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Abstract: Type 2 diabetes (T2D) is characterized by hyperglycemia and insulin resistance. Cocoa
may slow T2D development and progression. This study employed male and female BTBR.Cg-
Lep®/Wisc] and wild type (WT) controls to assess the potential for cocoa to ameliorate progressive
T2D and compare responses between sexes. Mice received diet without (WT, ob/ob) or with cocoa
extract (ob/ob + c) for 10 weeks. Glucose and insulin tolerance tests (GTT/ITT) were conducted at
weeks 1, 5 and 2, 6, respectively. Cocoa provided mild non-significant protection against weight
gain vs. ob/ob control in males but not females. Male ob/ob + ¢ had increasing fasting glucose at weeks
1 and 5 GTTs, with significantly higher levels of fasting glucose than ob/ob control at week 5. This
was not seen in females. Cocoa protected against elevated 4-hour fasting glucose in week 2, but not
week 6, ITTs. Cocoa partly suppressed hyperinsulinemia in males but significantly amplified it in
females and protected against loss of beta cell area in females only. The mechanisms of these sex-
specific effects remain to be elucidated. This study informs additional experiments with larger sam-
ple sizes and demonstrates that sex differences must be considered when designing dietary inter-
ventions for T2D.
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1. Introduction

Diabetes is a health crisis, imposing great public health and socio-economic burdens globally. Type 1 diabetes
(T1D) is preceded by inflammation and an autoimmune response leading to pancreatic beta cell destruction, whereas
type 2 diabetes (T2D) is often preceded by inflammation and chronic metabolic stress as well as pancreatic beta cell
dysfunction [1]. While beta cell dysfunction is traditionally viewed as a late-stage event in T2D, growing data suggest
that beta cell dysfunction may be an early event [2-4]. The International Diabetes Federation reported in 2019 that ap-
proximately 463 million adults worldwide were living with diabetes [5]. It is estimated that 90% of cases are T2D, with
another 374 million people at risk of developing T2D by 2045 [5]. Mismanagement of T2D results in chronic complica-
tions, including cardiovascular disease, kidney failure, neuropathy, and retinopathy. It is critical to develop effective
strategies for T2D prevention and management. Obesity is one of the most prominent risk factors for T2D, as it can
result in progressive insulin resistance [6,7]. In an insulin resistant state, perceived insulin demand is heightened, re-
sulting in increased stress on pancreatic beta cells- ultimately increasing beta cell mass and disrupting the balance of
proliferation and apoptosis [8]. This combination of hyperinsulinemia and dysregulated beta cell physiology is, in
large part, the precursor to beta cell exhaustion and failure and ultimately hypoinsulinemia in late-stage T2D.

Flavanols have drawn interest for their potential role in T2D prevention and management [9-11]. Cocoa (Theo-
broma cacao) is one of the most concentrated dietary sources of flavanols [12-14]. Numerous preclinical studies have
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suggested a potential anti-diabetic role for cocoa flavanols [15]. The majority of these studies focus on obesity, hyper-
glycemia, and insulin resistance. Few studies have examined the impact of cocoa flavanols on beta cell function. Pan-
creatic beta cells secrete insulin and are responsible for maintenance of glucose homeostasis, along with glucagon-
secreting alpha cells. Physiological conditions accompanying T2D, such as chronic oxidative stress and inflammation,
eventually induce beta cell failure and death and accelerate the progression of disease [6]. Promising studies suggest
that cocoa and other sources of flavanols protect beta cells in vitro [8,16-19] and in vivo [20-22], but this has not been
investigated as thoroughly as protective effects in adipose tissue and skeletal muscle. We previously demonstrated
that bioavailable monomeric flavanols enhance beta cell function by increasing mitochondrial respiration [23]. Human
studies of cocoa in the context of obesity and hyperglycemia have had mixed results [24-28]. To effectively harness the
potential benefits of cocoa in humans, more information from preclinical models is needed regarding the specific con-
texts (disease state, genetics, and sex) in which cocoa may be effective.

Rodent T2D models include insulin resistance and beta cell failure phenotypes. Popular monogenic models in-
clude Lepoet (“ob/ob”), Leprd/® (“db/db”), and Zucker diabetic fatty rats (ZDF). These models are deficient in leptin sig-
naling and exist in a state of perceived starvation, consuming excess food but suppressing energy expenditure [29].
The db/db and ZDF models develop hyperglycemia and diabetes around 8-10 weeks of age whereas ob/ob are hypergly-
cemic by 4 weeks [30]. Environmental models include high fat feeding and/or streptozotocin (5TZ) administration.
High fat feeding mirrors human disease more accurately than genetic models but involves slow development of beta
cell damage, while STZ rapidly induces hyperglycemia by damaging pancreatic beta cells. Low-dose STZ along with
high fat diet is an accelerated T2D model [30]. In this pilot study, we aimed to employ an aggressive T2D model with
the potential to reach beta cell exhaustion and failure. To achieve this, the 0ob/ob mutation on the novel BTBR (black
and tan, brachyuric) background (BTBR.Cg-Lept/Wisc]) was used with wild type (WT) controls. Although data on
T2D progression in BIBR ob/ob mice are limited, a few groups have compared this model with ob/ob mice on the
C57BL/6] (B6) background genome [29,31-34]. In BTBR background ob/ob mice, there are significant genetic differ-
ences in tissues that play a key role in glucose metabolism response in obesity, compared to B6 background mice.
BTBR ob/ob mice progress more rapidly to late-stage T2D and experience a loss of specific microRNAs (miRNAs) in
pancreatic islet cells, potentially resulting in an inability to increase beta cell replication in response to obesity that
happens on the B6 background [35]. BIBR ob/ob mice have significantly higher food intake and gain significantly more
weight than B6 ob/ob, and display glycosuria [29].

Our objectives were to perform a pilot study to 1) determine the potential for cocoa to ameliorate progressive
T2D, and 2) compare sex differences in the response of severely T2D mice to cocoa supplementation. We hypothesized
that cocoa supplementation would protect against progressive T2D, but that efficacy would differ based on sex.

2. Results

2.1 Animal genotyping. Results from genotyping of fixed liver tissue are presented in Supplementary Table 1. Animals
were ordered and shipped directly from Jax and through this analysis it was identified that one animal (male, ob/ob + c
(Q)) did not carry the ob mutation on either allele. This mouse has been removed from analysis and the male ob/ob + ¢
treatment thus has n=2.

2.2 Cocoa. Composition measures of cocoa extract are shown in Table 1. The yield of CE from powder was 18%, which
was higher than the anticipated 10% that was used to calculate diet formulations. The estimated total polyphenol and
total flavanol content of the extract were 0.25 + 0.008 mg GAE/mg CE and 0.200 + 0.013 mg PCB2 equivalents/mg CE,
respectively. The mDP of all flavanols was 2.14 + 0.024 mDP. The mDP of flavanols other than monomeric flavanols
was 2.55 £ 0.048. UPLC-MS/MS analysis of individual procyanidins is described in Table 1. The values reported in
these analyses generally agree with our previous analyses of cocoa extract [36,37].
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Table 1: Cocoa extract characterization

Measure Value
Total polyphenols (Folin) 0.25+0.01
(mg GAE/mg extract + SEM?)
Total flavanols (DMACQ) 0.20+0.01
(mg PCB2/mg extract + SEMP)
Mean degree of polymerization (thiolysis) Including monomers: 2.14 + 0.02
(mDP + SEM)« Excluding monomers: 2.55 + 0.05
Procyanidin characterization (LC-MS/MS)
(mg/g extract + SEM)
Catechin 8.56 +£0.10
Epicatechin 18.9£0.36
Dimer 5.69+0.16
Trimer 6.74+0.23
Tetramer 3.93 £ 0.043
Pentamer 3.61 +£0.078
Hexamer 1.61£0.11
Heptamer 1.27 +0.14
Octamer 0.664 + 0.027
Nonamer 0.376 + 0.041
Decamer 0.119 £ 0.019

*Gallic acid equivalents
bProcyanidin B2 equivalents

‘Mean degree of polymerization (monomer residues per flavan-3-ol molecule)

2.3 Body weights and food intake. Weight gain (as a % of initial weight) and food intake are presented in Figure 1 (male:
A-C, and female: D-F). Absolute weights are presented in Supplementary Figure 1. WT male and female mice on the
CE-free control diet experienced very similar weight gain, approximately 12 g total (~30% increase of initial body
weight) over 10 wks (Figures 1B, E). Interestingly, the homozygotes (ob/ob) fed the control diet exhibited significant
variation in weight gain in both sexes, with weight gains of ~2-30 g (~0-50% increase of initial weight). It is unclear
whether this phenotypic variation is typical on the BTBR background, but it is possible that this variation could be
partially due to weight loss (or, in this case, lack of weight gain despite ob/ob-induced hyperphagia) that may be exhib-
ited in severely diabetic animals and humans [38—40]. WT male and female had a larger % weight gain, when ex-
pressed as % of initial (Figures 1B and E), compared to ob/ob controls but this is likely a factor of the higher initial
weights of ob/ob in both sexes (Supplementary Figure 1 A, C). While no statistically significant differences were ob-
served (due to small sample size and large variability in the ob/ob on the control diet), CE supplementation appeared
to have distinct effects in male vs. female mice: CE appeared to slightly reduce weight gain in males, with no such
trend (or slight gain) apparent in females. The ob/ob mice for both sexes ate more food compared to WT controls (Fig-
ures 1C and F), consistent with the known hyperphagia phenotype in ob/ob mice. Importantly, the inclusion of CE did
not appear to reduce food intake in ob/ob mice, indicating that observed changes in body composition, metabolism, or
other markers in the CE treatment were not due to reduced caloric intake. This finding has been reported before for
equivalent doses of intact cocoa [41,42]. Based on the average food intake and body weights over the course of the
study for each sex (male: 1082 and 1224 g diet/kg body weight/week in ob/ob vs. ob/ob + c, respectively; female: 1114
and 1270 g diet/kg body weight/day in ob/ob vs. ob/ob + ¢, respectively), the average intake of CE was approximately
9791 mg CE/kg body weight/week for male ob/ob + ¢ and 10163 mg CE/kg body weight/week for female ob/ob + c.
Given our actual CE yield of 18% from cocoa powder, these CE intakes correspond to doses of flavanols equivalent to
~54300-56500 mg whole cocoa powder/kg cage weight/week. Although we did not measure intake daily, assuming
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equal distribution over time, this corresponds 7800-8100 mg cocoa powder/kg body weight/d ~1400-1450 mg CE/kg
body weight/d (Supplementary Figure 2). This dose corresponds to previous work, reporting approximately 5700 mg
cocoa powder/kg body weight/d, when utilizing C57BL/6] mice- a model that consumes lower quantities of food than
that of the ob/ob strain utilized in this pilot study [42].
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Figure 1. Weight gain and food intake during the 10-week experiment for male (A-C) and female (D-F) mice. Male mice: weight
gain over time (% of initial) (A), total weight gain as a % of initial (B) and food intake over time (C). Female mice: weight gain over
time (% of initial) (D), total weight gain as a % of initial (E) and food intake over time (F). Dots represent individual animals;
colored bars and error bars represent mean = SEM. For bar graphs, data were analyzed by 1-way ANOVA; due to lack of observed
overall treatment effect for any graph, no post hoc tests were performed to compare treatment means. Error bars and statistical
analyses are not shown for food intake, as each value is from n=1 cage.

2.4 Glycemic control. GTT results from weeks 1 and 5 are shown in Figure 2. Fasting blood glucose values are shown in
Figure 2A and B. Although not statistically significant due to the small sample size, the fasting blood glucose values of
the ob/ob control mice had already begun to separate themselves from the WT controls at week 1 of the study (week 5
of age overall). Fasting glucose values for ob/ob + c were not significantly different from ob/ob controls but were signifi-
cantly elevated compared to WT controls at week 1 in males, but not females. It is important to note that for week 1
measurements, only 1.5-2 days had passed since the start of dietary intervention. While fasting blood glucose values
did not change for WT mice between weeks 1 and 5 for either sex, values for ob/ob controls and o0b/ob + c groups signifi-
cantly worsened in both sexes over the same period. At week 5, the male fasting blood glucose values were signifi-
cantly different for all groups, with levels for ob/ob + c greater than those for the ob/ob controls, which in turn were
greater than WT controls. The trends in males indicate that fasting blood glucose worsened in ob/ob mice over time, as
expected. Data for female mice were more intriguing. As expected, fasting blood glucose for both ob/ob treatments
worsened over time. While not statistically significant, there was an indication towards reduced fasting blood glucose
in the ob/ob + c group compared to the ob/ob controls at both 1 and 5 weeks in females.
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Figure 2. Glucose tolerance test measures. Six hour fasting blood glucose levels prior to glucose tolerance tests at weeks 1 and 5 for
male (A) and female (B) mice. Blood glucose excursion curves during i.p. glucose tolerance tests at weeks 1 and 5 for male (C,E)
and female (D,F) mice. Dots represent individual animals; colored bars and error bars represent mean + SEM. Data were analyzed
by 2-way ANOVA: treatment (Trt), time (T, time 0-120 min or week 1 vs. 5), and significance of main effects/interactions are
shown in inset boxes for each graph. If a significant main effect or interaction was detected, Sidak (time) or Tukey’s (treatment) post
hoc tests for multiple comparisons were performed: *, **, *** and *** indicate P < 0.05, P <0.01, P <0.001 and P < 0.0001,
respectively. Lower-case and upper-case superscript letters indicate significance for week 1 and week 5, respectively. Graphs without
inset boxes did not show significant main effects/interactions. Blood glucose area under the curve (AUC) for week 5 GTT (G, H).
Values are presented as mean + SEM. Data were analyzed by 1-way ANOVA. If a significant treatment effect was detected, Tukey’s
post hoc test was performed to compare treatment means. Bars not sharing a common superscript letter are significantly different
(P<0.05). It must be noted that the maximum glucometer reading was 600 mg/dL and therefore in some cases the true glucose
reading could not be determined. The apparent lack of variability among high readings is not necessarily representative of a lack of
biological variability, but rather a limitation in the instrumentation utilized.

Blood glucose excursion curves for GTTs at weeks 1 and 5 are shown in Figures 2C-F. Male and female WT had
minimal induction of hyperglycemia across week 1 and week 5 GTT measurements compared to ob/ob and ob/ob + ¢
treatments. At week 1, although only supplemented with cocoa for 2 days, cocoa supplementation appeared to signifi-
cantly improve blood glucose clearance (at 90 min) in males and generally reduce blood glucose in females at all time
points compared to ob/ob controls, suggesting an acute effect. Male ob/ob had lower blood glucose levels at 2 h com-
pared to female ob/ob at week 1. At week 5, glycemic control had significantly worsened for both male ob/ob and ob/ob
+ c compared to week 1. CE supplementation appeared to worsen glycemic control at week 5 for males, as blood glu-
cose levels were higher for ob/ob + ¢ compared to ob/ob; AUCs were not significantly different for these 2 groups, alt-
hough ob/ob + c appeared slightly higher. Similarly, glycemic control had significantly worsened for both female ob/ob
and ob/ob + c compared to week 1. Interestingly, glycemic control appeared worse for ob/ob females compared to males
at week 5. Note that the apparent lack of variability and flat glucose curves for the female ob/ob and male ob/ob + ¢ mice
at week 5 is due to the large number of readings above the measurable scale of the glucometer (600 mg/dL maximum),
which were all recorded as 600 mg/dL for calculation purposes. It is unknown how high these values were, and actual
differences, if present, were not detectable due to the limitations of the glucometer. Week 5 GTT maximum blood glu-
cose level (Cmax) and excursion from baseline values are illustrated in Supplementary Figure 3.

2.5 Insulin sensitivity. ITT results from weeks 2 and 6 are shown in Figure 3. Fasting blood glucose values are shown in
Figures 3A, B. For males, glucose was elevated in ob/ob and ob/ob + ¢ mice compared to WT controls at 2 and 6 weeks.
In females, distinct effects on fasting blood glucose were observed compared to males. At 2 weeks, ob/ob females had
significantly elevated fasting glucose compared to WT controls, but supplementation with CE completely prevented

this increase (this trend was observed, but did not reach significance, at week 1 GTT in females, Figure 1B). At week 6,
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Figure 3. Insulin tolerance test measures. Four hour fasting blood glucose levels prior to insulin tolerance tests at week 2 and 6
for male (A) and female (B) mice. Blood glucose curves during i.p. insulin tolerance tests at weeks 2 and 6 for male (C, E) and
female (D, F) mice. Dots represent individual animals; colored bars and error bars represent mean + SEM. Data were analyzed by
2-way ANOVA: treatment (Trt), time (T, 0-60 min or week 1 vs. 5), and significance of main effects/interactions are shown in
inset boxes for each graph. If a significant main effect or interaction was detected, Sidak (time) or Tukey’s (treatment) post hoc test
for multiple comparisons were performed: *, **, *** and **** indicate P <0.05, P <0.01, P <0.001 and P <0.0001, respectively.
Lower-case and upper-case superscript letters indicate significance for week 1 and week 5, respectively. Blood glucose area under
the curve (AUC) for week 2 (G, H) and 6 ITT (1, ]). Values are presented as mean = SEM. Data were analyzed by 1-way
ANOVA. If a significant treatment effect was detected, Tukey’s post hoc test was performed to compare treatment means. Bars
not sharing a common superscript letter are significantly different (P<0.05). It must be noted that the maximum glucometer
reading was 600 mg/dL and therefore in some cases the true glucose reading could not be determined. The apparent
lack of variability among high readings is not necessarily representative of a lack of biological variability, but rather
a limitation in the instrumentation utilized.

fasting blood glucose had significantly worsened for both ob/ob and ob/ob + ¢, and the protective effect of CE supple-
mentation observed at 2 weeks was lost. It is worth noting that some differences between Figures 2 and 3 are likely
due to the 6 h fast for GTTs (Figure 2) vs. the 4 h fast for ITTs (Figure 3). Again, the apparent lack of variability for the
female ob/ob and ob/ob + ¢ mice at week 6 is due to the large number of readings above the measurable scale of the glu-
cometer as described above.

Blood glucose curves for ITTs at weeks 2 and 6 are shown in Figures 3C-F. For males, both ob/ob groups were
less insulin sensitive than WT controls at week 2, and the ob/ob + ¢ group appeared less insulin sensitive than ob/ob
controls. At week 6, both ob/ob groups had worsened, and again ob/ob + ¢ group appeared less inulin sensitive than
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ob/ob controls. For females, both ob/ob groups were less insulin sensitive than WT controls at week 2, but CE supple-
mentation appeared to exert significant protection against insulin resistance compared to ob/ob controls. At week 6,
both the ob/ob and ob/ob + ¢ group had worsened, but the ob/ob + c group did appear more sensitive than the ob/ob
group at later times in the challenge (45-60 min). Taken together, the impact of CE supplementation on insulin sensi-
tivity was completely distinct between males and females.

Glucose AUCs for week 2 and 6 ITTs are shown in Figures 3G-J. For males at week 2, ob/ob control mice had sig-
nificantly worse AUCs compared to WT mice, and CE supplementation worsened AUC. AUCs worsened for both
groups of ob/ob mice by week 6, and CE supplementation appeared to slightly but non-significantly worsen AUC. For
females, CE supplementation blunted the elevation in AUC seen in ob/ob controls at week 2, but AUCs worsened in
both groups by weeks 6 and the protective effects of CE were no longer observed (protective effects may have been
present, but as the glucometer could not read >600 mg/dL, such protection was not detectable).

2.6 Blood insulin levels. Fasting blood insulin levels at euthanasia are shown in Figure 4. In males, fasting insulin levels
were significantly elevated in ob/ob mice compared to WT controls, and this effect was completely reversed by CE sup-
plementation. The opposite effect was observed in females: fasting insulin levels were significantly elevated in ob/ob
mice compared to WT controls, and CE supplementation further increased these levels by > 2-fold. A striking sex-spe-
cific response to cocoa appears evident for fasting blood insulin levels. It should be noted that these extreme insulin
values were unexpected, and for some ob/ob + c females the absorbance values were ~2.5x higher than the maximal
standard curve concentrations (insufficient sample remained to re-run the assay on diluted samples). Therefore, these
values are extrapolated and should be treated with caution. Nevertheless, these values suggest sex-specific responses
and the extremely high insulin values suggest that, despite prolonged severe hyperglycemia, these animals were still
hyperinsulinemic and had not yet progressed to appreciable beta cell failure in terms of insulin secretion capacity.
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Figure 4. Fasting blood insulin levels following 10 weeks of treatment for male (A) and female (B) mice. Values are presented as
mean + SEM. Data were analyzed by 1-way ANOVA. If a significant treatment effect was detected, Tukey’s post hoc test was
performed to compare treatment means. Bars not sharing a common superscript letter are significantly different (P<0.05).

2.7 Gut permeability.

Sex-specific effects were also observed for gut permeability markers. Serum levels of zonulin, a circulating regulator
of gut permeability, and colonic protein levels of the tight junction protein zona occludens-1 (ZO-1) are presented in
Supplementary Figure 4. Male ob/ob mice had almost complete loss of zonulin compared to WT controls, which was
partially (albeit non-significantly) blunted by CE administration. Female ob/ob and WT controls had similar zonulin
levels, and CE supplementation significantly reduced these compared to both groups. In males, both groups of ob/ob
mice had undetectable or unquantifiable ZO-1 values for most or all animals (responses smaller than the y-intercept of
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the standard curve). However, in females, ob/ob supplementation with CE reversed this effect and resulted in very
high ZO-1 levels.

2.8 Adiposity and inflammation biomarkers.

Serum and hepatic triglyceride levels were measured, and these values are presented in Figure 5A and B and Supple-
mentary Figure 5, respectively. Sex-specific effects of CE supplementation were observed in serum, but not hepatic,
triglycerides. In males, serum triglycerides were slightly but non-significantly elevated in ob/ob mice compared to WT
controls, with no effect of CE supplementation. In females, serum triglycerides were slightly but non-significantly ele-
vated in ob/ob mice compared to WT controls (as in males), but CE supplementation resulted in substantial (~15-fold)
increases. Liver triglyceride levels were similar for males and females: triglycerides were slightly but non-significantly
elevated in ob/ob mice compared to WT controls and non-significantly blunted by CE supplementation (overall treat-
ment effect was bordering on significance at p=0.07). Canonical measures of inflammation (serum and hepatic TNF-o,
colonic COX-2) and liver damage (ALT) were measured, and these results are presented in Supplementary Figure 6.
No significant differences were observed in these markers between groups due to the small 7 size and high variability
in one or more groups per assay.
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Figure 5. Serum triglyceride levels following 10 weeks of treatment for male (A) and female (B) mice. Values are presented as
mean + SEM. Data were analyzed by 1-way ANOVA. If a significant treatment effect was detected, Tukey’s post hoc test was
performed to compare treatment means. Bars not sharing a common superscript letter are significantly different (P<0.05).

2.9 Hepatic markers of glycemic control.

Hepatic levels of the gluconeogenesis enzyme PEPCK were quantified (Supplementary Figure 7). In males, there were
no apparent differences in PEPCK levels. In females, due to high variability in ob/ob control mice, there were also no
differences in PEPCK levels.

2.10 Pancreatic beta cell area

Total beta cell area was measured by immunohistochemistry (insulin positive area) to determine if the ob/ob mutation
and/or CE feeding affected beta cell survival and is illustrated in Figure 6. In males, although not significant (p=0.073),
WT had slightly greater beta cell area overall compared to both 0b/ob and 0b/ob + c treatments (no effect of cocoa). In
females, ob/ob controls had significantly reduced beta cell area compared to WT, but cocoa administration completely
protected against beta cell loss. These observations are reiterated in the representative histological imaging of male
(Figure 6A) and female (Figure 6C) pancreata
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Figure 6. Representative histology images for pancreata (males: A, females: C). Total beta-cell area expressed as % insulin posi-
tive/total pancreas area for males and females following 10 weeks of treatment (males: B, females: D). Images were captured at 20x
magnification and analyzed using cellSens and Image] software for five tissue section slides per animal. Values are presented as
mean + SEM. Data were analyzed by 1-way ANOVA. If a significant treatment effect was detected, Tukey’s post hoc test was
performed to compare treatment means. Bars not sharing a common superscript letter are significantly different (P<0.05).

2.11 Circulating levels of estradiol (E2)
Circulating levels of the major estrogen form 17p-estradiol were measured and are presented in Supplementary Fig-
ure 8. Although no significant differences were observed within male or female treatments, a trend of decreased levels

was observed for both males and females supplemented with cocoa. As anticipated, female levels of estradiol were
over 20X those of males.

2.12 Animal survival.

Due to rapid progression to severe hyperglycemia, the study was terminated earlier than planned. At the later stages
of the study, veterinarian supervision was needed due to the rapidly declining health of multiple animals. At week 10
(mice were 14 weeks old), one male mouse (ob/ob control) was found deceased in its cage, and 3 female mice (all 3
from ob/ob + c) were deemed to require euthanasia on humane grounds. Therefore, the study was terminated. This
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further demonstrates the aggressive phenotype as well as the potentially deleterious nature of cocoa in females in this
context. Itis worth noting that tissue and blood were not obtainable for the male mouse found deceased and are thus
not included in the data and was unable to collect genotypic identification (Supplementary Table 1). This male mouse
was consistently smaller than the other 0b/ob male mice in its cage, weighing 28.6 g at week 1 and reaching a max
weight of 40.1 g at week 9, compared to an average of 37.5 g at week 1 for the remaining two animals and reaching a
max average weight of 55 g at week 10. However, despite the consistent size difference, this mouse maintained con-
sistent blood glucose values, both fasted and during challenges, to that of the other two animals in its cage.

3. Discussion

In this pilot study, we compared the effects of cocoa supplementation on accelerated progression of obesity-in-
duced T2D in both male and female BTBR.Cg-Lep®/Wisc] mice. The ob/ob mutation on the BTBR background is an ag-
gressive model of hyperglycemia, as evidence by our glucose data. To the best of our knowledge, this is the first study
of any flavanol or flavanol-rich food in ob/ob T2D mice on the BTBR background, as well as one of the few studies to
simultaneously compare the effects of cocoa on both sexes. Within the realm of cocoa and its effect on inflammation,
obesity, and associated disease pathologies, very few investigators utilize male and female mice simultaneously
[15,43]. Despite the small sample size, the present results suggest significant differences in outcomes between male
and female ob/ob mice when fed a diet supplemented with flavanol-rich cocoa extract.

Sex differences between male and female mice emerged not only in established markers of T2D but also in phys-
ical observation and collection of weight gain over time. Although not statistically significant due to our small sample
size, our data suggest that cocoa supplementation may have provided slight protection against obesity in male ob/ob +
¢ mice, yet females of the same treatment displayed similar weight gain over the 10 weeks as ob/ob control (Figure 1).
Large variability was seen within the body weights of both male and female ob/ob control mice, yet when cocoa sup-
plementation is introduced, that variability was lost. We have previously reported that impacts of flavanol supple-
mentation on body weight and glycemic control vary significantly between sexes in mice [44] but a larger sample size
is needed to further understand this phenotypic variation as it has not been previously reported in BTBR ob/ob males
or females [7,34,45,46].

The speed of T2D progression was notable in this study, as the cascade of hyperglycemia and hyperinsulinemia
is accelerated when the ob mutation is introduced on the BTBR background. It has been previously reported that BTBR
ob/ob mice are unable to maintain adequate insulin production, have impaired glucose tolerance, and are already insu-
lin resistant at 4-6 weeks of age, in contrast to B6 ob/ob mice which are capable of compensating for insulin resistance
[31]. In our study, fasting blood glucose at 5 weeks of age (week 1 GTT) was over 200 mg/dL and at 9 weeks of age
(week 5 GTT) was between 400-550 mg/dL for male and female ob/ob control mice (Figure 2A, B). Lan et al [7] reported
similar fasting blood glucose levels for BTBR ob/ob mice and directly compared these mice to age-matched B6 ob/ob
that display fasting blood glucose levels <250 mg/dL at 9 weeks of age. Additionally, by 9 weeks of age, male and fe-
male BTBR ob/ob mice exhibit extremely limited glucose clearance regardless of cocoa supplementation (Figures 2E, F).
It must be noted that the maximum glucometer reading was 600 mg/dL therefore the true glucose level, and ulti-
mately the variation/excursion of these animals was unable to be determined.

Cocoa supplementation appeared to have some acute effects, with improved glucose tolerance in both males
and females at week 1 (Figures 2C, D). These acute benefits were more apparent in females than males, and observed
only a few days after dietary treatment began. In males, CE appeared to worsen glycemic control at 5 weeks (Figure
2E) and insulin sensitivity at 2 and 6 weeks (Figures 3C, E). Cocoa also appeared to provide females significant protec-
tion against acute insulin resistance compared to ob/ob control (week 2), but this protection was lost by roughly the
midpoint of the study (week 6, Figures 3C, E, D and F). Due to the extremely aggressive nature of T2D progression in
BTBR ob/ob mice, this benefit observed in females was not sustainable through nutritional prevention strategies. As
mentioned above, BTBR ob/ob mice are reported to be insulin resistant by 6 weeks of age, furthering our hypothesis
that cocoa does in fact provide protection against initial disease progression specifically in female mice. A larger sam-
ple size and more frequent insulin challenges must be conducted in the future to delineate the role of cocoa flavanols
in the protection of BTBR ob/ob females against T2D progression.

These data also suggest that cocoa effects potentially reverse based on sex as T2D progresses. Cocoa treatment
appeared to improve hyperglycemia-induced hyperinsulinemia in males but result in worsening of markers in fe-
males under fasting conditions (Figure 4). Whether this is due to changes in beta cell function and/or differences in
insulin resistance is unknown, and further studies are needed to delineate the underlying mechanism(s). However,
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large (10-fold) differences in fasting insulin levels between males and females fed CE cannot be explained by differ-
ences in fasting blood glucose alone. Cocoa protected against beta cell loss in females (Figure 6) and together with
fasting insulin expression, these results potentially indicate that in females, although CE did not provide relief against
insulin resistance and hyperglycemia-induced hyperinsulinemia, it protected beta cell health and function. On the
other hand, CE reduced insulin resistance and hyperglycemia-induced hyperinsulinemia in males, but that protection
was not carried across to the beta cells. We previously reported that cocoa monomers and cocoa flavanol microbial
metabolites promote beta cell stability and enhance/stimulate beta cell function in vitro [23,47]. These effects appear to
translate in vivo in female mice supplemented with CE, but it remains unknown as to whether these effects are primar-
ily because of hormonal differences or due to other underlying differences between sexes. If these effects are translata-
ble to humans, cocoa may be useful at different stages of beta cell function and insulin resistance based on sex.

The impacts of both ob/ob mutation and cocoa on gut barrier markers were unexpected, as obesity is typically
associated with greater permeability and increased zonulin (a circulating regulator and marker of impaired tight junc-
tions) [48]. The ob/ob mutation caused a sex-specific loss of serum zonulin in males, which was partly ameliorated by
cocoa (Supplementary Figure 4A, B). The opposite was seen in females, with CE decreasing levels of serum zonulin.
ZO-1 results were opposite that of zonulin, as ob/ob mice had no detectable ZO-1, which was ameliorated to different
degrees by cocoa in both sexes (Supplementary Figure 4C, D). Previous studies have shown that zonulin levels typi-
cally increase due to the ob/ob mutation and T2D [49-51] and that dietary flavanol supplementation protects against
Z0-1 delocalization and blunts the increase in circulating zonulin levels [52]. This suggests that cocoa may improve
gut barrier function in obesity, with perhaps a greater effect in females.

We also observed that cocoa did not appear to affect fasting serum triglycerides in males but caused large in-
creases in females, having significantly higher levels than female ob/ob control (Figures 5). The mechanism for this dif-
ference, as well as its implications, are unknown as these differences were not reflected in body weight of male vs.
female mice (Figure 1). The combination of elevated circulating insulin and serum triglycerides, particularly in female
ob/ob + ¢ mice, can potentially be explained by more severe hyperglycemia and hyperinsulinemia. It has been thought
that estrogen has the potential to confer protection against T2D progression through the prevention of beta cell failure,
providing beneficial activities through a variety of pathways [34]. Figure 6 illustrates that CE supplementation pre-
served, and even elevated, beta cell survival in female ob/ob mice, however this effect, along with the interaction of
elevated serum insulin and triglycerides, is unlikely to be attributed to estrogen mediation as there were no significant
differences observed in 17B-estradiol levels across female treatments (Supplementary Figure 8). The extreme worsen-
ing of hyperinsulinemia and apparent insulin resistance in females remains therefore unexplained. A recent study
reported worsening glucose metabolism in a mice fed purified polyphenols diet-induced obese mouse model [53].
These data suggests that the potential anti-obesity and anti-diabetic benefits of cocoa may differ in mice based on T2D
stage, biological sex, and/or hormonal status. Where these sex-specific effects are seen in humans remains to be estab-
lished. Future studies should also capture the metabolic response in the liver, skeletal muscle, and adipose tissue to
better understand these relationships between sex, beta cell function, and glucose homeostatic perturbation.

This experiment was designed as a pilot study, with the inherent limitation of a small sample size (#=3) and a
single cage per treatment. An additional limitation is the progressive nature of hyperglycemia in this model. Disease
onset may have been impossible to significantly blunt in the long-term with a reasonable dose of dietary cocoa, how-
ever, these data provide insights into the potential effects of cocoa in the context of severe hyperglycemia. Despite
these limitations, sex-specific effects of cocoa on hyperglycemia and related metabolic biomarkers were evident. Addi-
tionally, the dose of cocoa employed was elevated due to the overeating phenotype characteristic of the ob/ob mutation
(as our diets were formulated based on food intake levels typically observed in WT mice). The effects observed, and
differences between sexes, may therefore be partly attributable to this high dose and future research is needed using
more translatable doses. There are also significant challenges in working with this model. First and foremost, the cost
for both heterozygotes and homozygotes of the ob mutation on the BTBR background is very high, and therefore,
availability is significantly limited compared to mice on the B6 background (on which the ob mutation is typically
used). The lead times for delivery were also long or unknown and age availability was limited, even from Jackson.
Thus, the cost and availability of these mice inherently restrict the experiments that can be performed, consequently
leading to the small sample size for this pilot study. However, given the preliminary findings, larger studies with
more statistical power are warranted to further evaluate these findings.
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The findings of this pilot study, along with other recent studies from our group and others, highlight the need to
factor in sex-specific disease biology and treatment effects when studying interventions in pre-clinical animal and hu-
man studies [44,54]. Too often, pre-clinical animal studies of a single strain and/or sex are utilized to evaluate the po-
tential for a dietary bioactive to prevent or ameliorate chronic disease [55,56]. Studies should be performed to eluci-
date whether sex differences are primarily due to hormonal differences [57-59] as well as further elucidate the role
that genetic background plays in disease outcome. We previously reported that the anti-obesity and anti-diabetic ac-
tivity of quercetin was highly dependent on genetic background in mice [44]. It is unknown whether the sex-specific
effects of cocoa in the present study are limited to mice with the ob/ob mutation or the BIBR genetic background.
These findings will need to be evaluated in the context of multiple preclinical mouse models of T2D (DIO, db/db, HF +
STZ, etc.) at other doses. If the results are generalizable across strains, human work is warranted. If the results are spe-
cific to narrow genetic contexts, further studies can be performed to identify the genetic loci responsible for such ef-
fects. These results could then be applicable to human orthologues for potential personalized nutrition approaches
targeting humans with specific genetic characteristics [60]. Finally, the sex-dependence of the effects of various cocoa
components should be evaluated. Future studies are needed in both males and females, using multiple complemen-
tary preclinical models of obesity and hyperglycemia (diet-induced C57BL/6], ob/ob, etc.) to further interrogate sex-
specific effects of cocoa at various stages of hyperglycemia.

4. Materials and Methods

4.1 Chemical standards and reagents. LC-MS grade acetonitrile and methanol were obtained from Thermo-Fisher Scien-
tific (Waltham, MA). Glacial acetic acid and acetone were obtained from VWR (Radnor, PA). Authentic standards of
(-)-epicatechin, (+)-catechin, and procyanidin B2 were obtained from ChromaDex (Irving, CA). Folin-Ciocalteu rea-
gent and 4-dimethylaminocinnamaldehyde (DMAC) were obtained from Sigma-Aldrich (St. Louis, MO). Solvents
were ACS grade or higher.

4.2 Cocoa flavanol-rich extract production and characterization. A flavanol-rich cocoa extract (CE) was prepared as de-
scribed previously [61]. Briefly, commercially available non-alkalized natural cocoa powder (The Hershey Co., Her-
shey, PA) was defatted three times by dispersion in hexane (1:3.75 cocoa:hexane), incubated for 10 min with soni-
cation, centrifugation (5 min, 5000 x g) and discarding the supernatant. Residual hexane was evaporated at room tem-
perature. Flavanols were extracted from defatted cocoa by dispersion in extraction solution (70:28:2 acetone:water:ace-
tic acid, v/v/v; 1:3.75 defatted cocoa:extraction solution), incubated for 10 min with sonication, centrifugation (5 min,
5000 x g) and collecting the supernatant. This process was repeated three times, supernatants were pooled, and sol-
vent evaporated under rotary evaporation (40-45 °C). The remaining CE was freeze dried and stored at —80°C.

CE was analyzed by the Folin-Ciocalteu and 4-dimethylaminocinnamaldehyde (DMAC) methods as described previ-
ously [61,62] to approximate total polyphenols and total procyanidins, respectively. CE was thiolyzed with benzyl
mercaptan and the resulting products quantified by UPLC-MS/MS as described previously [36,61] to determine fla-
vanol mean degree of polymerization (mDP). CE was also analyzed by UPLC-MS/MS as previously described [63] to
measure monomeric flavanols through decameric procyanidins. Methodological details for characterization proce-
dures are found in Supplementary Material.

4.3 Animals. Approval for this study was obtained from the Animal Care and Use Committee at the David H. Mur-
dock Research Institute (#20-011). Four-week-old BTBR.Cg-Lep*/Wisc] mice (stock # 004824) were obtained from Jack-
son (Bar Harbor, ME): N=12 males and 12 females homozygous for the Lep®* mutation (ob/ob), and N=6 male and 6 fe-
male wild-type (WT) controls. Mice were acclimatized to the facility for 4 d before cage randomization to experi-
mental diets. Mice were housed under standard laboratory conditions (12 h light/dark cycle, 30-70% relative humid-
ity, 20-26°C, 3 mice/cage) on aspen bedding. All animals were allowed access to food and water ad libitum except
where otherwise specified.

4.4 Dietary treatments. All mice were fed the 10% fat, 7% sucrose control diet from the Diet-Induced Obesity (DIO) se-
ries (D12450], Research Diets, New Brunswick, NJ) alone or supplemented with 0.8% CE by weight (8000 mg CE/kg

diet). Diet formulations are shown in Table 2. This dose was selected based on previous studies[41,42] demonstrating
that 8% cocoa powder in the diet blunted diet-induced obesity without altering food intake in WT mice. Historically,
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our yield of CE from cocoa powder has been ~10% w/w. Therefore, 0.8% CE in the diet provides cocoa flavanol con-
tent similar to 8% cocoa powder in the diet. Based on an estimated extraction yield of 10% from cocoa powder and
estimated food intake of ~0.1 kg diet/kg body weight/day in WT mice, this dose was designed to provide ~800 mg
CE/kg body weight/day (equivalent to ~8000 mg cocoa powder/kg body weight/day, i.e. 8% cocoa) to mice eating nor-
mal amounts of food (as we had not previously worked with ob/ob or BTBR mice). Based on body surface area conver-
sion [64], this dose corresponds to 65 mg CE/kg body weight/day (~650 mg cocoa powder/kg body weight/day) in
adult humans. For a 60 kg individual, this would equate to 3900 mg CE or 39 g cocoa powder. This equates to roughly
8 doses of cocoa powder (5 g/dose) per day. The treatment groups for each sex were as follows: WT, ob/ob, ob/ob + co-
coa extract (ob/ob + ) (n=3/sex/group). Diet treatments were started on the first day of week 1.

Table 2. Mouse diet formulations

Control diet Cocoa extract diet
Macronutrient % % % %
(g) (kcal) (g) (kcal)
Protein 19 20 19 20
Carbohydrate 67 70 67 70
Fat 4 10 4 10
Total (%) 100 100
kcal/g 3.8 3.8
Ingredient g kcal g kcal
Casein 200 800 200 800
L-Cystine 3 12 3 12
Corn Starch 506.2 2025 506.2 2025
Maltodextrin 10 125 500 125 500
Sucrose 68.8 275 68.8 275
Cellulose, BW200 50 0 50 0
Soybean Oil 25 225 25 225
Lard 20 180 20 180
Mineral Mix 510026 10 0 10 0
Dicalcium Phosphate 13 0 13 0
Calcium Carbonate 5.5 0 5.5 0
Potassium Citrate, 1 H20 16.5 0 16.5 0
Vitamin Mix V10001 10 40 10 40
Choline Bitartrate 2 0 2 0
Cocoa Extract 0 0 8.51 0
FD&C Yellow Dye #5 0.04 0 0 0
FD&C Red Dye #40 0 0 0.05 0
FD&C Blue Dye #1 0.01 0 0 0

Total 1055.05 4057 1063.56 4057
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4.5 Body weight and food intake. Body weight and food intake (measured by difference between food provided and food
remaining) were measured weekly.

4.6 Fasting blood glucose and insulin measurement. Glucose tolerance tests (GTTs) were performed during weeks 1 and 5.
Mice were fasted for 6 h, weighed, and glucose administered i.p. using tuberculin syringes containing a 20% dextrose
solution (USP-grade, Hospira, Inc., Lake Forest, IL) in sterile saline to provide 2 g glucose/kg body mass. Blood drop-
lets were collected from the tail vein at 0 (pre-administration), 30, 60, 90, and 120 min after injection. Blood glucose
was measured using OneTouch Ultra Blue glucose test strips (LifeScan, Inc., Milpitas, CA) and a glucometer. Excur-
sion from baseline, maximal glucose level (Cmax), and area under the curve (AUC) were measured for week 5 GTT.
Insulin tolerance tests (ITTs) were performed at weeks 2 and 6. Mice were fasted for 4 h, weighed, and provided insu-
lin (Humulin R, Cardinal Health, Dublin, OH) i.p. at 0.65 U/kg body mass in sterile saline via tuberculin syringes.
Blood was collected at 0, 15, 30, 45, and 60 min and glucose measured as described above. The upper limit of the glu-
cometer was 600 mg/dL; values above that were noted as such, and 600 mg/dL was used for calculation purposes.
AUC was calculated for week 2 and 6 ITT.

4.7 Euthanasia and tissue collection

Upon study completion, animals were fasted for 12 h and euthanized by CO, followed by cervical dislocation, per
AVMA guidelines. Blood was collected via cardiac puncture. Following blood collection, the abdomen was opened
ventrally and samples collected from the colon, cecum, small intestine, pancreas, liver. Samples were stored in RIPA
buffer (Thermo Fisher, Waltham, MA) for protein analyses. Pancreas and liver samples were preserved in cassettes
immersed initially in 10% neutral buffered formalin solution (Thermo Fisher) overnight and then stored in 70% etha-
nol. Blood was collected in MiniCollect Serum Tubes (Greiner Bio-One, Monroe, NC) and clotted at room temperature
for 30 min. Serum was prepared by centrifuging (2000 x g, 10 min). Samples were stored at —80°C prior to analysis.

4.8 Blood biomarkers. Fasting blood insulin was quantified using a mouse ultrasensitive insulin ELISA kit with the 0-
12.8 ng/mL “wide” standard curve range option (90080, Crystal Chem, Elk Grove Village, IL). Fasting blood triglycer-
ides were quantified by a Triglyceride Quantification Colorimetric/Fluorometric Kit (MAK266-1KT, Sigma, St. Louis,
MO). Zonulin, a circulating regulator of intestinal permeability, was measured by ELISA (MBS2603528, MyBio-
source.com, San Diego, CA). Alanine aminotransferase (ALT) and TNF-o, markers of liver damage and systemic in-
flammation, respectively, were quantified by ELISA (MBS264717 and MBS825075, MyBiosource.com). Circulating se-
rum levels of estradiol (E2 or 17B-estradiol) were measured by ELISA (MBS843418, MyBiosource.com).

4.9 Intestinal biomarkers. Colon and cecum samples were prepared for analysis by bead beating and centrifugation.
Half of the collected tissue was combined with RIPA buffer, bead beat for 20 min, incubated with sonication for 5 min,
followed by centrifugation (17000 x g, 5 min). Supernatants were stored at —80°C until assayed for various markers by
ELISA: ZO-1 (MBS2603798, MyBiosource.com), COX-2 (MBS269104, MyBiosource.com). Total protein was quantified
in homogenates using the Pierce BCA Protein Assay Kit (ThermoScientific, Catalog No. 23225, 23227).

4.10 Liver biomarkers. Liver samples were prepared by bead beating and centrifugation. Approximately 200 mg sample
was combined with RIPA buffer, bead beat for 5 min, incubated with sonication for 5 min, followed by centrifugation
(17000 x g, 5 min). Supernatants were stored at —80°C until analyzed. Phosphoenolpyruvate carboxykinase (PEPCK), a
marker of gluconeogenesis, was quantified by ELISA (MBS3805602, MyBiosource.com). Protein was quantified in ho-
mogenates as described above.

4.11 Histology. Pancreata were embedded in paraffin and five sections were cut from each animal. Sections were de-
paraffinized in xylene and rehydrated using a graded ethanol series. Antigen retrieval was performed using a sodium
citrate buffer (Vector, H-3300-250) according to manufacturer’s protocol. For insulin staining, slides were incubated
overnight with guinea pig anti-insulin antibody (Fitzgerald, 20-IP35) followed by detection with an AlexaFluor 555-
conjugated (red) goat-anti guinea pig secondary antibody (ThermoFisher, A-21435). For total tissue section area, slides
were incubated overnight with rabbit a-Amylase (Sigma, A8273), followed by detection with an AlexaFluor 488-con-
jugated (green) goat anti-rabbit secondary antibody (ThermoFisher, A-32731). Slides were counterstained with DAPL
Images were captured at 20x magnification and analyzed using cellSens and Image] software for five tissue section
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slides per animal. (3-cell area was determined as the total insulin-stained area divided by the total pancreatic tissue
area (amylase and insulin-stained area) per slide.

4.12 Animal genotyping. Formalin fixed liver tissue was used to genotype each animal to confirm the presence or ab-
sence of the homozygous ob/ob mutation. Samples were sent to Transnetyx (Cordova, TN) and results reported for all
samples collected.

4.13 Statistical analysis. Data were analyzed using GraphPad Prism v9.1.2 (La Jolla, CA, USA). Outliers were removed
by Dixon’s g-test at o = 0.05. When values were missing due to removal of outliers, missed sample, or animal death, a
mixed-effects model was used. When initial one-way or two-way ANOVA indicated a significant overall treatment
effect (P<0.05), individual means were compared using Tukey’s post-hoc test or Sidak’s post-hoc test to control for
multiple comparisons (a = 0.05). Power analyses were performed using G*Power (Version 3.1.9.3, Heinrich-Heine-
Universitat, Diisseldorf, Germany).

5. Conclusions

Cocoa supplementation at high doses appears to have sex-specific effects in the context of severe, progressive hyper-
glycemia. Cocoa appears to acutely prevent against some measures of glucose intolerance in both sexes, and insulin
resistance in females, in the short term. Chronic supplementation appears to ameliorate obesity-induced hyperinsu-
linemia in males and worsen hyperlipidemia and obesity-induced hyperinsulinemia, yet preserve and enhance beta
cell survival, in females. Effects on gut barrier function also appear sex-specific, although the implications of these
differences are unclear. The underlying mechanisms of these sex differences, as well as their implications for human
nutrition, warrant further study. The present pilot data will inform additional experiments with larger sample sizes to
further elucidate sex-specific effects of cocoa. Whether these sex-specific effects are observed in other preclinical mod-
els of T2D in addition to the present BTBR 0b/ob model remains to be established. OVX and estrogen inhibitor/replace-
ment studies are now justified to determine the hormonal basis for such differences. If sex differences are apparent in
subsequent studies, clinical studies will be warranted to establish whether these differences are relevant in humans
and in what contexts. There exists the possibility that sex-specific differences may need to be taken into consideration
when designing intervention strategies to prevent or ameliorate T2D at the individual and population levels.
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cal details, Supplementary Table 1. Mouse genotyping results; Supplementary Figure 1. Absolute weights; Supple-
mentary Figure 2. Cocoa extract intake; Supplementary Figure 3. Additional glucose tolerance test measures; Supple-
mentary Figure 4. Serum zonulin and colonic zona occludens-1 levels; Supplementary Figure 5. Hepatic triglyceride
levels; Supplementary Figure 6. Serum TNF-a, hepatic TNF-o, colonic COX-2, and serum ALT levels; Supplementary
Figure 7. Hepatic phosphoenolpyruvate carboxykinase levels; Supplementary Figure 8. Serum estradiol levels.
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