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Abstract: Many risk-modifying factors affect cancer incidence and mortality rates. We present an
ecological study of incidence and/or mortality rates for cancers during 2007-2016 of 17 anatomical
sites with respect to solar ultraviolet-B (UVB) doses and obesity prevalence. Solar UVB reduces
cancer risk by producing vitamin D, which has many mechanisms to reduce risk of cancer incidence,
progression, and metastasis. Obesity increases cancer risk through several mechanisms, including
increased systemic inflammation. Data were averaged for 12 geographical regions. Solar UVB doses
were significantly inversely correlated with mortality rates for five cancers for males and four for
females. Obesity prevalence was directly correlated with mortality rates for three cancers for males
and seven for females. The population attributable fraction of cancer mortality rates ascribed to low
solar UVB dose was 0.03 for both males and females, whereas that for obesity prevalence was 0.05
for males and 0.08 for females. Thus, cancer mortality rates in France could be reduced through
vitamin D supplementation and reducing the prevalence of obesity. Doing so also could reduce risk
of other adverse health outcomes.

Keywords: cancer; diet; ecological study; incidence rate; mortality rate; obesity; risk; solar UVB;
smoking; vitamin D

1. Introduction

France’s population in 2010 was approximately 65 million, with 31.5 million males and 33.5
million females [1]. For males in 2010, the estimated all-cancer incidence rate was 363 per 100,000
person-years and the all-cancer mortality rate was 134 per 100,000 person-years [2]. For females, the
values were 252 and 73, respectively. From 2005 to 2012, all-cancer incidence and mortality rates for
males decreased each year by 1.3% and 2.9%, respectively, whereas for females, the all-cancer
incidence rate increased by 0.2% and all-cancer mortality rates decreased by 1.4%. Standardized
death rates per 100,000 people for France in 2010 were all causes, 684; cancer, 232; cardiovascular
diseases, 156; other diseases, 124; violent deaths, 64; unspecified or ill-defined causes of death, 55;
and infectious and parasitic diseases, respiratory diseases, 52 [3]. Thus, cancer was a leading cause of
death.

To reduce cancer rates in France, trying to determine the causes of cancer there is worthwhile.
A set of studies were conducted to estimate the causes of cancer related to lifestyle and environmental
factors in France in 2015. The summary article from that set lists the top seven: tobacco smoking,
19.8% population attributable fraction (PAF); alcohol consumption, 8.0%; dietary factors, 6.8%;
overweight and obesity, 5.4%; infectious agents, 4.9%; ultraviolet exposure, 3.6%; and occupational
exposures, 3.6% [4].

Tobacco smoking has been a leading cause of cancer since the late 20th century. In the United
States, lung and bronchus cancer was the leading cause of cancer death for males from 1955 to present
and for females from 1988 to present [5]. For France in 2015, the PAF of cancer cases for active tobacco
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smoking was about 28% for males and 8% for females [6]. In addition, PAFs were 4.2% of lung cancers
in nonsmoking males from smoking partners and 6.7% for females due to smoking partners.

Alcohol consumption is France’s second-leading cause of cancer. For 2015, light, moderate,
heavy, and former alcohol drinking were responsible for 1.5%, 1.3%, 4.4%, and 0.6% of all new cancer
cases, respectively [7]. Esophageal squamous cell carcinoma had the highest PAF (58%). An estimated
15,000 of all cancer deaths in France in 2009 were due to alcohol consumption [8].

High body mass index (BMI) had an estimated PAF for cancer of 4.1% for males and 6.7% for
females [9]. The highest estimated PAFs were for esophageal adenosarcoma (37%) and corpus uteri
cancer (34%).

Infectious agents, especially human papillomavirus (1.8% PAF) and Helicobacter pylori (1.3%
PAF), are important risk factors for some cancers [10]. Cancers with the largest PAFs from human
papillomavirus in descending order of PAF are anal, tonsils, oropharyngeal, penile, head and neck,
and oral cavity.

Solar radiation’s effect on cancer incidence was limited to cutaneous melanoma [11]. Three data
sets were used in the analysis: the 1903 South Thames birth cohort, a historical reference from France
in 1980, and a geographical reference from France for 2003-2007. The PAFs for melanoma cases from
solar UV radiation varied from 45% to 89% for males and 23% to 79% for females. The PAF for all-
cancer incidence varied from 1.4% to 2.8% for males and from 0.9 to 3.2% for females.

In 2010, Grant published an ecological study of French cancer incidence and mortality rates
between 1998 and 2000 with respect to latitude, an index of vitamin D production from solar
ultraviolet-B (UVB) radiation [12]. Cancers with significant inverse correlations for both incidence
and mortality rates included all, all less lung, breast, colorectal, esophageal, lung (males only),
prostate, and uterine cervix and uterine corpus. Those results were similar to those from the United
States [13]. However, that analysis did not include other important cancer risk factors, such as obesity.
Thus, the findings could have been due to a latitudinal gradient in obesity rather than UVB for some
of the cancers.

A study estimated that PM2s exposure in France in 2015 had a PAF for lung cancer of 3.6% [14].
The effect of PM2s exposure is not investigated directly in this study but is investigated indirectly in
that lung cancer incidence and mortality rates are used as the index for smoking.

The present study uses the geographical ecological study approach to determine how solar UVB
dose and obesity affect cancer incidence and mortality rates in France for 2007-2016. Cancer incidence
and mortality rate data are averaged for geographical regions, as are obesity and UVB doses, and
statistical analysis is used to determine the correlations. Other results applying this approach have
been reported in several midlatitude countries, including the United States [15-20], China [21], Japan
[22,23], and Russia [24], as discussed in a 2022 review [25].

2. Materials and Methods

Cancer incidence and mortality rates came from a publication of the Santé publique France,
Institut national du cancer [26]. Tables 2-1 to 2-24 in that report included incidence and/or mortality
rate data for cancers at 23 anatomical sites as well as for all cancers combined. National estimates of
incidence for 20072016 and mortality for 2007-2014 included average annual population, crude rate,
standardized rate on the age structure of the world population per 100,000 person-years accompanied
by their prediction/95% confidence interval, distribution of estimated departmental rates (5th and
95th percentiles: Q5-Q95), and percentage of cases in the total number of incident cases or deaths.
Data for 13 regions were available. Data for Corse were not used in that analysis because of the few
cancer cases (960 for males, 842 for females) and cancer deaths (492 for males and 351 for females)
compared with the other regions (>6000 cases and 2800 deaths).

Obesity data came from a 2012 report on prevalence of obesity in 22 French regions for 2007 and
2012 [27]. Data for 2012 were based on information for 25,714 people older than 18 years. Because the
number of regions with obesity data is greater than the number of regions with cancer data, the
obesity data for each region for cancer were averaged with respect to populations in the major cities
and data combined for 2007 and 2012. Table 1 gives the values used in this study.
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Table 1. Values for obesity prevalence, solar UVB dose, and all-cancer incidence and mortality rates
in ascending order by annual mean solar UVB doses.

Region Annual mean Obesity prevalence
solar UVB (Wh/m?) [28] (%)** [27]

Hauts-de-France 5.45 20.4
Grand Est 5.6 18.0
Normandie 57 16.8
fle-de-France * 13.8
Bretagne * 12.1
Centre-Val de Loire * 16.8
Bourgogne-Franche-Comté 6.1 15.1
Pays de la Loire * 12.6
Auvergne-Rhone-Alpes 6.8 13.3
Nouvelle-Aquitaine 7.1 14.6
Occitanie 8.1 13.6
Provence-Alpes-Cote d’ Azur * 11.6

*, see values in Table 1 in [28]; **, used with permission of authors.

Serum 25-hydroxyvitamin D [25(OH)D] concentrations are used to determine the association
between vitamin D and health outcomes. Exposure to solar UVB radiation is the main source of
vitamin D. That relationship is apparent, for example, in the variations in serum 25(OH)D
concentrations during the year as in the UK [29] and the United States [30]. In winter, concentrations
fall to 60%-70% of peak summertime concentrations. When vitamin D is not being produced,
25(OH)D stored in skeletal muscle is returned to the serum [31,32].

A 2011 article reports values for annual mean UVB radiation for each Mutualité sociale agricole
region in France [28]. The values were based on typical values determined for global UVB all-sky
measurements from MeteoStats, Switzerland. The data were accessed from the Solar Radiation Data
(SoDa) company from an apparently inactive website. However, maps are still available (www.soda-
pro.com/maps/maps-for-pay; accessed June 10, 2024), but we did not pursue that line of inquiry
further. Solar UVB doses do not change appreciably from year to year. The main cause of change is
fluctuations in stratospheric ozone concentration. Measured solar UV index for Observatoire de
Haute-Provence (44° N) from 1975 to 2017 showed an increase to about 1994, followed by relative
stability albeit with year-to-year fluctuations [33]. More important, air pollution such as from aerosols
as well as clouds also reduces the amount of UVB reaching Earth’s surface. Aerosol loading in France
is highest in northern France [14,34]. However, ecological studies generally do not consider those
factors.

Data for alcohol consumption in 21 regions came from a 2010 report in France [35]. To develop
data for the 12 regions used in this study, we averaged data for each region for cancer with respect
to populations in the major cities. Three measures were used in preliminary analyses: daily alcohol
use, use at chronic risk or dependence, and repeated drunkenness. Because repeated drunkenness
had the highest correlation with cancers such as esophageal cancer, we chose that as the index of
alcohol consumption in the analyses.

Annual mean solar UVB doses for the regions vary from 5.45 Wh/m? in Hauts-de-France to 8.7
Wh/m? in Provence-Alpes-Cote d’Azur. Serum 25(OH)D concentrations were measured between
January 2011 and February 2012 in 10 university hospitals involving 892 French white healthy adults
[36]. Mean 25(OH)D concentrations in northern France were 22 + 8 and 25 + 8 ng/mL. Figure 1 in
Souberbielle and colleagues [36] shows the 10 measurement sites. Using the data in Table 1, we
estimate that the mean solar UVB dose in northern France was 6.0 Wh/m2, whereas that in southern
France was 6.8 Wh/m2. The ratio of 25(OH)D concentrations is 25/22 = 1.14, whereas the ratio of solar
UVB doses is 1.13, showing good agreement. Although those values are only approximations, they
indicate that the UVB doses are reasonable indices for mean serum 25(OH)D concentrations in each
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region. The odds ratio for 25(OH)D <20 ng/mL in the north compared with the south was 1.91 (95%
confidence interval [CI], 1.43-2.54).

Lung cancer incidence and mortality rate data also were included as an index of the cancer risk
due to smoking. However, lung cancer also is affected by air pollution such as fine particulate matter
(PM25) in France [14]. PM2s concentrations are much higher in northern France [14,34] and several
smaller regions throughout France. Because smoking generally takes decades to result in lung cancer,
data for smoking rates would not be useful.

Data were analyzed using SigmaStat 4.0 (Grafiti, Palo Alto, CA, USA). Data plots were made
using KaleidaGraph 4.5.4 (Synergy Software, Reading, PA, USA).

Table 2 gives the cross-correlation coefficients for the risk-modifying factors used in this study.
Factors with significant cross-correlation coefficients should not be used in the same regression
analysis. In general, 10 independent pairs of data are needed to produce useful regression results.
Because only 12 data sets are used, few useful results involving two risk-modifying factors would be
expected.

Table 2. Cross-correlation regression results (r, adjusted 72, p) for the risk-modifying factors used in
this analysis.

Factor Obesity LCi, males LCi, females LCm, males LCm, females
Solar 0.67, 0.40, 0.48,0.15,0.11 NS 0.53, 0.20, 0.08 NS
UVB 0.02
Obesity 0.83, 0.69, 0.34, 0.03, 0.28 0.87, 0.76, NS
<0.001 <0.001
LCi, 0.95, 0.90, NS
males <0.001
LGi, 0.85, 0.70, <0.001
females

LCi, lung cancer incidence rate; LCm, lung cancer mortality rate; NS, not significant; UVB, ultraviolet-B.
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Figure 1. Plot of all-cancer mortality rate for females vs. obesity prevalence (%), 2009-2012 [27].
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3. Results

Tables 3-6 show the regression results (all p < 0.10) for cancer incidence and mortality rates for
males and females. The good agreement of the results for obesity with estimates in a model study for
France [9] supports the findings in this ecological study for UVB dose in that the same analytic
method was used. However, very little effect was found for smoking in using lung cancer incidence
or mortality rates as the index of smoking. Also, no significant correlations were found for repeated
drunkenness, the index of alcohol consumption.

Table 3. Regression results for cancer incidence rates for males.

Cancer Equation r, Adjusted 12, p PAF, PAF, UVB
obesity
All 316 + 3.3 x Obes 0.57, 0.26, 0.052 0.01
Bladder 5.2+0.18 x LCi 0.50, 0.18, 0.08
Colorectal 32 +0.43 x Obes 0.55, 0.23, 0.06 0.01
Esophageal 14 -0.97 x UVB 0.58, 0.26, 0.051 0.06
Lips, mouth, pharynx -5.9+0.23 x LCi 0.67, 0.40, 0.01
Lips, mouth, pharynx 34-29xUVB 0.53, 0.20, 0.07 0.07
Lips, mouth, pharynx 9.9 + 0.74 x Obes 0.52, 0.20, 0.09 0.03
Lung 29 + 1.5 x Obes 0.83, 0.66, <0.001
Thyroid -0.80 +0.85 x UVB 0.84, 0.68, <0.001

LCi, lung cancer incidence; Obes, obesity; PAF, population attributable fraction; UVB, ultraviolet-B.

Table 4. Regression results for cancer mortality rates for males.

Cancer Equation r, Adjusted 12, p (p, p) PAF, PAF,
obesity UVB
All 84 + 3.9 x Obes 0.70, 0.45, 0.01 0.05
All 200-6.9 x UVB 0.63, 0.35, 0.03 0.03
All-lung 29+2.0xLCm 0.78, 0.49, 0.007
All-lung 150 - 6.8 x UVB 0.64, 0.35, 0.03 0.04
All-lung 66 + 2.5 x Obes 0.60, 0.30, 0.04 0.03
Bladder -0.02+0.13 x LCm 0.67, 0.40, 0.01
Bladder 2.5+0.17 x Obes 0.67, 0.39, 0.02 0.06
Colorectal 2.6+0.27 x LCm 0.81, 0.62, 0.001
Colorectal 6.9 + 0.41 x Obes 0.81, 0.62, 0.001 0.08
Esophageal 43-0.8xUVB+0.16 x LCm 0.77,0.50, 0.01 (0.03,
0.10)
Esophageal 7.1+0.43 x LCm - 0.028 x 0.72,0.41, 0.04 (0.048,
Obes 0.35)
Esophageal 12-0.99 x UVB 0.63, 0.33, 0.03 0.11
Esophageal -3.7+0.23 x LCm 0.56, 0.26, 0.045
Laryngeal -0.64 +0.085 x LCm —0.050 | 0.73,0.43, 0.04 (0.048,
x Obes 0.40)
Laryngeal —0.28 + 0.056 x LCm 0.70, 0.45, 0.01
Lips, mouth, -12+1.1 x LCm - 0.79 x 0.79, 0.54, 0.01 (0.02,
Pharynx Obes 0.22)
Lips, mouth, 5.9+0.31 x LCm 0.78, 0.58, 0.003
Pharynx
Lips, mouth, 13-1.1xUVB 0.70, 0.43, 0.01 0.15
Pharynx
Liver 16 -0.92 x UVB 0.54, 0.22, 0.07 0.15
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Lung 19 + 1.5 x Obes 0.87, 0.74, <0.001
Melanoma 1.5-0.20 x Obes + 0.043 x 0.73, 0.43, 0.03 (0.02,
LCm 0.09)

Melanoma 2.3 -0.043 x Obes 0.58, 0.27, 0.048
Pancreatic 4.3 +0.066 x LCi 0.69, 0.43, 0.01
Pancreatic 6.1 +0.11 x Obes 0.64, 0.34, 0.03 0.02

Prostate 15-0.77 x UVB 0.68, 0.40, 0.02 0.14

Stomach 6.7-0.32 x UVB 0.83, 0.65, <0.001 0.08
Testicular 0.55-0.045 x UVB 0.61,0.31, 0.04 0.10

LCi, lung cancer incidence; LCm, lung cancer mortality; Obes, obesity; PAF, population attributable fraction;
UVB, ultraviolet-B.

Table 5. Regression results for cancer incidence rates for females.

Cancer Equation r, Adjusted 72, p PAF, obesity | PAF, UVB
Esophageal 1.8-0.13 x UVB 0.59,0.29, 0.04 0.07

Kidney 4.4 +0.13 x Obes 0.76, 0.54, 0.004 0.05

Thyroid -2.1+25xUVB 0.85, 0.70, <0.001

Obes, obesity; PAF, population attributable fraction; UVB, ultraviolet-B.

Table 6. Regression results for cancer mortality rates for females.

Cancer Equation r, Adjusted 12, p (p, p) PAF, PAF,
obesity UVB
All 51 +1.6 x Obes 0.94, 0.86, <0.001 0.08
All 58 + 1.4 x Obes — 0.69 x UVB 0.94, 0.81, <0.001
(<0.001, 0.32)
All 95-3.1 x UVB 0.71, 0.46, 0.009 0.03
All-lung 49 +1.4 x Obes — 0.85 x UVB | 0.92, 0.81, <0.001 (0.002,
0.32)
All-lung 40 + 1.6 x Obes 0.91, 0.81, <0.001 0.11
All-lung 85-3.2xUVB 0.71, 0.46, 0.009 0.04
Bladder 0.56 + 0.026 x Obes 0.85. 0.69, <0.001 0.08
Breast 11 +0.42 x Obes — 0.33 x 0.86, 0.68, 0.002 (0.01,
UVB 0.37)
Breast 8.0 + 0.51 x Obes 0.85, 0.69, <0.001 0.10
Breast 23-1.1xUVB 0.69, 0.42, 0.01 0.05
Corpus uteri 7.2 +0.22 x Obes 0.68, 0.41, 0.02 0.04
Colorectal 4.6 +0.20 x Obes 0.88, 0.77, <0.001 0.09
Esophageal 1.8-0.13xUVB 0.59, 0.29, 0.04 0.07
Kidney 0.97 +0.035 x Obes 0.49,0.16, 0.11 0.02
Liver 1.1 +0.081 x Obes 0.75, 0.52, 0.005 0.08
Ovarian 5.1-0.19 x UVB + 0.047 x 0.89, 0.75, <0.001 (0.02,
Obes 0.10)
Ovarian 6.3-0.27 x UVB 0.85, 0.69, <0.001 0.07
Ovarian 3.1 +0.10 x Obes 0.78, 0.56, 0.003 0.05
Stomach 2.5-0.13 x UVB 0.70, 0.43, 0.01 0.05
Thyroid 0.068 +0.012 x Obes 0.57, 0.26, 0.054 0.05

Obes, obesity; PAF; population attributable fraction; UVB, ultraviolet-B.

The PAF of cancer incidence and mortality rates can be estimated from the regression results
from the regression equation. It is essentially the area of the triangle for the regression fit to the data
from low to high value of the risk-modifying factor divided by the rectangle for the mean value of
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the cancer rate times the difference between high and low values for the risk-modifying factor, then
multiplied by adjusted #2 for the regression fit. For all-cancer mortality for females with respect to
obesity, the PAF is:

| All-cancer mortality | 51+1.6 xObes | 0.94,0.86,<0.001 |
(1.6 x 8.8 x 8.8/2)/[(51 + 1.6 x 16) x 8.8] x 0.86
= [1.6 x 8.8/2)/[(51 + 1.6 x 16)] x 0.86
= [7.04/76.6] x 0.86 = 0.08

However, that estimate is a lower bound, based only on having obesity rates in all regions set to
the lowest value. If the obesity rate were set to zero, the estimate would be that the rate would be 51
deaths/100,000 per year. However, such an extrapolation cannot be made because many relationships
are nonlinear, often reaching a minimum or maximum value before the zero value of the independent
variable is reached.

Figures 1 and 2 are scatter plots of data used in this study. Figure 1 is for all-cancer mortality
rate for females vs. obesity ratses. Figure 2 is stomach cancer mortality rate for males vs. annual mean
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Figure 2. Plot of stomach cancer mortality rates vs. annual mean solar UVB doses [28].

4. Discussion

Solar UVB dose was more strongly associated with reduced cancer risk for males than for
females, possibly because, for example, males are more likely to be outdoors occupationally, such as
in agriculture, construction, or public safety. An ecological study in Nordic countries showed that
effect [37]. Also, cosmetics now generally include sunscreen [38,39], thereby reducing vitamin D
production in women.

Solar UVB dose was not found associated with several types of cancer for which it was found in
ecological studies of cancer mortality rates in the United States such as bladder and colorectal cancer
[13,18]. The likely reason is that since people now have higher BMI, obesity becomes a more
important risk factor, in part since serum 25(OH)D concentration tends to be inversely correlated
with BMI and fat mass. For example, an observational study conducted in Italy involving 147
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overweight and obese subjects, the regression fit for serum 25(OH)D concentration increased from 5
ng/mL for fat mass = 43 kg to 40 ng/mL for 26 kg [40]. In multiple regression analysis using two
models, fat mass was the only significant factor correlated with 25(OH)D concentration (p < 0.01). In
turn, systemic inflammation is inversely correlated with serum 25(OH)D concentration [41]. Systemic
inflammation is associated with an increased risk of cancer. An observational study involving 8024
individuals in the Rotterdam Study followed found that over a ten-year period, cancer risk increased
from 9.7% in the lowest quartile to 14.7% in the highest quartile (p = 0.009) [42].

This study’s results for obesity and solar UVB doses generally agree with those in the literature.
Table 7 serves as a bibliography of articles and reviews supporting obesity’s role in cancer risk and
those of serum 25(OH)D concentration and solar UVB in reducing cancer risk.

Table 7. References supporting this study’s findings. (Will put author’s last name, year, in font of each
reference. May eliminate some of them.

Cancer Site Obesity Serum 25(OH)D Solar UVB
All Argyrakopoulou (2021) [43], Mili (2021) | Sha (2023) [49], Bai Grant (2006)
[44], Petrelli (2021) [45], Scully (2020) (2024) [50], Mo [13]
[46], Pati (2023) [47], Sun (2023) [48] (2024) [51]
Bladder Sun (2015) [52], Zhao (2017) [53], Lu Grant (2006)
(2021) [54] [13]
Breast Engin (2017) [55], Picon-Ruiz (2017) Li (2021) [62] Grant (2006)
[56], Seiler (2018) [57], Agurs-Collins [13] [63]
(2019) [58], LeVee (2023) [59], Dehesh,
2023) [60], Chlebowski (2024) [61]
Colorectal Loosen (2022) [64], Rychter (2023) [65], | Sha (2023) [49], Wu Grant (2006)
Mandic (2023) [66], Saeed, 2023) [67], (2020) [69] [13]
Ulanja (2023) [68]
Corpus uteri Cohen (2018) [70], Kiesel (2020) [71], Grant (2006)
Kokts-Porietis (2021) [72], Donkers [13]
(2021) [73]
Esophageal Wang (2016) [74] O’Sullivan
(2018) [75]
Kidney Petrelli (2021) [45], Kovesdy (2017) [76],
Gluba-Brzozka (2023) [77]
Laryngeal
Lips, mouth, Fanidi (2016) [78], Pu (2021) [79]
pharynx
Liver Marengo (2016) [80], Divella (2019) [81], Sohn (2021) [83] Grant (2012)
Sohn (2021) [82] [37]
Lung Petrelli (2021) [45], Yu (2018) [84], Brock Sha (2023) [49]
(2020) [85], Parida (2021) [86]
Melanoma Petrelli (2021) [45]
Oral Grant (2012)
[37]
Ovarian Cohen (2018) [70], Nagle (2015) [87], Walentowicz- Grant (2006)
Kato (2015) [88] Sadlecka (2012) [89], [13]
Webb (2015) [90],
Pancreatic Paternoster (2020) [91], Eibl (2021) [92] Grant (2006)
[13]
Prostate Sha (2023) [49], Cui
(2024) [93]
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Stomach Sha (2023) [49] Grant (2006)
[13], O’Sullivan
(2018) [75]
Testicular Biggar (2016)
[94], Tulchiner
(2021) [95]
Thyroid Schmid (2015) [96], Kitahara (2020) [97] Hu (2024) [98]

25(OH)D, 25-hydroxyvitamin D; UVB, ultraviolet-B.

Solar UVB'’s inverse correlation with several cancers indicates that vitamin D reduces risk of
both incidence and mortality rates. Solar UV’s main effect on cancer risk is through vitamin D
production. Vitamin D has many mechanisms to reduce cancer risk. The action is generally through
the hormonal metabolite, 1,25-dihydroxvyitamin D [1,25-(OH):Ds, or calcitriol] binding to vitamin D
receptors (VDRs) linked to chromosomes, leading to up- or downregulation of many genes [99].
Organs that need calcitriol, such as those afflicted with cancer cells, can convert circulating 25(OH)D
to calcitriol [100]. Tumors with lower expression of VDRs tend to be more aggressive [101] and
although that did not affect breast cancer survival over a 6-year period, higher VDR expression does
reduce prostate cancer mortality rates [102]. Vitamin D increases cell differentiation, which is usually,
but not necessarily, linked to an arrest in proliferation, and both processes inhibit slow tumorigenesis
[25]. Calcitriol modulates the biology of stromal cells such as fibroblasts, endothelial, and immune
cells in a way that interferes with metastasis.

A recent review recommended supplementation with 2000 IU/d of vitamin Ds for good health
[103]. That would be a good recommendation for reducing cancer risk for people with BMI <25 kg/m?
of body surface area. However, as reported in secondary analyses of the VITAL study, people with
BMI < 25 kg/m? had a 25% reduction in all-cancer incidence and those with higher BMI did not. Even
though those below and above 25 kg/m? increased serum 25(OH)D concentrations by the same
amount, 12 ng/mL, those with higher BMI did not significantly reduce risk of all-cancer incidence
[104]. The mean baseline 25(OH)D concentration of participants in that study’s vitamin D arm was
near 31 ng/mL. However, 25(OH)D concentrations were not measured in those in the placebo arm or
in all of the treatment group. Most likely, people with higher BMI require higher vitamin D doses as
well as higher 25(OH)D concentrations to reduce cancer risk. However, vitamin D supplementation
has not been shown to significantly reduce inflammatory markers in overweight and obese people,
as shown in a meta-analysis of 11 randomized controlled trials with a total of 504 participants [105].
No significant change was apparent in either C-reactive protein or tumor necrosis factor
concentrations related to either vitamin D dose or achieved serum 25(OH)D concentration.

Vitamin D supplementation should also be considered adjuvant treatment for people who
develop cancer [25,106,107]. Vitamin D is more effective in reducing cancer mortality risk than
incidence [104,108] because vitamin D is one of the few natural compounds in the body that reduce
angiogenesis around tumors and metastasis [25].

Several reasons may explain researchers’ not having found more cancers linked to lung cancer:

e Lung cancer incidence or mortality rate may not be a good index for effects of smoking
because lung cancer risk also is related to diet, as shown here by the high correlation between
obesity and lung cancer mortality rate.

¢  Smoking rates may not vary much in France.

e  Smoking may have been less important than before because of lower smoking rates.

As for alcohol consumption, it is likely that either the index, repeated drunkenness, is not
suitable for the effect on cancer risk, or alcohol consumption does not vary much throughout France.
Further speculation on reasons is beyond the scope of this study.

Many papers have discussed obesity’s role in risk of cancer incidence and mortality rates. Some
findings are discussed here in the order they are listed in Table 1. A 2021 review estimated that 55%
of cancers diagnosed in women and 24% in men were related to overweight/obesity [43]. The main
mechanisms underlying that relationship include the insulin/insulin-like growth factor 1 (IGF-1)
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system, the effect of sex hormones, and adipocytokines. Obesity has a strong association with cancers
related to female reproduction, whereas for cancers affecting both sexes, obesity is more important
for males.

Higher BMI is associated with many cancers. For endometrial cancer, the relative risk (RR) per
5-unit increase in BMI is 1.54 (95% CI, 1.47-1.61) [44]. Central adiposity measured by waist
circumference or waist-to-hip ratio has been suggested as a stronger predictor than BMI for several
cancers, such as colorectal cancer. Metabolic syndrome has been consistently and positively
associated with the risk of very common cancers such as colorectal (RR = 1.34 [95% CI, 1.24-1.44]),
endometrial (RR = 1.62 [95% CI, 1.26-2.07]), and postmenopausal breast cancer (RR = 2.01 [95% CI,
1.55-2.60]).

A meta-analysis of 203 studies with 6,320,365 participants evaluated the association of obesity
with overall survival (OS), cancer-specific survival (CSS), and progression-free survival (PES) or
disease-free survival (DFS) in cancer patients [45]. Overall, obesity was associated with a reduced OS
(hazard ratio [HR] = 1.14 [95% CI, 1.09-1.19]) and CSS (HR = 1.17 [95% CIL, 1.12-1.23]). Patients also
were at increased risk of recurrence (HR =1.13 [95% CI, 1.07-1.19]). Conversely, patients with obesity
and lung cancer, renal cell carcinoma, or melanoma had better survival outcomes than nonobese
patients with the same cancer (lung, HR =0.86 [95% CI, 0.76-0.98]; renal cell, HR =0.74 [95% CI, 0.53—
0.89]; melanoma, HR = 0.74 [95% CI, 0.57-0.96]).

Metabolic abnormalities such as insulin resistance (IR) and dyslipidemia are associated with
both obesity and type 2 diabetes mellitus (DM) and have been implicated in the obesity—cancer
relationship [46]. Multiple mechanisms have been proposed to link obesity and DM with cancer
progression, including an increase in insulin/IGF-1 signaling; lipid and glucose uptake and
metabolism; alterations in the profile of cytokines, chemokines, and adipokines; and changes in the
adipose tissue adjacent to cancer sites.

The interplay between obesity and the risk of cancer development or recurrence is not fully
understood. The relation involves altered fatty acid metabolism, extracellular matrix remodeling,
secretion of adipokines and anabolic and sex hormones, immune dysregulation, and chronic
inflammation [47]. Treatment with glucagon-like peptide 1 analogues and bariatric surgery result in
faster weight loss and can be considered in selected cancer survivors.

A study investigated BMI jointly and in interaction with metabolic health status in relation to
obesity-related cancer risk (n = 23,630) among 797,193 Europeans [48]. Metabolically healthy and
unhealthy status was defined by using a metabolic score comprising mid-blood pressure, plasma
glucose, and triglycerides. Metabolically unhealthy obesity was, compared with metabolically
healthy normal weight, associated with an increased RR of any obesity-related cancer and of colon,
rectal, pancreatic, endometrial, liver, gallbladder, and renal cell cancer (p < 0.05), with the highest risk
estimates for endometrial, liver, and renal cell cancer (HR =2.55-3.00). Metabolically healthy obesity
showed a higher RR for any obesity-related cancer and colon (in men), endometrial, renal cell, liver,
and gallbladder cancer, though the risk relationships were weaker.

A review investigated the correlations between DM and obesity and bladder cancer risk from 25
retrospective articles [54]. Diabetic patients had significantly higher risk for all-cause mortality (HR
= 1.24 [95% CI, 1.07-1.44]), cancer-specific mortality (HR = 1.67 [95% CI, 1.29-2.16]), disease
progression (HR = 1.54 [95% CI, 1.15-2.06]), and recurrence (HR = 1.40 [95% CI, 1.32-1.48]) than in
nondiabetics. No statistically significant risk change for all-cause mortality, cancer-specific mortality,
disease progression, and recurrence was found for overweight patients. However, obese people were
at higher risk for disease progression (HR =1.88 [95% CI, 1.41-2.50]) and recurrence (HR = 1.60 [95%
CI, 1.06-2.40]) than patients with healthful BMIL

A review stated that for obese women, factors that contribute to breast cancer include higher
estrogen levels due to excessive aromatization activity of the adipose tissue, overexpression of
proinflammatory cytokines, IR, hyperactivation of IGF pathways, adipocyte-derived adipokines,
hypercholesterolemia, and excessive oxidative stress [55]. Moreover, increased plasma cholesterol
hastens tumor formation and exacerbates their aggressiveness. In contrast to postmenopausal
women, premenopausal women with high BMI are inversely associated with breast cancer risk. In
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addition, the impacts of obesity-related concentrations of estrogen, cholesterol, saturated fatty acid,
leptin, and adiponectin; aromatase activity; leptin; and IR on breast cancer patients are evaluated.

Another review, from 2018, noted that poor dietary habits related to obesity risk modulate
inflammation and thereby appear to be linked to higher risk of breast cancer and mortality [57]. Such
habits are characterized by high intake of refined starches, sugar, and both saturated and trans-
saturated fats, as well as low intake of omega-3 fatty acids, natural antioxidants, and fiber.

A 2019 review noted that visceral adipocytes are more metabolically active than subcutaneous
adipocytes [58]. Such adipose tissue harbors multiple molecular entities that promote carcinogenesis:
endocrine molecules/hormones, immunologic factors, inflammatory cytokines, metabolic alterations,
and other components of the microenvironment. Expression of those culpable entities is regulated
largely by epigenetic mechanisms. The relationship between those entities and drivers of epigenetic
alteration are crucial to regulating pathways connecting obesity and cancer risk.

A 2023 review related obesity-associated risk of colorectal cancer to the Western diet [65]. That
diet is characterized by high intake of red and processed meat and low consumption of whole grains,
fruits, vegetables, and fiber, which increases risk of obesity. Moreover, the Western diet is associated
with a proinflammatory profile diet, which may cause chronic low-grade inflammation. In fact, obese
people often have gut dysbiosis, increased inflammation, and risk of colorectal cancer.

Endometrial cancer is the most often observed malignant gynecologic disease in developed
countries [71]. Obesity is an important risk factor. Adipose tissue serves as an endocrine organ,
involved with hyperglycemia, IR, and hyperestrogenemia, as well as interactions with a chronic
proinflammatory microenvironment. Weight reduction, physical activity, and healthy nutrition can
reduce its risk.

A randomized controlled trial was conducted to examine how reducing fat mass through diet
affected endometrial or ovarian cancer patients [70]. Women were randomly assigned to a ketogenic
diet (KD) (70:25:5 energy from fat, protein, and carbohydrate, respectively) or the American Cancer
Society diet (ACS; high-fiber, low-fat). Body composition (dual x-ray absorptiometry) and fasting
serum insulin, IGF-1, and -hydroxybutyrate were obtained at baseline and at 12 weeks; urinary
ketones also were measured continually. After 12 weeks, the KD group had lower adjusted total (35.3
vs. 38.0 kg; p <0.05) and android (3.0 vs. 3.3 kg; p < 0.05) fat mass than the ACS group. Percent change
in visceral fat was greater in the KD group than in the ACS group (-21.2% vs. —4.6%; p < 0.05).
Adjusted total lean mass did not differ between the groups. The KD group had lower adjusted fasting
serum insulin (7.6 vs. 11.2 uU/mL; p < 0.01) than the ACS group. A significant inverse association
existed between the changes in serum p-hydroxybutyrate and IGF-1 concentrations (r = -0.57; p <
0.0001). The basis for that approach is the mitochondrial metabolic theory of cancer [109,110]. It is
based on the Warburg effect: aerobic fermentation of glucose as a major phenotype of most cancers
[111,112]. See also a discussion of the mechanisms whereby the mitochondria influence all steps of
oncogenesis [113]. Seyfried and colleagues discussed how ketogenic metabolic therapy could be used
as a complementary or alternative approach to manage breast cancer [114].

Increasing evidence suggests obesity’s role in the initiation and progression of cancers, including
renal cell carcinoma (RCC) [77]. Because tumors require energy for their uncontrollable growth, it
appears plausible that their initiation and development is associated with dysregulation of cell
metabolism. Thus, intake of excessive energy and nutrients may favor development of cancers. Many
factors promote development of RCC, such as hypoxia, inflammation, IR, and excessive adipose
tissue and adipokines. Many obesity-related alterations in gene expression can promote RCC, such
as DNA methylation, single-nucleotide polymorphisms, histone modification, and miRNAs.

Nonalcoholic fatty liver disease (NAFLD) is increasing and becoming one of the world’s most
common causes of liver disease [81]. NAFLD is one of the new emerging risk factors for developing
tumors of the gastrointestinal tract, particularly hepatocellular carcinoma. Visceral obesity is an
important risk factor for NAFLD. Accumulating ectopic fat leads to dysfunctional adipose tissue with
impaired production of adipocytokines which, in turn, can increase proinflammatory cytokines,
leading to a microenvironment favorable to cancer development.
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Lung cancer risk is inversely associated with obesity. To determine why, researchers analyzed
tissue differences between lung neoplasms and healthful lungs in seven gene expression data sets
[86]. Analysis showed significant enrichment of adipocytes and preadipocytes in healthful lungs
compared with lung cancers. An understudied adipokine, omentin, was significantly and
consistently lower in lung neoplasms than in healthful lungs. Omentin was consistently
downregulated in lung cancers and exhibited a negative correlation with important transcription
factors FOXA1, EN1, FOXC1, and ELK4. The authors suggested that omentin may serve as a
prognostic factor in lung cancer and explain the “obesity paradox” in lung cancer.

A mechanism suggested to explain obesity’s role in ovarian cancer is related to leptin [88]. Leptin
is an adipose tissue—derived hormone that can signal the body to reduce food intake. But leptin
resistance can develop, leading to obesity and greater leptin production [115]. In 70 ovarian cancer
patients, leptin exposure increased cancer cell migration/invasion through leptin-mediated activation
of the JAK-STATS3, PI3-AKT, and RhoA-ROCK pathways and promoted new lamellipodial, stress
fiber, and focal adhesion formation. Leptin also contributed to the maintenance of stemness and the
mesenchymal phenotype in ovarian cancer cells.

The mechanisms proposed to explain the link between DM and cancer risk include obesity,
inflammation and oxidative stress, hyperglycemia, and hyperinsulinemia [116]. A large-scale
prospective study of 162,667 women and 43,185 men in health care during a median follow-up of
26 years was used to determine how dietary patterns affected chronic diseases [117]. Two empirical
dietary patterns were derived: reversed empirical dietary index for hyperinsulinemia and reversed
empirical dietary inflammatory pattern, both associated with a 10% reduction in total cancer, or 5%
when adjusted for BMI. They were associated with a 17% reduction in obesity-related cancers and
with a 62%—-64% reduction in DM, or 43% when adjusted for BMI. The patterns reduced risk of
chronic disease better than several other touted dietary patterns such as the Alternate Mediterranean
dietary pattern. Food groups with highest risk for chronic diseases were red meat, processed meat,
french fries, and energy drinks. Food groups with lowest risk include coffee, wine, whole grains,
nuts, fruit, dark-yellow vegetables, low-fat dairy products, salad dressing (possibly olive oil), and
leafy green vegetables. A low-fat vegan diet can quickly reverse DM [118,119]. The mechanisms of
DM reversal include removing excess fat from various organs to normalize hepatic insulin
responsiveness and {3-cell recovery [120]. Weight loss of ~15 kg achieved through caloric restriction
also has led to remission of DM of patients with obesity and DM in an intensive management [121].

Among this ecological study’s strengths are that it includes cancer data for geographical regions
across continental France. The approach yielded good results for obesity and solar UVB radiation.
The method works well for risk-modifying factors that have reasonable geographical variation as
well as important impacts on cancer risk.

Weaknesses include that data for some important cancer risk-modifying factors, such as diet,
were not available. In addition, the data used were representative, not inclusive. Also, because data
for individual people were not used, the interaction between risk-modifying factors such as obesity
and serum 25(OH)D concentrations could not be assessed. Data for obesity were for adults and not
just older adults with higher cancer risk. Data for alcohol consumption were not ideal. In addition,
the study used no information on cancer screening, such as for breast, colorectal, and prostate cancer,
or treatment.

5. Conclusions

This ecological study shows that solar UVB reduces risk of some cancers in France, whereas
obesity increases risk. Cancer rates in France could be reduced through more solar UVB exposure
and vitamin D supplementation as well as taking steps to reduce the rate of overweight, obesity, and
DM, preferably through dietary measures.
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