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Life-long consumption of high
level of fruits and vegetables
reduces tumor incidence and
extends median lifespan in mice

Weimin Guo'*!, Edwin F. Ortega®, Dayong Wu?, Lijun Li,
Roderick T. Bronson?, Sarah K. Boehm! and
Simin Nikbin Meydani*!

!Nutritional Immunology Laboratory, JM USDA Human Nutrition Research Center on Aging at Tufts
University, Boston, MA, United States, 2Rodent Histopathology Core, Harvard Medical School,
Boston, MA, United States

Objective: Epidemiological studies suggest that consumption of fruits and
vegetables (FV) is negatively associated with the incidence of certain cancers
and mortality. However, a causal relationship has not been demonstrated. Thus,
we investigated the effect of life-long consumption of high level of FV on median
lifespan, key biological functions, and pathologies in mice fed low-fat (LF) or
high-fat (HF) diets and the underlying mechanisms.

Methods: Using a 2 x 2 factorial design, 5weeks-old male C57BL/6J mice were
randomly assigned to one of four groups (n = 60/group): LF (LF-C, 10% kcal fat),
HF (HF-C, 45% kcal fat) or each supplemented with 15% (w/w) of a unique FV
mixture (LF+FV and HF +FV, respectively). Mice were euthanized when one
group reached 50% mortality. Body weight and composition, tumor incidence,
and death were monitored. Blood levels of lipids and pro-inflammatory cytokines
were assessed.

Results: After 21 months of feeding, HF-C group reached 50% mortality, at which
time mice in all groups were terminated. HF-C had higher mortality (50.0%)
compared to the LF-C group (18.3%, p =0.0008). Notably, HF-FV had lower
mortality (23.3%) compared to HF-C group (p =0.008); there was no significant
difference in mortality between HF-FV and LF-C groups. Tumors were found
in all groups, and were predominantly present in the liver, followed by those of
lung, intestine, and seminal vesicle. Tumor incidence in the HF-C group (73.3%)
was higher than that in LF-C group (30.0%, p <0.0001). HF + FV group had 23.3%
lower tumor incidence compared to the HF-C group (p =0.014). No significant
difference in tumor incidence between the LF-C and LF + FV groups was observed.
Long-term FV supplementation reduced systemic inflammation and blood lipids.

Conclusion: We provide the first causal evidence that life-long intake of a diet,
containing a high level and large variety of FV, decreases tumor incidence and
extends median lifespan in mice fed a western-style high-fat diet. These effects of
FV are at least in part due to reduced blood levels of pro-inflammatory cytokines
and improved dyslipidemia.
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fruits and vegetables, western-style high-fat diet, obesity, aging, tumor incidence,
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1 Introduction

Aging is associated with increased risk of cancer incidence (1, 2).

Dysregulated immune function and chronic inflammation
(“inflammaging”) are key players in susceptibility to age-related
diseases such as cancer (3-5). Epidemiologic studies have associated
fruits and vegetables (FV) intake with reduced risk of age-related
diseases and mortality, as well as increased longevity (6-10), which
may, in part be mediated through a reduction in blood
pro-inflammatory cytokines and lipids (11-14). Particularly, FV
consumption was shown to be negatively associated with cancer risk
(15-17).

consumption, and age-associated diseases and longevity have not been

However, a causal relationship between high FV

demonstrated. Recently, we demonstrated, through two short-term
prospective studies, that high consumption of a variety of FV,
commonly consumed by Americans, causally reduced non-alcoholic
fatty liver disease in C57BL6 mice and atherosclerotic plaque
formation in LDL-KO mice (18, 19). Briefly, C57BL6 mice were fed a
normal-fat, or a high-fat diet supplemented with different amounts of
a mixture of FV (0, 5, 10 and 15%, w/w, approximately equivalent to
0, 3-4, 5-7, and 7-9 servings of FV/d for humans) for 20 weeks. The
results showed that supplementation with the 15% FV mixture was
most effective in reducing high fat diet-induced hepatic steatosis, a
risk factor for liver cancer. Further, we showed that these effects were
associated with reduced inflammatory cytokine levels (19). Similar
effects were observed when mice fed a normal fat diet were
supplemented with 15% FV, albeit to a lesser degree (19). Using
LDL-KO mice, we further showed that supplementation of a high-fat,
high cholesterol diet with 15% FV mixture significantly reduced liver
steatosis and atherosclerosis plaque formation (20). These effects were
associated with reduction in pro-inflammatory cytokines and blood
lipids. Reduction in inflammatory markers and oxidative stress may
be an underlying mechanism for the purported FV-induced effects on
health (21).

While these studies suggest that a high FV intake may attenuate
age-related diseases leading to healthier and longer life span, to date,
no prospective, long-term studies have been conducted to demonstrate
that life-long consumption of higher level of FV reduces age-associate
pathologies or extends median life span. Thus, the objective of the
current study was to determine the effect of long-term supplementation
with a 15% FV mixture (the optimal level determined from previous
studies) (19, 20) in the context of a low fat or a high fat diet, on
age-associated pathologies and median life span. As initial steps to
investigate the underlying mechanisms, we determined diet-induced
temporal changes in blood lipids and pro-inflammatory markers.
These markers were selected based on a plethora of evidence that
demonstrates their role in the aging process and age-associated
diseases as well as their potential to be influenced by FV intervention
(22,23).

2 Materials and methods

2.1 Animals and diets

Four-weeks-old male C57BL/6] mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, United States) and housed at
the animal care facility of the Jean Mayer USDA Human Nutrition
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Research Center on Aging at Tufts University. Mice were individually
housed and received diet and water ad libitum. The low-fat control
(LE-C, 10% kcal fat) and high-fat control (HF-C, 45% kcal fat) diets
were purchased from Bio-Serv, Inc. (Flemington, NJ, United States),
and the fruit and vegetable (FV) powder (patent pending) was
provided by VDF FutureCeuticals, Inc. (Momence, IL). The details
of FV composition were reported previously (19). Briefly, the
mixture was selected based on 24 fruits and vegetables commonly
consumed by Americans at the percentages determined by the
average consumed (USDA census data, average per capita daily
consumption from 2003 to 2008) (24). The protocols for animal
experiments were approved by the Institutional Animal Care and
Use Committee of Tufts University. Briefly, after 1week of
acclimation, during which time all mice were fed LF-C diet, mice
were randomly (weight-matched) assigned to one of four diet groups
(n=60/group) and fed LF-C, HF-C, or each diet supplemented with
15% (w/w) of the FV powder (equivalent to 7-9 servings FV/d for
human) (LF+FV and HF + FV, respectively). All mice were kept
under the same condition, and individually housed in the same
room. The only variable was the type of diet. The mice were
continuously fed the four different types of diets every day starting
from 5weeks of age until the end of the study. The nutrient
composition of experimental diets is provided in Table 1.

Body weight, food intake, body composition, blood cytokine
levels, and blood lipid profile were monitored longitudinally at
different time points. Blood was collected for plasma or serum
isolation at 12 and 21 months, respectively, and stored at —80°C for
further analysis. We had intended to collect blood at 6 months as well
but were not able to do that due to COVID-19 restrictions. Mice were
observed for health status throughout the study and moribund mice
were euthanized and preserved in formalin jars. Death was recorded
throughout the study. All mice were euthanized with CO, followed by
exsanguination when the first group reached 50% mortality.

2.2 Weight and body composition analysis

Mice were weighed weekly. Body composition (% fat and lean
tissue) was assessed by using rodent magnetic resonance imaging
system (Whole Body Composition Analyzer, EchoMRI, Houston, TX)
after 6 and 16 months of dietary intervention.

2.3 Measurement of blood lipidomic profile

Lipidomic profiles of plasma (12 months samples) and serum
(21 months samples) were analyzed using LC-MS/MS (AB SCIEX
4000 QTRAP) as previously reported (25) by Virginia
Commonwealth University Massey Cancer Center Lipidomics
Shared Resource. To compare changes in lipid profiles at 12 vs.
21 months samples, we applied a normalization/correction factor to
the plasma samples. To determine the correction factor, blood was
collected from 4 control mice. Each control blood sample was
divided into two portions, one was used to isolate plasma and the
other to isolate serum. The 4 pairs of control plasma and serum
samples were analyzed for lipidomic profile concomitantly with
12months plasma samples and 21 months serum samples to
determine the correction factor.
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TABLE 1 Nutrient composition of experimental diets.

10.3389/fnut.2023.1286792

F&V Protein Carb Fat (kcal Energy Total Soluble Insoluble
content (% (1879 (kcal %) %) density fiber (ug/  fiber (ng/ fiber (ug/
w/w) (kcal/g) kcal) kcal) kcal)
LF-C 0 20 70 10 3.82 0.0123 0 0.0123
LE+FV 15 18.8 72.2 9.1 3.73 0.1080 0.0338 0.0742
HF-C 0 20 35 45 470 0.0123 0 0.0123
HE +FV 15 189 41 403 456 0.1080 0.0338 0.0742
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FIGURE 1
FV supplementation increases median life span. Mice (60/group)
were fed LF-C (10% fat), HF-C (45% fat), or each diet supplemented
with 15% FV (LF + FV, HF + FV) from when they were 5 weeks old until
the first group reached 50% mortality, which was the HF-C group at
21 months. Survival analysis was performed using the Kaplan—Meier
(log rank) test. ***p <0.01 and ****p < 0.001.

2.4 Measurement of blood lipid profile and
blood pro-inflammatory cytokine levels

Serum or plasma pro-inflammatory cytokine levels were
determined using the MSD V-Plex Proinflammatory Panel I Mouse
Kit (Meso Scale Discovery, Gaithersburg, MD, United States). Serum
lipid profile including total cholesterol (TC), triglyceride (TG), and
HDL-c were measured as previously reported (19). Serum levels of
LDL-c and VLDL-c were calculated by Friedewald-Fredrickson’s
equation (26). Similar to the blood lipidomic profile analysis, the 4
pairs of control plasma and serum samples were analyzed for blood
lipid profile and blood pro-inflammatory cytokine levels, and a
correction factor was applied to the resulting lipid profiles and
cytokine levels.

2.5 Statistical analysis

All results were tested for normality and homogeneity of variance.
Survival analysis was performed using the Kaplan-Meier (log-rank)
test. The two-sided Fisher’s exact test was used for the comparison of
tumor incidence. Two-tailed student’s t-test (for unpaired samples)
and two-tailed paired t-test (for paired samples) were used for the
comparison of difference in means between two groups. For
comparisons of more than two groups, one-way ANOVA and post hoc
Tukey’s test were used to assess the differences among different diet
groups, and two-way ANOVA was used to assess overall effects of age,
treatment, and treatment x age interactions. Spearman’s correlation
coefficients were calculated to determine correlations among the
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clinical and biochemical variables. Data analysis was conducted using
SPSS (version 28.0.0.0) (IBM Corporation, Armonk, NY,
United States) and graphics were generated using GraphPad Prism
(version 9.4.0) (GraphPad Software, Inc., La Jolla, CA, United States).
Data are presented as means + SEM. Differences at p<0.05 were
considered significant.

3 Results

3.1 Dietary FV supplementation prolonged
lifespan in mice

After 21 months of feeding the respective diets, the HF-C group
was the first to reach 50% mortality. Kaplan-Meier survival curve
analysis demonstrated that at termination, the HE-C group had higher
mortality (50.0%) compared to the LF-C group (18.3%, p=0.0008).
Notably, the HF + FV group had significantly lower mortality (23.3%)
compared to the HF-C group (p=0.008); there was no significant
difference in mortality between the HF+FV group and the LF-C
group. Mortality in LF + FV group was slightly lower (11.7%) than that
in the LF-C group (18.3%), but the difference did not reach statistical
significance (Figure 1). Our results demonstrate that dietary FV
supplementation significantly prolonged median lifespan in mice fed
a high-fat western-style diet.

3.2 FV supplementation reduced tumor
incidence in mice fed a high fat diet

We observed spontaneous tumor formation among the mice that
died before termination and the mice at termination in all diet groups,
with some mice having more than one type of cancerous lesions
(Tables 2, 3). The most prevalent type of tumor was liver tumor,
followed by lung, intestinal, and seminal vesicle tumors. Overall
tumor incidence was significantly higher in the HF-C group (73.3%)
than in the LF-C group (30.0%, p <0.0001). Mice fed the HF-FV diet
had 23.3% lower tumor incidence compared to those fed the HF-C
diet (p=0.014), while there was no difference in tumor incidence
between LF-C (30.0%) and the LF+FV groups (31.7%) (Figure 2).

3.3 FV supplementation affected weight
gain and body composition depending on
age and health status

Body weight in the HF-C group was significantly higher than that
in the LF-C group at 90 weeks (21 months). Compared with the HF-C
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TABLE 2 Death and tumor incidence in mice fed the different diets (n = 60/group).

LF-C LF +FV HF-C HF + FV
Mice dead before termination (1) 12 10 30 16
Mice with tumor before termination (1) 2 3 16 2
Mice terminated at 21 months (1) 48 50 30 44
Mice with tumor at termination (1) 16 16 28 28
TABLE 3 Tumor types in mice fed the 4 different diets (n = 60 mice/
group).
5071 - HF-C 61 weeks
Diet Total Liver Lung Intestinal Seminal 5
group tumor tumor tumor tumor (n) vesicle :40
(n) (@) (@) tumor o
(n) 9 304
S
LE-C 18 12 5 1 3 o
)
LE+EV 19 15 5 2 1 = 20
>
HF-C 44 40 3 1 0 3
104
1]
HE+FV 30 27 6 1 1
0 10 20 30 40 50 60 70 80 90
Intervention time (weeks)
100~ FIGURE 3
= Effect of FV supplementation on body weight gain mice were fed
&a\’ *kk%k *k%k LF-C (10% fat), HF-C (45% fat), or each diet supplemented with 15%
o 807 f o ' FV (LF +FV, HF + FV) from when they were 5 weeks old until the first
g group reached 50% mortality, which was the HF group at 21 months.
O 60 Body weight was recorded weekly. Means of body weight were
© compared across groups using one-way ANOVA, followed by Tukey's
g post hoc test. Values are mean + SEM, n = 30—-60. Labeled means
- 40+ N.S. without a common letter significantly differ at p <0.05.
— —
£
5 201
[
T which was much earlier than that in mice without tumor (60 weeks)
LF-C LF+FV HF-C HF+FV

FIGURE 2

FV supplementation decreases tumor incidence in mice fed a high
fat diet. Mice were fed LF-C (10% fat), HF-C (45% fat), or each diet
supplemented with 15% FV (LF + FV, HF + FV) from when they were
5weeks old until the first group reached 50% mortality, which was
the HF-C group at 21 months. The total number of mice with tumor
and the tumor type were recorded. A two-sided Fisher's exact test
was used for the comparison. Values are percentage of tumor
incidence, n =60, ***p <0.01 and ****p <0.001, N.S. not significant.

group, the HF + FV group had significantly lower high fat diet-induced
weight gain. However, the initial FV-associated reduction of body
weight gain disappeared after 62 weeks (14 months). No significant
differences were found in weight gain between the LF-C group and the
LF+FV group at any time point except 30 weeks, at which time
LF +FV had significantly lower weight compared to the LF-C group
(Figure 3).

Because most of the mice in the HF-C group developed cancerous
lesions, which may impact weight gain, we divided mice into two
groups based on the presence or absence of tumor at any time during
the study (Supplementary Figures S1, S2). We found that the effect of
FV supplementation on weight gain in mice who developed tumor
disappeared after 52 weeks (12 months) (Supplementary Figure S1),
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(Supplementary Figure 52). The results from this analysis suggest that
tumor may contribute to the diminished weight-reducing effect of FV
in mice fed a high-fat diet. The presence or absence of tumors did not
impact the effect of FV on weight gain in mice fed a low-fat diet.

We examined body composition at both 6 months and 16 months.
A two-way ANOVA analysis demonstrated a significant diet effect
(p<0.0001) as well as age effect (p <0.0001) on fat mass; no significant
dietxage interaction for fat mass was observed. Significant diet
(p<0.0001), age (p<0.0001), and diet x age interaction (p=0.0181)
effects were observed for lean body mass. As expected, at 16 months
whole body weight and fat mass were higher while lean mass was
lower compared to 6months in all diet groups, albeit to different
degrees. These observations are in agreement with previous aging
studies that demonstrated an age-associated increase in adiposity
concomitant with a decrease in lean body mass. As some mice died
before the MRI measurement at 16 months, we performed paired
comparison analysis and found similar results
(Supplementary Figure S3).

At 6 months, the HE-C group had 26.5% more fat mass (p <0.0001,
n=60) than the LF-C group. The HF + FV group had 6.4% less fat mass
(p<0.0001, n=60) in comparison to the HF-C group, while LF + FV
group had 12.0% less fat mass (p=0.0019, n=60) when compared to
the LF-C group (Figures 4A,B). Conversely, the HF-C group had

13.5% less lean mass compared to the LF-C group (p <0.0001, n=60),
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Effect of FV supplementation on body composition Mice (60/group) were fed LF-C (10% fat), HF-C (45% fat), or each diet supplemented with 15% FV
(LF + FV, HF 4+ FV) from when they were 5 weeks old until the first group reached 50% mortality, which was the HF-C group at 21 months. Body
composition was assessed at 6 (A,B) and 16 months (C,D), respectively. Means of fat mass and lean mass were compared across groups using one-way
ANOVA, followed by Tukey's post hoc test. Values are mean + SEM, n = 60 at 6 months time point, and n = 41-55 at 16 months time point. Labeled

and the HF+FV group trended towards having more lean mass
(p=0.0572, n=60) compared to the HF-C group. The LF + FV group
had 4.6% more lean tissue mass than that of the LF-C group
(p<0.0001, n=60) ( ). These results suggest that FV
supplementation for 6 months reduces fat mass in both mice fed LF-C
and HF-C diet. At 16months, the HF-C group maintained a
significantly higher fat mass and lower lean mass than that of the LF-C
group. The protective effect of FV supplementation on body
composition was not observed at 16 months (64 weeks) ( ).
The lack of FV effect at 16 months was not due to presence or absence
of tumors ( ), although, at 6 months mice
without tumor and fed the LF + FV had lower fat mass and higher lean
mass compared to those fed the LF-C diet with tumor
( ). Spearman correlation analysis indicated
that fat mass was positively correlated with tumor incidence
(rho=0.3157, p<0.0001) and negatively associated with lean mass
(tho=—0.3026, p<0.0001).

3.4 FV supplementation improved diet- and
age-related blood lipid changes

We performed blood lipid profile analysis at 12 and 21 months. In
comparing the blood lipid levels including cholesterol, TG, LDL-c,
HDL-¢c, and VLDL-c at 12 versus 21 months, two-way ANOVA
analysis demonstrated a significant diet effect (p<0.0001) and
diet x age interaction (p<0.0001). No age effect was observed except

Frontiers in

for the LDL-c/HDL-c ratio (p=0.0005). Paired t-test analysis
demonstrated that, in general, mice at older age (21 months) had
significantly higher blood lipid levels in LF-C and LF + FV diet groups
compared to their younger age (12 months) ( )
The blood lipid levels in HF-C group at older age, however, were
significantly lower compared to their younger age. The differences in
blood lipid parameters between older and younger age in mice fed
HF+FV diet exhibited great variation. For example, blood TG,
HDL-c, and VLDL-c were significantly lower at older age mice than
at younger age and the ratio of LDL-c to HDL-c were remarkably
higher at older age than at younger age, while there were no differences
in blood cholesterol and LDL-c levels between the two life stages
(older and younger age) ( ).

Blood lipid profile analysis showed that mice fed the HF-C diet
had significantly higher blood cholesterol levels than those fed the
LE-C diet at both 12 and 21 months. Both the LF+FV group and
HEF +FV group had lower blood cholesterol levels compared to their
). While the LF+FV
group continued to exhibit lower blood cholesterol levels than the

respective control mice at 12 months (

LF-C group at 21 months, no such difference was observed between
the HF+FV group and HF-C group ( ) at 21 months.
Similarly, the HF-C group had significantly higher blood LDL-c levels
than the LF-C group, and both the LF+FV group and the HF + FV
group had lower blood LDL-c levels compared to their respective
). At 21 months, the LF+FV
group continued to exhibit lower blood cholesterol and LDL-c levels

control mice at 12months (

compared to the LF-C group. However, these differences between the
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FIGURE 5

Effect of FV supplementation on blood lipid profile. Mice (60/group)
were fed LF-C (10% fat), HF-C (45% fat), or each diet supplemented
with 15% FV (LF + FV, HF + FV) from when they were 5 weeks old until
the first group reached 50% mortality, which was the HF-C group at
21 months. Blood lipid profile was assessed at 12 months (A—F) and
21 months (G-L). Means of blood cholesterol, TG, HDL-c, LDL-C,
VLDL-c, and ratio of LDL-c/HDL-c were compared across groups
using one-way ANOVA, followed by Tukey's post hoc test. Values are
mean + SEM, n =57-60 at 6 months time point, and n =28-49 at

16 months time point. Labeled means without a common letter
significantly differ at p <0.05.

HF-C and HF + FV group disappeared at 21 months (Figure 5]). FV
supplementation did not have a significant effect on HDL-c level in
mice fed a HF-C diet at either 12 or 21 months time points, nor in
those fed the LF-C diet at 21 months time point. Although mice fed
the LF+ FV had significantly lower HDL-c level compared to those fed
the LF-C at 12months (Figure 5C), LF-FV mice had lower blood
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LDL-c/HDL-c ratio compared to their respective control mice at this
time point, given their more pronounced effect on LDL-c levels.
Similarly, HF-FV mice had lower blood LDL-c/HDL-c ratio compared
to the respective control mice at 12 months (Figure 5F). We found that
the LF + FV group continued to have lower blood LDL-c/HDL-c ratio
than the LE-C group at 21 months. Unexpectedly, the HF + FV mice
had higher blood LDL-c/HDL-c ratio than HF-C group (Figure 5L) at
21 months. FV supplementation did not affect blood levels of TG and
VLDL-c (Figure 5).

Taken together, these results suggest that FV supplementation
improves high fat diet-induced blood dyslipidemia up until middle
age (12 months), however, this effect does not appear to last to older
age (21 months). In contrast, the effect of FV supplementation on
blood lipids is maintained in the mice fed LE-C diet throughout
the lifespan.

Spearman correlation analysis showed that tumor incidence was
positively correlated with blood cholesterol and LDL-c levels at both
12months (rtho=0.3303, p<0.0001, and rho=0.3131, p<0.0001,
respectively) and 21 months (rho=0.3238, p <0.0001, and rho=0.3571,
Pp<0.0001, respectively). Further, mouse survival days were negatively
associated with blood cholesterol and LDL-c levels at 21 months
(rho=-0.1642, p=0.0117, and rho =—0.1948, p=0.0026, respectively).
No correlations were found between survival days and blood
cholesterol and LDL-c levels at 12 months. These results suggest that
HEF-diet induced dyslipidemia may contribute to reduced lifespan/
survival and that FV supplementation may increase median lifespan
in part through maintenance of healthy circulating lipid profiles.

3.5 FV supplementation suppressed diet-
and age-related chronic inflammation

It is postulated that chronic inflammation contributes to the aging
process and cancer incidence (27-29). We examined circulating
pro-inflammatory cytokine levels and found that overall FV
supplementation had an anti-inflammatory effect as indicated by
lower blood levels of inflammatory cytokines such as monocyte
chemoattractant protein-1 (MCP-1), interleukin (IL)-6, TNFa, and
keratinocyte chemoattractant/human growth-regulated oncogene
(KC/GRO). However, this effect was not entirely uniform among all
the markers and exhibited some variation depending on age and diet.

Two-way ANOVA analysis demonstrated a significant age effect
for all of the blood pro-inflammatory cytokines (p <0.0001 for IL-6,
TNFa, MCP-1, and KC/GRO), diet effect (p=0.0006 for IL-6,
p<0.0001 for TNFa, MCP-1, KC/GRO), and a diet x age interaction
effect (p=0.0006 for IL-6, p=0.0142 for MCP-1, and p <0.0001 for
TNFa and KC/GRO, respectively). A significant age effect
(p<0.0001), diet effect (p<0.0001), and diet and age interaction
(p<0.0001) were also observed for the anti-inflammatory
cytokine IL-10.

As expected, paired t-test analysis demonstrated that the level of
inflammatory markers was significantly higher at 21 months in all diet
groups compared to 12 months (Supplementary Figure 56). The level
of anti-inflammatory cytokine IL-10 was also higher in all of the diet
groups at 21 months in comparison to 12 months (Figure 6).

FV supplementation at 12 months significantly reduced circulating
levels of some of the pro-inflammatory cytokine in mice fed the HE-C
diet. This effect was not observed at 21 months.
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At 12 months the HF-C group had significantly higher blood
levels of pro-inflammatory chemokine MCP-1 than the LE-C
group, and both LF+FV and the HF+FV groups had lower
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difference was found between the HF + FV group and the HF-C
group (Figure 6F).

Additionally, the HE-C group had significantly higher blood levels
of pro-inflammatory cytokine IL-6 than the LE-C group at 12 months.
The HF+FV group had lower blood levels of IL-6 compared to the
HE-C group. Unlike the observed difference in MCP-1, no difference
in IL-6 was observed between the LF+FV group and the LF-C group
(Figure 6B). However, the LF+ FV group did exhibit lower blood levels
of IL-6 than the LF-C group at 21 months, in contrast to the lack of
such difference in HF-C mice at the same time point (Figure 6G).

At 12months HF-C group had higher levels of TNFa in
comparison to LF-C; however, by 21 months no significant difference
in circulating TNFo levels was observed between LF-C and HF-C
diets. Compared to the LF-C group, the LF+FV group had
significantly lower blood TNFa levels at both 12 and 21 months,
respectively, however, this effect of F&V was not observed in the HF-C
mice (Figures 6C,H).

The HF-C group had significantly higher blood levels of
pro-inflammatory cytokine KC/GRO than the LF-C group at
12 months. Both LF+FV and the HF+FV group had lower blood
levels of KC/GRO compared to their respective control mice
(Figure 6D). At 21 months, while this effect was still present in the
LF-C mice, it no longer existed in HF-C mice (Figure 61).

IL-10 level was higher in the HF-C group in comparison to the
LE-C group at both 12 and 21 months (Figures 6E,]). There was no
significant difference in IL-10 level at either 12 months or 21 months
between the LF+FV group and the LF-C group or between the
HF +FV group and the HF-C group (Figures 6E,]).

Spearman correlation analysis demonstrated that at 12 months,
tumor incidence was positively correlated with blood MCP-1
(tho=0.2075, p=0.0035), IL-6 (rho=0.2916, p<0.0001), TNF«
(tho=0.2866, p<0.0001), and KC/GRO (rho=0.2233, p=0.0006),
while the survival days were negatively correlated with blood MCP-1
(tho=—0.2521, p=0.0004), IL-6 (tho=—0.2419, p=0.0003), TNFo
(tho=—0.2651, p<0.0001), and KC/GRO (rho = —0.2393, p=0.0002).
Furthermore, at 21 months tumor incidence was positively correlated
with blood MCP-1 (rho=0.1682, p=0.0341) and TNF« (rho=0.2388,
p=0.0021).

4 Discussion

Epidemiological evidence indicates that consumption of FV is
negatively associated with the incidence of certain cancers and
positively associated with life expectancy. However, the evidence
supporting a causal relationship is lacking. In this prospective,
pre-clinical study, we investigated the effect of life-long consumption
of high levels of FV on median lifespan, key biological functions, and
pathologies in normal weight and obese mice as well as the underlying
mechanisms. We found that long-term FV supplementation extended
median lifespan and reduced HF diet-associated mortality and tumor
incidence in mice.

Further, our study demonstrated that FV supplementation
significantly reduced high fat diet-induced weight gain in the initial
14 months. However, this FV-associated reduction of body weight gain
disappeared after 14 months. When separating the mice into two
groups based on the presence or absence of tumor at any time during
the feeding period, we found that effect of FV supplementation on
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weight gain in mice who developed tumor disappeared after 52 weeks
(12months) of feeding, which was much earlier than that of mice
without tumor (60 weeks). These results suggest that presence of
tumor may contribute to the diminished weight-reducing effect of FV
in mice fed a high fat diet. We also found that FV supplementation
attenuated fat mass gain in mice fed either LF-C or HF-C diet at the
early stage of the FV intervention (6 months of the feeding). However,
this effect disappeared at 16 months. Spearman correlation analysis
indicated that fat mass was positively correlated with tumor incidence
in this animal model. Epidemiological evidence links FV consumption
with reduced obesity and increased lifespan (30-32). Additionally,
obesity is associated with the development of malignant tumors (33,
34). Therefore, our results suggest that, in the context of consuming a
HE diet, FV supplementation may extend median lifespan and reduce
tumor incidence at least partially through its beneficial effects on body
weight gain and composition.

We found that FV supplementation improved high fat diet-
induced blood dyslipidemia up until middle age (12 months), however,
this effect did not appear to last to older age (21 months). The higher
presence of tumors may have confounded the impact of FV on blood
lipids at 21 months. In contrast, the effect of FV supplementation on
blood lipids is maintained in the mice fed the LF-C diet throughout
the lifespan. Furthermore, tumor incidence was positively correlated
with blood cholesterol and LDL-c levels, and mouse survival days
were negatively associated with blood cholesterol and LDL-c levels at
21 months. Given that obesity and dyslipidemia may be associated
with increased cancer risk (35-37) and positive regulation of lipid
metabolism might contribute to extended lifespan (38), our results
suggest that HF-diet induced dyslipidemia may contribute to reduced
lifespan/survival and that FV supplementation may increase median
lifespan in part through maintaining a healthy circulating lipid profiles.

Aging is associated with increased inflammation, which in turn,
has been noted to contribute to the age-associated diseases and
pathologies. We demonstrated that middle age (12 months) mice fed
the HF-C diet supplemented with FV supplementation had
significantly lower levels of some of the pro-inflammatory cytokines
compared to those fed a HF-C diet. Blood pro-inflammatory cytokines
were positively correlated with tumor incidence and negatively
correlated with the survival days. As chronic inflammation contributes
to the aging process and cancer incidence (27-29), our results suggest
that effects of FV supplementation on increased median lifespan and
reduced tumor incidence are associated with, and might be partially
mediated, by the suppression of pro-inflammatory cytokine
production. We also found that circulating levels of anti-inflammatory
cytokine IL-10 were substantially increased in both HF-diet fed
groups (HF-C and HF-FV) in comparison to LF-diet fed groups (LF-C
and LF-FV) at 12 months. The elevated blood IL-10 levels in animal
fed a high fat diet has been observed by other investigators in high fat
diet-induced obese mouse and rat model (39, 40), and this
phenomenon may be a protective compensatory mechanism to
counteract the pro-inflammatory and harmful metabolic effects of the
high fat diet.

While the result of this first life-long prospective study on the
effect of FV supplementation are significant in demonstrating the
causal role of FV in reducing cancer and mortality and proposing
potential underlying mechanisms, there are some limitations to
the study. One of the limitations is that some of tumor vs.
non-tumor comparisons were limited by the low number of
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animals in the HF-C group at 21 months. We did not anticipate
this much higher mortality in this group. Future studies with a
larger number of animals will be needed to conduct such
sub-analysis. While epidemiological evidence supports the
applicability of our findings to humans, prospective clinical trials
will be needed to definitively confirm our findings in humans.
Prospective human studies will albeit and to a large extent
be limited to investigating the impact of F&V on key biological
markers rather than disease and mortality. Our findings of
significant correlations with lipids, inflammatory markers and
BMI can guide selection of such markers. However, the precise
mechanisms by which these biomarkers are associated with life
span and cancer occurrence need further investigation.

In summary, these data show, for the first time, that life-long
supplementation with high level of a variety of fruits and vegetables,
causally extends median lifespan and reduces HF diet-associated
mortality and tumor incidence in mice. These beneficial effects of FV
are associated with, and may be mediated through, changes in key
age- and obesity-associated biological markers, i.e., reduction of
weight gain, improved blood lipid profile, and the reduced blood levels
of pro-inflammatory cytokines. Further studies are needed to
determine the relative contribution of each of the above to the
observed effects of fruits and vegetables.
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