The Review of Diabetic Studies,
vol. 13, no. 4, pp. 226-235, 2016.

K. Esposito, P. Chiodini, M. I. Maiorino, G. Bellastella,
D. Panagiotakos, and D. Giugliano, “Which diet for preven-
tion of type 2 diabetes? A meta-analysis of prospective stud-
ies,” Endocrine, vol. 47, no. 1, pp. 107-116, 2014.

J. Salas-Salvadd, M. Bulld, N. Babio et al., “Reduction in the
incidence of type 2 diabetes with the Mediterranean diet:
results of the PREDIMED-Reus nutrition intervention ran-
domized trial,” Diabetes Care, vol. 34, no. 1, pp. 14-19, 2011.

F. Jannasch, J. Kroger, and M. B. Schulze, “Dietary patterns
and type 2 diabetes: a systematic literature review and meta-
analysis of prospective studies,” The Journal of Nutrition,
vol. 147, no. 6, pp. 1174-1182, 2017.

J. S. Haw, K. I. Galaviz, A. N. Straus et al., “Long-term sustain-
ability of diabetes prevention approaches: a systematic review
and meta-analysis of randomized clinical trials,” JAMA Inter-
nal Medicine, vol. 177, no. 12, pp. 1808-1817, 2017.

J. M. McKim, J. A. Willoughby Sr., W. R. Blakemore, and M. L.
Weiner, “Clarifying the confusion between poligeenan, degraded
carrageenan, and carrageenan: a review of the chemistry, nomen-
clature, and in vivo toxicology by the oral route,” Critical Reviews
in Food Science and Nutrition, vol. 14, pp. 1-20, 2018.

[47] https://www.ncbi.nlm.nih.gov/pubmed/?term=carrageenan

+and+inflammation.


http://search.eb.com/eb.article-31714
http://www.consort-statement.org/
http://www.fao.org/docrep/X5822E/x5822e05.htm
https://www.dtu.ox.ac.uk/homacalculator/download.php
http://mmatsuda.diabetes-smc.jp/MIndex.html
https://www.ncbi.nlm.nih.gov/pubmed/?term=carrageenan+and+inflammation
https://www.ncbi.nlm.nih.gov/pubmed/?term=carrageenan+and+inflammation

	Carrageenan-Free Diet Shows Improved Glucose Tolerance and Insulin Signaling in Prediabetes: A Randomized, Pilot Clinical Trial
	1. Introduction
	2. Research Design and Methods
	2.1. Study Design
	2.2. Study Recruitment and Enrollment
	2.3. Study Diet and Randomization
	2.4. Study Procedures
	2.5. Laboratory Tests
	2.6. Statistics

	3. Results
	3.1. Baseline Characteristics of Participants and Compliance with Study Diet
	3.2. Major Study Outcome Measures: Hemoglobin A1c % and HOMA-IR
	3.3. Insulin, C-Peptide, and Matsuda Index from Oral Glucose Tolerance Tests by Group at 0 and 12 Weeks
	3.4. Impact of Diet on Inflammation: Effects on Serum Interleukin-8 and Fecal Calprotectin
	3.5. Impact of Diet on Cell-Based Inflammatory Parameters; Effects on Neutrophil Phospho-(Ser307/312)-IRS1 and Phospho-(Ser473)-AKT1
	3.6. Impact of Diet on Mononuclear Arylsulfatase B and Serum Galectin-3
	3.7. Correlations between Variables of Interest

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

