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ABSTRACT

Background: Prospective studies have shown differences in some disease risks between vegetarians and
nonvegetarians, but the potential biological pathways are not well understood.

Objectives: \We aimed to assess differences in concentrations of biomarkers related to disease pathways in people
with varying degrees of animal foods exclusion.

Methods: The UK Biobank recruited 500,000 participants aged 40-69y (54.4% women) throughout the United Kingdom
in 2006-2010. Blood and urine were collected at recruitment and assayed for more than 30 biomarkers related to
cardiovascular diseases, bone and joint health, cancer, diabetes, renal disease, and liver health. In cross-sectional
analyses, we estimated adjusted geometric means of these biomarkers by 6 diet groups (regular meat eaters, low
meat eaters, poultry eaters, fish eaters, vegetarians, vegans) in 466,058 white British participants and 2 diet groups
(meat eaters, vegetarians) in 5535 British Indian participants.

Results: \We observed differences in the concentrations of most biomarkers, with many biomarkers showing a gradient
effect from meat eaters to vegetarians/vegans. Of the largest differences, compared with white British regular meat
eaters, white British vegans had lower C-reactive protein [adjusted geometric mean (95% Cl): 1.13 (1.03, 1.25) compared
with 1.43 (1.42, 1.43) mg/L], lower low-density lipoprotein cholesterol [3.13 (3.07 3.20) compared with 3.65 (3.65,
3.65) mmol/L], lower vitamin D [34.4 (33.1, 35.9) compared with 44.5 (44.4, 44.5) nmol/L], lower serum urea [4.21
(4.11, 4.30) compared with 5.36 (5.36, 5.37) mmol/L], lower urinary creatinine [5440 (5120, 5770) compared with 7280
(7260, 7300) wmol/L], and lower y-glutamyltransferase [23.5 (22.2, 24.8) compared with 29.6 (29.6, 29.7) U/L]. Patterns
were mostly similar in British Indians, and results were consistent between women and men.

Conclusions: The observed differences in biomarker concentrations, including lower C-reactive protein, lower LDL
cholesterol, lower vitamin D, lower creatinine, and lower y-glutamyltransferase, in vegetarians and vegans may relate to

differences in future disease risk. J Nutr2021;151:3168-3179.
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Introduction

Previous epidemiologic studies have reported differences in
disease risks between vegetarians and nonvegetarians. Com-
pared with meat eaters, vegetarians have been shown to
have a lower risk of ischemic heart disease (1), diabetes (2),
and possibly some cancers (3) but may have higher risks
of fractures (4) and stroke (1). However, there is currently
insufficient evidence for many other health outcomes. The
development of many long-term diseases is often preceded
by a change in the concentrations of relevant biological
markers in the human body, which underlie the pathologic
mechanisms. The comparison of established disease biomarker
concentrations would therefore be helpful in predicting disease
risk between vegetarians and nonvegetarians for outcomes that

have not been well investigated. Moreover, for diseases where
a difference in risk was previously observed, investigation of
biomarker concentrations may also help to improve or confirm
our understanding of underlying pathways. However, detailed
characterization of disease biomarker concentrations between
vegetarians and nonvegetarians is lacking, possibly due to
absence of relevant data.

The aim of this study is to provide a detailed description
of biomarker concentrations relevant for 6 groups of disease
outcomes (cardiovascular, bone and joint, cancer, diabetes,
renal, and liver) across white British and British Indian
participants with varying degrees of animal-sourced food
exclusion, using data from a large population-based cohort in
the United Kingdom.
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Methods

Study design and participants

The UK Biobank is a prospective cohort of 500,000 people aged
40-69 y, recruited from across the United Kingdom between 2006
and 2010 (5). The scientific rationale and design of the UK Biobank
study have been described in detail elsewhere (6). In brief, people
who lived within traveling distance (~25 km) of one of the
22 assessment centers across England, Wales, and Scotland were
identified from National Health Service registers and invited to
participate in the study. Overall, ~5.5% of the invitees attended
a baseline visit, during which they completed a touchscreen ques-
tionnaire that asked about sociodemographic characteristics, lifestyle
exposures (including diet, alcohol consumption, smoking status, and
physical activity levels), and general health and medical history
(7).

At recruitment, all participants also completed a computer-assisted
personal interview and had physical measurements and blood samples
taken. Permission for access to patient records for recruitment was
approved by the Patient Information Advisory Group (now the National
Information Governance Board for Health and Social Care) in England
and Wales and the Community Health Index Advisory Group in
Scotland, and all participants gave informed consent to participate
in UK Biobank using a signature capture device at the baseline
visit (8).

Inclusion and exclusion criteria

On the touchscreen questionnaire, participants were asked to self-
identify their ethnicity from options of “white,” “mixed,” “Asian or
Asian British,” “Black or Black British,” “Chinese,” “Other ethnic
group,” “Do not know,” or “Prefer not to answer,” with further
subcategories under each option. Participants were included for our
analyses if they self-identified as “white” or as “Asian or Asian British”
and subsequently as “Indian,” hereafter referred to as “white British”
and “British Indian.” The white British population was included as
it made up the majority of the UK Biobank population (~94%), and
the British Indian population was included due to the large proportion
of vegetarians in this population group (24.6% compared with 1.7%
in the overall cohort). The number of vegetarians in the other ethnic
groups was small and did not allow comparisons by diet groups,
and therefore other ethnic groups were excluded from these analyses
(n = 23,858). Participants were also excluded if they did not provide
the relevant information to be classified into one of the prespecified
diet groups (7 = 3591), had no data on biomarkers (7 = 3416), or
had missing information on fasting time (defined as time since last meal
or drink, except plain water) (7 = 30). A participant flowchart of the
inclusion and exclusion criteria of this study is shown in Supplemental
Figure 1.
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Diet group classification

Participants were classified into diet groups by degree of animal-sourced
food exclusion based on self-reported dietary data from a touchscreen
questionnaire as previously described (9, 10). Briefly, on the touchscreen
questionnaire, participants were asked their frequency of consumption
of processed meat, beef, lamb or mutton, pork, poultry (such as chicken
or turkey), oily fish, and other types of fish in 6 categories of frequency
ranging from “never” to “once or more daily.” Participants were also
asked whether they never consume eggs or foods containing eggs and
dairy products. Reproducibility of this touchscreen questionnaire has
been assessed previously, and good agreement was found for most
food groups, particularly meat and fish (11). Based on these questions,
6 diet groups were defined for the white British population: regular
meat eaters (red and processed meat consumption >3 times/wk), low
meat eaters (red and processed meat consumption <3 times/wk), poultry
eaters (participants who ate poultry but no red or processed meat,
regardless of whether they ate fish, dairy products, or eggs), fish eaters
(participants who ate fish but no red or processed meat or poultry),
vegetarians (participants who did not eat meat, poultry, or fish), and
vegans (participants who further excluded dairy products and eggs).
Two diet groups were defined for the British Indian population: meat
eaters (ate any combination of red or processed meat or poultry) and
vegetarians (excluding vegans).

Blood and urine sampling and biomarker assays

Blood sampling in UK Biobank was performed by either a phlebotomist
or a nurse in all participants except for a small proportion (0.3%) who
declined, were deemed unable to, or where the attempt was abandoned
for either technical or health reasons. Nonfasting blood samples were
taken from a vein in the inner elbow using a 18-gauge vacutainer needle
and barrel or, if that appeared unsuitable, from a vein on the back
of the hand using a 21-gauge Safety Lok (BD Vacutainer) butterfly
needle connected to a vacutainer barrel (6). In total, 40-50 mL of
blood was collected from each participant into various tubes. For
most blood biomarkers, the assays were performed on serum samples,
with the exception of the glycated hemoglobin (HbAlc) test, which
was performed on packed RBC samples. A random urine sample was
also collected from most participants except for a small proportion
(0.7%) who declined, were deemed unable to for health reasons, or
where technical issues occurred. Further details of the blood and urine
sample collection and biomarker assay procedures can be found in the
Supplemental Methods.

In total, 34 biomarkers were assayed, which were grouped as cardio-
vascular related [total cholesterol, LDL cholesterol, HDL cholesterol,
triglycerides, apolipoprotein A1 (ApoAl), apolipoprotein B (ApoB),
C-reactive protein, lipoprotein(a)], bone and joint related [vitamin
D (25-hydroxyvitamin D), rheumatoid factor, alkaline phosphatase
(ALP), calcium], cancer related [sex hormone binding globulin (SHBG),
testosterone, estradiol, insulin-like growth factor I (IGF-I)], diabetes
related (HbA1lc, glucose), renal related (cystatin C, serum creatinine,
total protein, urea, phosphate, urate, urinary creatinine, urinary
sodium, urinary microalbumin, urinary potassium), and liver related
[albumin, direct bilirubin, total bilirubin, y -glutamyltransferase (GGT),
alanine aminotransferase (ALT), aspartate aminotransferase (AST)]
biomarkers. Although these biomarkers may not be associated with all
disease subtypes within the outcome group and may also be associated
with outcomes other than the one labeled, they were grouped as such
to allow broad interpretation in relation to risks of the several major
chronic diseases by diet group.

All measured biomarkers, with the exception of lipoprotein(a),
rheumatoid factor, estradiol, and urinary microalbumin, were assessed
here as potential biomarkers of interest. Lipoprotein(a) was excluded
because concentrations are almost entirely genetically determined and
therefore unlikely to be influenced by diet or lifestyle (12). Rheumatoid
factor, estradiol, and urinary microalbumin were excluded due to the
large proportion of missing data from estimates outside the reportable
range (92% missing for rheumatoid factor, 85% missing for estradiol,
70% missing for microalbumin). For testosterone, in women only,
missing data due to values below the reportable range were replaced
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with a value that was three-quarters of the lowest reportable value
(0.35 nmol/L x % = 0.2625 nnmol/L). We also derived additional
measures of ratios of total to HDL cholesterol and ApoB to ApoAl,
whereas urinary sodium and potassium were expressed as a ratio to
urinary creatinine to account for dilution (13). In addition, we further
examined values of serum calcium with correction for serum albumin
(details in Supplemental Methods).

Statistical analyses
Baseline characteristics of UK Biobank participants were tabulated by
6 diet groups in the white British population and by 2 diet groups
in the British Indian population, as described above. The primary
outcomes were 32 biomarker measures, including ratios (total to HDL
cholesterol, ApoB to ApoAl, urinary sodium to creatinine, urinary
potassium to creatinine). All biomarker variables, with exception of
the ratios, were log-transformed to approximate a normal distribution.
Adjusted geometric (or arithmetic for the ratios) mean concentrations
(95% ClIs) of each biomarker of interest were calculated using predictive
values from linear regressions adjusted for the relevant covariates. For
cardiovascular biomarkers, the analyses were restricted to participants
not taking lipid-lowering medications; for diabetes biomarkers, the
analyses were restricted to participants not taking diabetes medications.
For all biomarkers of interest, 4 regression models were carried out.
Model 1 was adjusted for sex, age (5-y categories), fasting status (0—
1,2, 3,4, 5, 6-7, >8 h), and, in the case of vitamin D, for month of
recruitment; model 2 was also adjusted for BMI (in kg/m?; <20, 20.0-
22.4, 22.5-24.9, 25.0-27.4, 27.5-29.9, 30.0-32.4, 32.5-34.9, >35,
unknown); and model 3 was also adjusted for alcohol consumption (<1,
1-7, 8-15, >16 g/d, unknown) and smoking status (never, previous,
current <15 cigarettes/d, current >15 cigarettes/d, unknown). Owing
to the large proportion of missing data (22% missing overall) for the
physical activity variable, physical activity [low <10, moderate 10—
49.9, high >50 excess metabolic equivalent of task, h/wk, unknown]
(14) was also adjusted for as a fourth model. For vitamin D only,
a fifth model was included further excluding participants who self-
reported vitamin D supplement use. For the figures, relative geometric
or arithmetic means were used by expressing the geometric or arithmetic
mean biomarker concentrations in the other diet groups as a proportion
of that in the regular meat eaters in the white British participants and as
a proportion of that in the meat eaters in the British Indian participants.
In addition, we also estimated the adjusted arithmetic mean (i.e.,
based on the non-log-transformed values) of all biomarkers, based on
model 3. All analyses were repeated separately for women and men in
both ethnicities (i.e., white British and British Indian). For each baseline
characteristic and each biomarker of interest, Wald tests were used to
assess heterogeneity between the 6 diet groups in the white population
and the 2 diet groups in the Indian population. For the white British
population, Bonferroni-corrected pairwise comparisons between the
6 diet groups were also reported. All statistical analyses were performed
using Stata release 15.1 (StataCorp), and 2-sided P values < 0.05 were
considered significant. All figures were generated using R (R Foundation
for Statistical Computing).

Results

Participant characteristics

After the prespecified exclusions (Supplemental Figure 1), the
current analyses included 466,058 white British participants
of 6 diet groups (regular meat eaters, low meat eaters,
poultry eaters, fish eaters, vegetarians, vegans) and 5535 British
Indian participants of 2 diet groups (meat eaters, vegetarians).
Characteristics of UK Biobank white British and British Indian
participants are shown in Table 1 and separately for women
and men in Supplemental Tables 1-3. On average, compared
with meat eaters in the same ethnic group, white British
low-meat, poultry, or non—-meat eaters (hereafter defined as
fish eaters, vegetarians, vegans) were slightly younger, whereas
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British Indian vegetarians were slightly older. Generally, low-
meat, poultry, or non—-meat eaters also had lower BMI (not in
British Indians) and were less likely to report heavy drinking
(>16 g alcohol per day), heavy smoking (>15 cigarettes per
day), and lipid-lowering or diabetes medication use.

Differences in biomarker concentrations by diet
groups

Geometric mean biomarker concentrations or arithmetic mean
of biomarker ratios by diet groups and ethnicities based on
model 3 are shown as Figures 1-6 and also in Supplemental
Tables 4-27. For the white British population, all results de-
scribed below represent significant differences after Bonferroni
correction for pairwise comparisons across the 6 diet groups
and by using regular meat eaters as the reference group, unless
otherwise stated.

For cardiovascular-related biomarkers, compared with reg-
ular meat eaters, white British low-meat, poultry, and non-
meat eaters generally had lower serum concentrations of total
cholesterol, LDL cholesterol, ApoB, C-reactive protein, total to
HDL cholesterol ratio, and ApoB to ApoA1l ratio (Figure 1A
and Supplemental Tables 4—6). The vegetarians had the highest
serum triglyceride concentrations, whereas vegans had the
lowest ApoA1 concentrations, and both vegetarians and vegans
had lower HDL cholesterol than regular meat eaters. In British
Indians, vegetarians had significantly lower concentrations of
serum total cholesterol, LDL cholesterol, HDL cholesterol,
ApoB, total to HDL cholesterol ratio, and ApoB to ApoA1 ratio
than meat eaters, but differences in the other cardiovascular-
related biomarkers were not statistically significant (Figure 1B
and Supplemental Table 7).

For bone and joint-related biomarkers, both white British
vegetarians and vegans (Figure 2A and Supplemental Tables 8-
10) and British Indian vegetarians (Figure 2B and Supplemental
Table 11) had lower serum vitamin D (mean concentrations
were slightly lower but patterns were similar in nonsupplement
users) and higher ALP concentrations than meat eaters in the
same ethnic group. White British vegans also had marginally
lower serum calcium concentrations (results were consistent
with or without correction for albumin) than meat eaters, but
no difference in serum calcium was observed between British
Indian meat eaters and vegetarians.

For cancer-related biomarkers, in white British participants,
all other diet groups had higher serum SHBG than regular
meat eaters, whereas vegetarians and vegans had lower IGF-
I concentrations (Figure 3A and Supplemental Tables 12-
14). In men, low meat eaters, poultry eaters, and fish eaters
but not vegetarians or vegans had significantly higher serum
testosterone concentrations than regular meat eaters, although
the magnitudes of differences were small. In British Indians,
vegetarians had lower serum IGF-I concentrations than meat
eaters, but no significant differences were observed in SHBG
or testosterone concentrations (Figure 3B and Supplemental
Table 15).

For diabetes-related biomarkers, in the white British pop-
ulation, there were minimal differences in HbAlc concentra-
tions and no significant difference in glucose concentrations
(Figure 4A and Supplemental Tables 16-18); no significant
differences were observed in the British Indians (Figure 4B and
Supplemental Table 19).

For renal-related biomarkers, compared with the respective
meat eaters in both ethnicities, the other diet groups had
lower concentrations of serum and urinary creatinine, lower
urea, but higher urinary potassium to creatinine ratio, whereas
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A White British participants B British Indian participants
Biomarkers, Number Adjusted mean Biomarkers, Number Adjusted mean
diet group concentrations (95% ClI) diet group concentrations (95% ClI)

Total cholesterol, mmol/L

Total cholesterol, mmol/L

Regular meat eaters 170420 5.84 (5.84, 5.84)
Low meat eaters 176438 5.82 (5.81, 5.82) Meat eaters 2832 5.57 (5.53, 5.61)
Poultry eaters 4219 5.70 (5.67, 5.73) -1
Fish eaters 9167 5.73 (5.71,5.75) -
Vegetarians 6023 5.61(5.58, 5.63) = Vegetarians 1057 5.37 (5.31, 5.43)
Vegans 375 5.14 (5.05, 5.23) -
LDL cholesterol, mmol/L LDL cholesterol, mmol/L
Regular meat eaters 170073 3.65 (3.65, 3.65)
Low meat eaters 176128 3.63(3.63, 3.64) : Meat eaters 2833 3.52(3.50, 3.55)
Poultry eaters 4212 3.54 (3.52, 3.57) =
Fish eaters 9146 3.56 (3.54, 3.57) -]
Vegetarians 6015 3.47 (3.45, 3.49) = Vegetarians 1056 3.38 (3.34, 3.43)
Vegans 375 3.13(3.07, 3.20) E 3
HDL cholesterol, mmol/L HDL cholesterol, mmol/L
Regular meat eaters 156154 1.43 (1.43, 1.43)
Low meat eaters 161180 1.44 (1.44, 1.44) Meat eaters 2585 1.28 (1.27, 1.29) | |
Poultry eaters 3816 1.44 (1.43, 1.45)
Fish eaters 8328 1.44 (1.44,1.45)
Vegetarians 5458 1.39 (1.38, 1.40) = Vegetarians 945 1.25(1.23, 1.27) E ]
Vegans 346 1.32 (1.30, 1.35) -
Triglycerides, mmol/L Triglycerides, mmol/L
Regular meat eaters 170264 1.51 (1.51, 1.52) [ ]
Low meat eaters 176323 1.47 (1.46, 1.47) a Meat eaters 2833 1.65 (1.62, 1.69) [ ]
Poultry eaters 4214 1.41 (1.39, 1.43) f
Fish eaters 9156 1.45 (1.44,1.47) =
Vegetarians 6017 1.62 (1.60, 1.64) [ ] Vegetarians 1056 1.71 (1.66, 1.76) HE—
Vegans 375 1.50 (1.43, 1.57) ——
Apolipoprotein A1, g/L Apolipoprotein A1, g/L
Regular meat eaters 155374 1.563 (1.53, 1.53)
Low meat eaters 160115 1.53 (1.583, 1.53) Meat eaters 2574 1.41 (1.40, 1.42) [
Poultry eaters 3790 1.51 (1.51, 1.52)
Fish eaters 8264 1.52 (1.52, 1.53)
Vegetarians 5418 1.52 (1.51, 1.52) Vegetarians 944 1.40 (1.39, 1.41) [ )
Vegans 342 1.47 (1.44, 1.49) -
Apolipoprotein B, g/L Apolipoprotein B, g/L
Regular meat eaters 169474 1.05 (1.05, 1.05)
Low meat eaters 175709 1.04 (1.04, 1.04) : Meat eaters 2808 1.04 (1.03, 1.04) [ ]
Poultry eaters 4208 1.02 (1.02, 1.03) =
Fish eaters 9125 1.02 (1.02, 1.03) -]
Vegetarians 5993 1.00 (0.99, 1.00) -] Vegetarians 1052 1.00 (0.98, 1.01) =
Vegans 372 0.94 (0.92, 0.96) -
C-reactive protein, mg/L C-reactive protein, mg/L
Regular meat eaters 170042 1.43 (1.42,1.43) [ |
Low meat eaters 176097 1.32(1.31,1.33) = Meat eaters 2821 1.68 (1.62, 1.73) [ ]
Poultry eaters 4206 1.17 (1.14, 1.20) -
Fish eaters 9140 1.12(1.09, 1.14) -
Vegetarians 5998 1.24 (1.21,1.27) - Vegetarians 1055 1.63 (1.54, 1.73) ——
Vegans 374 1.13(1.03,1.25) —m——
Total to HDL-C ratio Total to HDL-C ratio
Regular meat eaters 156122 4.23 (4.23,4.24)
Low meat eaters 161156 4.18 (4.18, 4.19) : Meat eaters 2583 4.50 (4.46, 4.54) | |
Poultry eaters 3816 4.12 (4.09, 4.15) =
Fish eaters 8328 4.12 (4.10,4.14) =
Vegetarians 5458 4.17 (4.15, 4.20) =2 Vegetarians 945 4.42 (4.35,4.48) -
Vegans 346 4.04 (3.94, 4.15) -
ApoB to ApoA1 ratio ApoB to ApoA1 ratio
Regular meat eaters 154487 0.71(0.71, 0.71)
Low meat eaters 159434 0.71(0.71,0.71) Meat eaters 2555 0.76 (0.75, 0.77) [
Poultry eaters 3778 0.70 (0.70, 0.71)
Fish eaters 8224 0.70 (0.70, 0.71)
Vegetarians 5395 0.68 (0.68, 0.69) = Vegetarians 940 0.73(0.72, 0.75) E 3
Vegans 341 0.67 (0.65, 0.69) -
0.7 08 09 1 14 0.7 08 09 1 14

Relative means and 95% CI Relative means and 95% CI
FIGURE 1 Cardiovascular-related serum biomarker concentrations by diet group and ethnicity in UK Biobank. Point estimates are relative
geometric or arithmetic (ratios) means + 95% Cls in serum biomarker concentrations compared with regular meat eaters in white British
participants or compared with meat eaters in British Indian participants. Adjusted mean concentrations are adjusted geometric or arithmetic
(ratios) means + 95% Cls based on linear regression models. Total to HDL cholesterol ratio was expressed as mmol/L of total cholesterol to
mmol/L of HDL cholesterol, and ApoB to ApoA1 ratio was expressed as g/L of ApoB to g/L of ApoA1l. All estimates were adjusted for sex,
age at recruitment (5-y categories), fasting status (0-1, 2, 3, 4, 5, 6-7, >8 h), BMI (<20, 20.0-22.4, 22.5-24.9, 25.0-27.4, 275-29.9, 30.0-32.4,
32.5-34.9, >35.0 kg/mz, unknown), alcohol consumption (<1, 1-7 8-15, >16 g/d, unknown), and smoking status (never, previous, current
<15 cigarettes/d, current >15 cigarettes/d, unknown). ApoA1, apolipoprotein A1; ApoB, apolipoprotein B.
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A White British participants B British Indian participants
Biomarkers, Number Adjusted mean Biomarkers, Number Adjusted mean
diet group concentrations (95% CI) diet group concentrations (95% CI)
Vitamin D, nmol/L Vitamin D, nmol/L
Regular meat eaters 199723 445 (44.4, 44.5) l
Low meat eaters 199842 457 (45.6, 45.8) -] Meat eaters 3431 24.7 (24.3,25.1)
Poultry eaters 4600 46.3 (45.8, 46.9) =
Fish eaters 9534 44.0 (43.6,44.3)
Vegetarians 6183 37.5(37.1,37.9) = Vegetarians 1056 22.9(22.2,23.7) -
Vegans 381 34.4 (33.1, 35.9) ——
Alkaline phosphatase, U/L Alkaline phosphatase, U/L
Regular meat eaters 208734 80.8 (80.7, 80.9)
Low meat eaters 209304 79.8 (79.7,79.8) Meat eaters 3821 84.4 (83.7,85.1) [
Poultry eaters 4766 79.3 (78.7,79.9) =
Fish eaters 9917 78.9 (78.5,79.4) =
Vegetarians 6448 81.6 (81.1, 82.2) Vegetarians 1342 87.9 (86.7, 89.3) =
Vegans 399 84.9 (82.7,87.1) -
Calcium, mmol/L Calcium, mmol/L
Regular meat eaters 191410 2.38 (2.38, 2.38)
Low meat eaters 191407 2.38(2.38,2.38) Meat eaters 3495 2.37 (2.37,2.38) [ ]
Poultry eaters 4319 2.37 (2.37,2.38)
Fish eaters 9008 2.37 (2.37,2.38)
Vegetarians 5854 2.37 (2.37,2.37) Vegetarians 1205 2.37 (2.36, 2.38)
Vegans 369 2.35(2.34, 2.36)

0.7 08 09 1 11
Relative means and 95% CI

0.7 08 09 1 11
Relative means and 95% CI

FIGURE 2 Bone and joint-related serum biomarker concentrations by diet group and ethnicity in UK Biobank. Point estimates are relative
geometric means + 95% Cls in serum biomarker concentrations compared with regular meat eaters in white British participants or compared
with meat eaters in British Indian participants. Adjusted mean concentrations are adjusted geometric means + 95% Cls based on linear
regression models. All estimates were adjusted for sex, age at recruitment (5-y categories), fasting status (0-1, 2, 3, 4, 5, 6-7 >8 h), BMI
(<20, 20.0-22.4, 22.5-24.9, 25.0-274, 275-29.9, 30.0-32.4, 32.5-34.9, >35.0 kg/m?2, unknown), alcohol consumption (<1, 1-7 8-15, >16 g/d,
unknown), and smoking status (never, previous, current <15 cigarettes/d, current >15 cigarettes/d, unknown). The model for vitamin D was also

adjusted for month of recruitment.

the vegetarians had higher cystatin C concentrations and
higher urinary sodium to creatinine ratio (Figure 5A, 5B, and
Supplemental Tables 20-23). In the white British population,
the vegans had the highest urate concentrations, but all other
diet groups (including the vegetarians) had lower concentrations
than the regular meat eaters; similarly, British Indian vegetarians
had lower urate concentrations than meat eaters.

For liver-related biomarkers, the low-meat, poultry, and
non—meat eaters in both ethnic groups had lower GGT and
ALT concentrations than meat eaters (Figure 6A, 6B, and
Supplemental Tables 24-27). In white British participants, the
low-meat, poultry, and fish eaters had higher concentrations
of direct and total bilirubin and AST, whereas vegetarians in
both ethnicities had lower concentrations of albumin, but the
magnitudes of these differences were small.

For most biomarkers, differences between diet groups were
similar across all levels of covariate adjustment (Supplemental
Tables 4-27). Of the covariates included in the main model
(model 3), in the white British population, BMI adjustment
partly attenuated the magnitude in the differences of most
cardiovascular-related (all except HDL cholesterol; Supplemen-
tal Tables 4-6) and cancer-related (SHBG, testosterone in men;
Supplemental Tables 12-14) biomarkers. However, the patterns
across diet groups remained similar, except for triglyceride
concentrations, which were lower in vegetarians than regular
meat eaters before BMI adjustment but higher after. For the
diabetes biomarkers, BMI adjustment completely attenuated
any difference in glucose concentrations and partially atten-
uated the differences in HbAlc concentrations. Adjustment
for BMI had little influence on the same biomarkers in the
British Indian population, possibly due to the more similar BMI
distribution between the meat eaters and vegetarians in this
population (Table 1). The additional adjustment for alcohol

consumption, smoking status, and physical activity had minimal
influence on the estimates; the arithmetic mean estimates were
also largely consistent, and the patterns were also mostly similar
when women and men were examined separately (Supplemental
Tables 4-27).

Discussion

In this large British cohort, we observed differences in the
concentrations of many biomarkers by diet group. Of the
largest differences, vegetarians and vegans had lower average
concentrations of blood cholesterol, C-reactive protein, vitamin
D, urea, creatinine (in both blood and urine), and some liver
enzymes (GGT and ALT) but higher potassium to creatinine
ratios compared with meat eaters. The differences in these
disease-related biomarkers may reflect physiologic differences
and/or differences in underlying disease pathology and therefore
future risk of the relevant health outcomes.

Cardiovascular-related biomarkers

We saw clear differences in the concentrations of many
blood lipids by diet group, consistent with previous smaller
observational studies and small randomized trials that also
reported lower total and LDL cholesterol (or non-HDL
cholesterol) (15-18) or lower total to HDL cholesterol ratio
and lower ApoB to ApoA-1 ratio (15) in vegetarians than
meat eaters. These differences might be explained by several
characteristics typical of vegetarian and vegan diets, including
lower saturated fat intake (19), higher fiber content (20), or
the substitution of animal protein with plant protein (21).
Lipid concentrations, especially low LDL cholesterol, have been
causally linked to lower risk of ischemic heart disease and
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A White British participants B British Indian participants
Biomarkers, Number Adjusted mean Biomarkers, Number Adjusted mean
diet group concentrations (95% Cl) diet group concentrations (95% Cl)
Sex hormone-binding globulin, nmol/L Sex hormone-binding globulin, nmol/L
Regular meat eaters 189633 45.0 (45.0, 45.1) l
Low meat eaters 189537 46.3 (46.2, 46.4) - Meat eaters 3476 36.0 (35.5, 36.6)
Poultry eaters 4283 49.1 (48.5,49.7) =
Fish eaters 8922 49.3 (48.9, 49.7) =
Vegetarians 5795 46.2 (45.7, 46.8) | ] Vegetarians 1189 35.7 (34.8, 36.7) -
Vegans 362 50.2 (48.1, 52.4) —.—
Insulin-like growth factor I, nmol/L Insulin-like growth factor I, nmol/L
Regular meat eaters 207591 20.6 (20.6, 20.6)
Low meat eaters 208182 20.7 (20.7,20.7) Meat eaters 3799 19.6 (19.4, 19.8) [ |
Poultry eaters 4737 20.8 (20.6, 21.0)
Fish eaters 9865 20.4 (20.3, 20.6)
Vegetarians 6413 19.7 (19.6, 19.9) = Vegetarians 1338 18.0 (17.7, 18.3) -
Vegans 396 19.2 (18.7, 19.7) -
Testosterone (women), nmol/L Testosterone (women), nmol/L
Regular meat eaters 89030 0.81(0.80, 0.81)
Low meat eaters 132293 0.81(0.81,0.81) : Meat eaters 1590 0.79 (0.76, 0.82) [ ]
Poultry eaters 3674 0.79 (0.77, 0.81) -H
Fish eaters 7104 0.78 (0.77, 0.80) -
Vegetarians 4325 0.77 (0.76, 0.79) L Vegetarians 860 0.77 (0.74,0.81) —aH—
Vegans 227 0.82 (0.75, 0.89) —.
Testosterone (men), nmol/L Testosterone (men), nmol/L
Regular meat eaters 117763 11.3(11.3,11.4)
Low meat eaters 75226 11.5(11.4,11.5) 1 Meat eaters 2203 10.9 (10.8, 11.1) | ]
Poultry eaters 1053 11.6 (11.4, 11.8) -
Fish eaters 2746 11.7 (11.6, 11.8) =
Vegetarians 2081 11.3 (11.2, 11.5) Vegetarians 467 11.0 (10.7, 11.3)
Vegans 166 11.7 (11.2, 12.3)

0.8 0.9 1 11 1.2
Relative means and 95% CI

0.8 0.9 1 11 1.2
Relative means and 95% CI

FIGURE 3 Cancer-related serum biomarker concentrations by diet group and ethnicity in UK Biobank. Point estimates are relative geometric
means + 95% Cls in serum biomarker concentrations compared with regular meat eaters in white British participants or compared with meat
eaters in British Indian participants. Adjusted mean concentrations are adjusted geometric means + 95% Cls based on linear regression models.
All estimates were adjusted for sex (with exception of testosterone), age at recruitment (5-y categories), fasting status (0-1, 2, 3, 4, 5, 6-7 >8
h), BMI (<20, 20.0-22.4, 22.5-24.9, 25.0-27.4, 275-29.9, 30.0-32.4, 32.5-34.9, >35.0 kg/m?, unknown), alcohol consumption (<1, 1-7 8-15,
>16 g/d, unknown), and smoking status (never, previous, current <15 cigarettes/d, current >15 cigarettes/d, unknown).

ischemic stroke but possibly higher risk of hemorrhagic stroke
(22, 23), and therefore, the differences in lipid concentrations
are consistent with previous observations of lower ischemic
heart disease but higher hemorrhagic stroke risk in vegetarians
than meat eaters in the United Kingdom (1). Although we
also observed lower concentrations of C-reactive protein in
low to non-meat eaters, which may suggest a role of red
and processed meat in low-grade inflammation (24, 25), these
differences greatly attenuated with BMI adjustment, suggesting
that residual confounding due to differences in adiposity may
be present.

Bone and joint-related biomarkers

Previous studies have suggested that vegetarians or vegans
might have poorer bone health than meat eaters (4, 10,
26). Similar to our study, several (27-29) but not all (30)
prior studies have reported lower circulating vitamin D
concentrations in vegetarians or vegans than meat eaters,
suggesting that although the amount of sun exposure and skin
coloration/ethnicity have a large role in determining vitamin
D concentrations (29, 30), dietary habits are also important.
Vitamin D has a role in skeletal health via promoting calcium
absorption and maintaining muscle function (31), and recent
meta-analyses have reported that daily supplementation with
both vitamin D and calcium may be effective in reducing
fracture risks, although vitamin D supplementation alone may
not (32, 33). Similar to our findings, a small Finnish study
also observed the highest ALP concentrations in vegetarians
and vegans (29). This might be an indicator of increased
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bone turnover in these diet groups (29, 34), as although ALP
could be increased due to liver abnormalities, in another study,
vegetarians were not known to have a higher rate of liver
diseases (35). In contrast, serum calcium concentrations are
tightly controlled via homeostatic mechanisms in the body
(36), and although we did observe slightly lower calcium
concentrations in the white British vegans in our large study,
the magnitude of the difference was very small.

Cancer-related biomarkers

Our observation of higher SHBG concentrations in the white
British low to non-meat eaters was consistent with some
previous studies that reported slightly higher concentrations
in vegans (37-39), although other studies have reported no
significant differences (40, 41). For IGF-1, partly similar to
our findings, previous much smaller studies have reported
lower concentrations in vegans (but not in vegetarians) than
meat eaters (39, 41). Among men, although 1 previous study
reported higher testosterone concentrations in vegans than
meat eaters or vegetarians (39), we only found significantly
higher concentrations in low-meat, poultry, and fish eaters.
Previous prospective studies have shown that higher SHBG
and lower IGF-I concentrations are associated with lower
risks of breast and prostate cancer (42-45), and thus the
differences in these biomarker concentrations by diet group
might suggest a lower risk of these cancers in vegetarians and
vegans. A lower risk of prostate cancer in white vegans than
nonvegetarians has been reported in the Adventist Health Study
2 (46); further research is needed to confirm any associations



A White British participants B British Indian participants
Biomarkers, Number Adjusted mean Biomarkers, Number Adjusted mean
diet group concentrations (95% Cl) diet group concentrations (95% Cl)
Glycated hemoglobin (HbA1c), mmol/mol Glycated hemoglobin (HbA1c), mmol/mol
Regular meat eaters 199503 35.1(35.1,35.1) l
Low meat eaters 202486 34.9 (34.8, 34.9) Meat eaters 3290 37.5(37.3,37.7)
Poultry eaters 4652 34.7 (34.6, 34.8) -l
Fish eaters 9673 34.8 (34.7, 34.9)
Vegetarians 6299 34.9 (34.8, 35.0) Vegetarians 1158 37.4(37.1,37.8) »
Vegans 377 33.9 (33.5, 34.3) =

Glucose, mmol/L
Regular meat eaters 183267 4.96 (4.96, 4.96

)
Low meat eaters 185786 4.95 (4.95, 4.96)
Poultry eaters 4259 4.95(4.93,4.97)
Fish eaters 8890 4.94 (4.93, 4.95)
Vegetarians 5762 4.95 (4.93, 4.97)
Vegans 361 4.91 (4.85, 4.99)

0.8 0.9 1 1.1
Relative means and 95% CI

Glucose, mmol/L

Meat eaters 3042 4.97 (4.95, 5.00) | |
Vegetarians 1049 4.95 (4.90, 5.00) T
0.8 0.9 1 11

Relative means and 95% CI

FIGURE 4 Diabetes-related serum and packed RBC biomarker concentrations by diet group and ethnicity in UK Biobank. Point estimates are
relative geometric means + 95% Cls in serum or packed RBC biomarker concentrations compared with regular meat eaters in white British
participants or compared with meat eaters in British Indian participants. Adjusted mean concentrations are adjusted geometric means + 95%
Cls based on linear regression models. All estimates were adjusted for sex, age at recruitment (5-y categories), fasting status (0-1, 2, 3, 4, 5,
6-7 >8h), BMI (<20, 20.0-22.4, 22.5-24.9, 25.0-274, 27.5-29.9, 30.0-32.4, 32.5-34.9, >35.0 kg/m?, unknown), alcohol consumption (<1, 1-7,
8-15, >16 g/d, unknown), and smoking status (never, previous, current <15 cigarettes/d, current >15 cigarettes/d, unknown). HbA1c, glycated

hemoglobin.

between vegetarian diets and other hormone-related cancers
(3,47).

Diabetes-related biomarkers

Prior epidemiologic studies have reported a lower risk of
diabetes in vegetarians than nonvegetarians, at least partly
explained by differences in BMI (2, 48, 49). In our current
study, differences in glucose concentrations by diet group
disappeared upon adjustment for BMI, whereas differences
in HbAlc concentrations were attenuated but remained
statistically significant. In contrast to our findings based
on nonfasting blood samples but adjusted for fasting time,
some previous studies have reported lower fasting glucose in
vegetarians/vegans compared with nonvegetarians, even after
adjustment for BMI (17, 50). The role of BMI or adiposity as
well as fasting status in explaining any differences in diabetes-
related biomarkers by diet groups should therefore be further
investigated.

Renal-related biomarkers

There has been limited evidence on comparisons of renal
biomarkers between vegetarians and nonvegetarians, although
several small studies have reported lower serum (51) or urinary
creatinine (52) or lower blood urea nitrogen (a correlate of
serum urea) (51) in vegetarians or vegans, for which large
differences were found in our study. Similar to current findings,
previous analyses in the UK EPIC-Oxford cohort have found
that compared with meat eaters, fish eaters and vegetarians had
lower concentrations of serum uric acid (also known as urate),
whereas vegans had the highest concentrations (53), possibly
due to their exclusion of dairy products and subsequently
reduced excretion of uric acid (54). Some epidemiologic studies
have reported inverse associations between vegetarian or plant-
based diets and chronic kidney disease (55, 56), but further
data are needed to confirm possible differences in renal
biomarker concentrations and risk of kidney disease by diet

group.

Liver-related biomarkers

Of the very few studies that reported on liver-related biomarkers
associated with vegetarian diets, 1 Chinese study reported lower
GGT concentrations in vegetarians than omnivores (57), which
was consistent with our findings. Another study compared
vegetarian Buddhist priests with the general population (58),
and so their findings could not be readily compared with our
current results since those 2 population groups were taken
from different settings. In terms of long-term health outcomes,
1 previous study has reported that vegetarians had lower odds
of nonalcoholic fatty liver disease than nonvegetarians (35).
Overall, existing data on both the concentrations of liver-related
biomarkers and difference in risk of liver disease between
vegetarians and nonvegetarians are scarce, and thus further
research is needed.

Strengths and limitations

The current study included close to 500,000 white British
and British Indian participants, as well as examined
>30 biomarker measures, and is therefore the largest
comprehensive study on biomarker concentrations by diet
groups (up to 6 groups in the white British population), as
well as the first report, to our knowledge, on differences in
several biomarkers by diet group. We also presented results
with varying levels of adjustment; although BMI was shown
to be an important factor for explaining at least partly the
differences in several biomarker concentrations by diet group,
BMI was derived based on objectively measured height and
weight in the current study, and therefore residual confounding
by BMI should be minimal, although residual confounding
from other measures of adiposity cannot be ruled out. Of
the limitations, some self-selection bias might be present in
the cohort, which limits generalizability of the findings to the
wider population. Because the study is cross-sectional, causality
cannot be determined. As with any studies involving biomarker
assays, some degree of laboratory drift might also be present,
although this is expected to be nondifferential by diet group.
Finally, our analyses were focused on broad classifications of
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A White British participants B British Indian participants

Biomarkers, Number Adjusted mean Biomarkers, Number Adjusted mean
diet group concentrations (95% ClI) diet group concentrations (95% Cl)
Cystatin C, mg/L Cystatin C, mg/L
Regular meat eaters 208720 0.90 (0.89, 0.90) l
Low meat eaters 209277 0.89 (0.89, 0.89) Meat eaters 3823 0.93 (0.93, 0.94)
Poultry eaters 4768 0.89 (0.89, 0.90)
Fish eaters 9920 0.90 (0.90, 0.91)
Vegetarians 6441 0.93 (0.93, 0.93) a Vegetarians 1343 0.98 (0.97, 0.99) =
Vegans 399 0.92 (0.91, 0.93) =
Serum creatinine, pymol/L Serum creatinine, pmol/L
Regular meat eaters 208631 71.2(71.2,71.3)
Low meat eaters 209195 70.5(70.5, 70.6) : Meat eaters 3821 70.6 (70.2,71.0) [ |
Poultry eaters 4763 68.6 (68.3, 68.9) -]
Fish eaters 9906 66.9 (66.7, 67.1) B
Vegetarians 6444 64.8 (64.5, 65.1) -] Vegetarians 1343 66.7 (65.9, 67.4) =
Vegans 399 62.5 (61.5, 63.6) |
Total protein, g/L Total protein, g/L
Regular meat eaters 191220 72.3(72.3,72.3)
Low meat eaters 191295 72.2(72.2,72.3) Meat eaters 3493 74.9 (74.8,75.1) | |
Poultry eaters 4318 72.0(71.9,72.1)
Fish eaters 8997 71.9(71.8,72.0)
Vegetarians 5852 71.8(71.7,71.9) Vegetarians 1204 74.3 (74.0,74.6) -]
Vegans 368 71.4(71.0,71.8)
Urea, mmol/L Urea, mmol/L
Regular meat eaters 208583 5.36 (5.36, 5.37)
Low meat eaters 209160 5.23(5.23,5.24) J Meat eaters 3821 4.91 (4.87, 4.95) [ ]
Poultry eaters 4761 4.95 (4.91,4.98) -]
Fish eaters 9906 4.73 (4.71,4.75) -]
Vegetarians 6445 4.51 (4.48, 4.54) -] Vegetarians 1343 4.31(4.25,4.38) [ ]
Vegans 398 4.21 (4.1, 4.30) =
Phosphate, mmol/L Phosphate, mmol/L
Regular meat eaters 191115 1.15(1.15, 1.15)
Low meat eaters 191103 1.15(1.15, 1.15) Meat eaters 3486 1.19 (1.18, 1.19) [ ]
Poultry eaters 4312 1.14 (1.14, 1.15)
Fish eaters 8989 1.14 (1.14, 1.15)
Vegetarians 5849 1.15(1.15, 1.15) Vegetarians 1205 1.19 (1.18, 1.20) -]
Vegans 368 1.12 (1.10, 1.13) =
Urate, pmol/L Urate, pmol/L
Regular meat eaters 208504 301 (300, 301)
Low meat eaters 209026 298 (298, 298) q Meat eaters 3819 311 (308, 313) [ ]
Poultry eaters 4760 292 (290, 294) -]
Fish eaters 9904 289 (287, 290) a
Vegetarians 6435 283 (282, 284) -] Vegetarians 1342 300 (297, 304) =
Vegans 398 310 (304, 317) -
Urinary creatinine, pmol/L Urinary creatinine, pmol/L
Regular meat eaters 215198 7280 (7260, 7300) | |
Low meat eaters 215919 7010 (7000, 7030) a Meat eaters 3921 6880 (6740, 7030) | |
Poultry eaters 4905 6560 (6450, 6670) | |
Fish eaters 10211 6300 (6220, 6370) =
Vegetarians 6605 6190 (6090, 6280) = Vegetarians 1379 6030 (5810, 6250) -
Vegans 412 5440 (5120, 5770) —m—
Urinary sodium/creatinine ratio Urinary sodium/creatinine ratio
Regular meat eaters 214872 10.8 (10.8, 10.9)
Low meat eaters 215364 10.5 (10.4, 10.5) a Meat eaters 3914 12.9 (12.7,13.2) | |
Poultry eaters 4873 10.2 (10.0, 10.4) =
Fish eaters 10162 11.0 (10.9, 11.1)
Vegetarians 6579 11.5(11.4,11.7) = Vegetarians 1376 15.4 (15.0, 15.9) -
Vegans 406 11.8 (11.1,12.5) ——
Urinary potassium/creatinine ratio Urinary potassium/creatinine ratio
Regular meat eaters 214751 8.26 (8.25, 8.28) | |
Low meat eaters 215438 8.58 (8.57, 8.60) a Meat eaters 3916 7.42(7.32,7.52) [ |
Poultry eaters 4892 9.15 (9.03, 9.26) =
Fish eaters 10181 9.42 (9.34, 9.50) =
Vegetarians 6582 9.64 (9.54, 9.73) = Vegetarians 1376 8.58 (8.41, 8.76) »
Vegans 411 10.1 (9.67, 10.5) -
0.7 0.8 09 1 1.2 0.7 08 09 1 1.2
Relative means and 95% CI Relative means and 95% CI

FIGURE 5 Renal-related serum and urinary biomarker concentrations by diet group and ethnicity in UK Biobank. Point estimates are relative
geometric or arithmetic (ratios) means + 95% Cls in serum or urinary biomarker concentrations compared with regular meat eaters in white
British participants or compared with meat eaters in British Indian participants. Adjusted mean concentrations are adjusted geometric or
arithmetic (ratios) means + 95% Cls based on linear regression models. The 2 ratio measures were expressed as per mmol/L of urinary sodium
or potassium to per mmol/L of urinary creatinine. All estimates were adjusted for sex, age at recruitment (5-y categories), fasting status (0-1, 2,
3, 4,5, 6-7 =8 h), BMI (<20, 20.0-22.4, 22.5-24.9, 25.0-274, 275-29.9, 30.0-32.4, 32.5-34.9, >35.0 kg/m?, unknown), alcohol consumption
(<1, 1-7,8-15, =16 g/d, unknown), and smoking status (never, previous, current <15 cigarettes/d, current >15 cigarettes/d, unknown).
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A White British participants B British Indian participants

Biomarkers, Number Adjusted mean Biomarkers, Number Adjusted mean

diet group concentrations (95% Cl) diet group concentrations (95% Cl)

Albumin, g/L Albumin, g/L
Regular meat eaters 191481 45.1 (45.1,45.2) l
Low meat eaters 191475 45.2 (45.2,45.2) Meat eaters 3493 44.7 (44.6, 44.8)
Poultry eaters 4321 45.1 (45.1,45.2)
Fish eaters 9011 45.1(45.1,45.2)

Vegetarians 5856 44.9 (44.8, 45.0) Vegetarians 1204 44.4 (44.3, 44.6) -]
Vegans 369 44.9 (44.6,45.1)

Direct bilirubin, pmol/L Direct bilirubin, pmol/L
Regular meat eaters 179452 1.70 (1.69, 1.70)
Low meat eaters 176307 1.72 (1.71,1.72) Meat eaters 3224 1.71 (1.69, 1.73) n
Poultry eaters 3964 1.72 (1.71, 1.74) ]
Fish eaters 8396 1.75 (1.74,1.76) =

Vegetarians 5337 1.69 (1.68, 1.71) Vegetarians 1050 1.71 (1.68, 1.75) -
Vegans 351 1.76 (1.70, 1.82) Fo—

Total bilirubin, pmol/L Total bilirubin, pmol/L
Regular meat eaters 207772 8.31(8.30, 8.33)
Low meat eaters 208454 8.47 (8.46, 8.49) Tﬂ Meat eaters 3808 8.15 (8.05, 8.25) |
Poultry eaters 4751 8.55 (8.46, 8.64) [ |
Fish eaters 9884 8.64 (8.58, 8.70) =

Vegetarians 6420 8.25(8.18, 8.33) Vegetarians 1338 8.14 (7.96, 8.31) -
Vegans 398 8.46 (8.16, 8.77) jl—

Gamma glutamyltransferase, U/L Gamma glutamyltransferase, U/L
Regular meat eaters 208604 29.6 (29.6, 29.7) | |
Low meat eaters 209196 28.7 (28.6, 28.7) a Meat eaters 3821 30.0 (29.5, 30.5) [
Poultry eaters 4762 27.1(26.6, 27.5) E 3
Fish eaters 9916 26.1(25.8, 26.4) [ ]
Vegetarians 6445 25.8 (25.4,26.1) = Vegetarians 1343 26.2 (25.4,27.0) -
Vegans 398 23.5(22.2,24.8) —a—

Alanine aminotransferase, U/L Alanine aminotransferase, U/L
Regular meat eaters 208628 21.2(21.1,21.2)
Low meat eaters 209244 20.9 (20.8, 20.9) i Meat eaters 3817 215(21.2,21.8) [ ]
Poultry eaters 4767 21.0(20.7,21.2)
Fish eaters 9918 20.2 (20.1,20.4) =
Vegetarians 6441 19.3 (19.1, 19.5) = Vegetarians 1341 20.1(19.6, 20.6) =
Vegans 399 19.4 (18.6, 20.2) —-—

Aspartate aminotransferase, U/L Aspartate aminotransferase, U/L
Regular meat eaters 207861 25.0 (24.9, 25.0)
Low meat eaters 208566 25.1(25.1,25.1) Meat eaters 3810 25.3(25.1, 25.5) [ ]
Poultry eaters 4755 26.0 (25.8, 26.2) =
Fish eaters 9895 25.5(25.3, 25.6) =
Vegetarians 6422 25.1(24.9,25.2) Vegetarians 1338 24.7 (24.3,25.1) -
Vegans 398 25.7 (25.1, 26.4)

0.7 08 09 1 11
Relative means and 95% CI

0.7 08 09 1 11
Relative means and 95% CI

FIGURE 6 Liver-related serum biomarker concentrations by diet group and ethnicity in UK Biobank. Point estimates are relative geometric
means # 95% Cls in serum biomarker concentrations compared with regular meat eaters in white British participants or compared with meat
eaters in British Indian participants. Adjusted mean concentrations are adjusted geometric means + 95% Cls based on linear regression models.
All estimates were adjusted for sex, age at recruitment (5-y categories), fasting status (0-1, 2, 3, 4, 5, 6-7 >8 h), BMI (<20, 20.0-22.4, 22.5—
24.9, 25.0-27.4, 275-29.9, 30.0-32.4, 32.5-34.9, >35.0 kg/m?2, unknown), alcohol consumption (<1, 1-7. 8-15, >16 g/d, unknown), and smoking
status (never, previous, current <15 cigarettes/d, current >15 cigarettes/d, unknown).

habitual diet groups with varying degrees of animal-sourced
food exclusion; the extent to which any differences might
be driven by individual foods therefore requires further
examination.

Conclusions

We observed differences in the concentrations of many biomark-
ers by vegetarian diet group in both white British and British
Indian participants in this large UK population. Our study
confirmed previous observations of lower blood lipids and, in
some settings, lower serum vitamin D in the vegetarians and
vegans, but it also provided the first comprehensive data, to our
knowledge, on differences in many other biomarkers, including
lower concentrations of C-reactive protein (in the white British

population only), urea, blood and urinary creatinine, GGT,
and ALT but higher potassium to creatinine ratio, among
other differences, in the vegetarians and vegans compared
with meat eaters. It is likely that many of these differences
in biomarkers are due to differences in dietary composition
and nutritional status between the diet groups, but it is also
possible that some of the differences are due to residual
confounding by adiposity and other aspects of lifestyle. Because
these biomarkers are known to be associated with disease risk,
the observed differences might be indicative of differences in
physiology and/or underlying disease pathology and, in turn,
future risks of diabetes and cardiovascular, bone and joint,
cancer, renal, and liver diseases. Future work should aim to
replicate these findings in other settings, and prospective studies
should investigate whether possible differences in disease risk
are present by diet group.

Biomarker concentrations in UK vegetarians 3177



Acknowledgments

The authors’ contributions were as follows—TYNT, AP-C,
KEB, and TJK: conceived and designed the research question;
TYNT: analyzed the data and wrote the first draft of the
manuscript; AP-C, KEB, and TJK: provided input on data
analysis and interpretation of results, and reviewed subsequent
drafts; and all authors: revised the manuscript critically for
important intellectual content and read and approved the final
manuscript.

Data availability

Data-sharing statement: UK Biobank is an open access resource.
Bona fide researchers can apply to use the UK Biobank dataset
by registering and applying at http://ukbiobank.ac.uk/register-a

pply/.

References

1.

10.

11.

12.

13.

14.

Tong TYN, Appleby PN, Bradbury KE, Perez-Cornago A, Travis RC,
Clarke R, Key T]J. Risks of ischaemic heart disease and stroke in meat
eaters, fish eaters, and vegetarians over 18 years of follow-up: results
from the prospective EPIC-Oxford study. BMJ 2019;366:14897.

Papier K, Appleby PN, Fensom GK, Knuppel A, Perez-Cornago
A, Schmidt JA, Tong TYN, Key TJ. Vegetarian diets and risk of
hospitalisation or death with diabetes in British adults: results from the
EPIC-Oxford study. Nutr Diabetes 2019;9:7.

Key TJ, Appleby PN, Crowe FL, Bradbury KE, Schmidt JA, Travis
RC. Cancer in British vegetarians: updated analyses of 4998 incident
cancers in a cohort of 32,491 meat eaters, 8612 fish eaters,
18,298 vegetarians, and 2246 vegans. Am J Clin Nutr 2014;100:
3785-85S.

Tong TYN, Appleby PN, Armstrong MEG, Fensom GK, Knuppel A,
Papier K, Perez-Cornago A, Travis RC, Key T]J. Vegetarian and vegan
diets and risks of total and site-specific fractures: results from the
prospective EPIC-Oxford study. BMC Med 2020;18:353.

Collins R. What makes UK Biobank special? Lancet 2012;379:
1173-4.

UK Biobank Coordinating Centre. UK Biobank: protocol for a large-
scale prospective epidemiological resource [Internet]. 2007. Available
from: https://www.ukbiobank.ac.uk/media/gnkeyh2qg/study-rationale.p
df (accessed 10 June 2021).

Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T,
Collins R, Allen NE. Comparison of sociodemographic and health-
related characteristics of UK Biobank participants with those of the
general population. Am J Epidemiol 2017;186:1026-34.

Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh ], Downey
P, Elliott P, Green J, Landray M, et al. UK Biobank: an open access
resource for identifying the causes of a wide range of complex diseases
of middle and old age. PLoS Med 2015;12:1-10.

Bradbury KE, Tong TYN, Key TJ. Dietary intake of high-protein
foods and other major foods in meat-eaters, poultry-eaters, fish-eaters,
vegetarians, and vegans in UK Biobank. Nutrients 2017;9:1317.

Tong TY, Key TJ, Sobiecki JG, Bradbury KE. Anthropometric and
physiologic characteristics in white and British Indian vegetarians
and nonvegetarians in the UK Biobank. Am J Clin Nutr 2018;107:
909-20.

Bradbury KE, Young HJ, Guo W, Key TJ. Dietary assessment in UK
Biobank: an evaluation of the performance of the touchscreen dietary
questionnaire. J Nutr Sci 2018;7:e6.

Hopewell JC, Clarke R, Watkins H. Lp(a) (Lipoprotein[a]), an exemplar
for precision medicine: insights from UK Biobank. Arterioscler Thromb
Vasc Biol 2021;41:475-7.

Arndt T. Urine-creatinine concentration as a marker of urine dilution:
reflections using a cohort of 45,000 samples. Forensic Sci Int 2009;
186:48-51.

Bradbury KE, Guo W, Cairns BJ, Armstrong MEG, Key TJ. Association
between physical activity and body fat percentage, with adjustment
for BMI: a large cross-sectional analysis of UK Biobank. BM] Open
2017;7:1-9.

3178 Tong et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bradbury KE, Crowe FL, Appleby PN, Schmidt JA, Travis RC,
Key T]J. Serum concentrations of cholesterol, apolipoprotein A-I and
apolipoprotein B in a total of 1694 meat-eaters, fish-eaters, vegetarians
and vegans. Eur J Clin Nutr 2014;68:178-83.

Thorogood M, Carter R, Benfield L, McPherson K, Mann JI. Plasma
lipids and lipoprotein cholesterol concentrations in people with

different diets in Britain. BMJ 1987;295:351-3.

Matsumoto S, Beeson WL, Shavlik D], Siapco G, Jaceldo-Siegl K, Fraser
G, Knutsen SF. Association between vegetarian diets and cardiovascular
risk factors in non-Hispanic white participants of the Adventist Health
Study-2. J Nutr Sci 2019;8:e6.

Wang F, Zheng J, Yang B, Jiang J, Fu Y, Li D. Effects of vegetarian diets
on blood lipids: a systematic review and meta-analysis of randomized
controlled trials. ] Am Heart Assoc 2015;4:¢002408.

Mensink RP, Zock PL, Kester AD, Katan MB. Effects of dietary
fatty acids and carbohydrates on the ratio of serum total to HDL
cholesterol and on serum lipids and apolipoproteins: a meta-analysis
of 60 controlled trials. Am ] Clin Nutr 2003;77:1146-55.

Hartley L, May MD, Loveman E, Colquitt JL, Rees K. Dietary fibre for
the primary prevention of cardiovascular disease. Cochrane Database
Syst Rev 2016;2016:CD011472.

Li SS, Mejia SB, Lytvyn L, Stewart SE, Viguiliouk E, Ha V, de
Souza R]J, Leiter LA, Kendall CWC, Jenkins DJA, et al. Effect
of plant protein on blood lipids: a systematic review and meta-
analysis of randomized controlled trials. ] Am Heart Assoc 2017;6:
e006659.

Ference BA, Yoo W, Alesh I, Mahajan N, Mirowska KK, Mewada A,
Kahn ], Afonso L, Williams KA, Flack JM. Effect of long-term exposure
to lower low-density lipoprotein cholesterol beginning early in life on
the risk of coronary heart disease: a Mendelian randomization analysis.
J Am Coll Cardiol 2012;60:2631-9.

Sun L, Clarke R, Bennett D, Guo Y, Walters RG, Hill M, Parish S,
Millwood 1Y, Bian Z, Chen Y, et al. Causal associations of blood lipids
with risk of ischemic stroke and intracerebral hemorrhage in Chinese
adults. Nat Med 2019;25:569-74.

Chai W, Morimoto Y, Cooney R V, Franke AA, Shvetsov YB, Le
Marchand L, Haiman CA, Kolonel LN, Goodman MT, Maskarinec
G. Dietary red and processed meat intake and markers of adiposity
and inflammation: the multiethnic cohort study. J Am Coll Nutr
2017;36:378-85.

Ley SH, Sun Q, Willett WC, Eliassen AH, Wu K, Pan A, Grodstein
F, Hu FB. Associations between red meat intake and biomarkers of
inflammation and glucose metabolism in women. Am J Clin Nutr

2014;99:352-60.

Ho-Pham LT, Nguyen ND, Nguyen TV. Effect of vegetarian diets
on bone mineral density: a Bayesian meta-analysis. Am ] Clin Nutr
2009;90:943-50.

Crowe FL, Steur M, Allen NE, Appleby PN, Travis RC, Key T]J. Plasma
concentrations of 25-hydroxyvitamin D in meat eaters, fish eaters,
vegetarians and vegans: results from the EPIC-Oxford study. Public
Health Nutr 2011;14:340-6.

Hansen TH, Madsen MTB, Jorgensen NR, Cohen AS, Hansen
T, Vestergaard H, Pedersen O, Allin KH. Bone turnover, calcium
homeostasis, and Vitamin D status in Danish vegans. Eur J Clin Nutr
2018;72:1046-54.

Lamberg-Allardt C, Kirkkdinen M, Seppinen R, Bistrom H.
Low serum 25-hydroxyvitamin D concentrations and secondary
hyperparathyroidism in middle-aged white strict vegetarians. Am ] Clin
Nutr 1993;58:684-9.

Chan J, Jaceldo-Siegl K, Fraser GE. Serum 25-hydroxyvitamin D status
of vegetarians, partial vegetarians, and nonvegetarians: the Adventist

Health Study-2. Am ] Clin Nutr 2009;89:16865-92S.

Boonen S, Bischoff-Ferrari HA, Cooper C, Lips P, Ljunggren O,
Meunier PJ, Reginster JY. Addressing the musculoskeletal components
of fracture risk with calcium and vitamin D: a review of the evidence.
Calcif Tissue Int 2006;78:257-70.

Bolland MJ, Grey A, Avenell A. Effects of vitamin D supplementation
on musculoskeletal health: a systematic review, meta-analysis,
and trial sequential analysis. Lancet Diabetes Endocrinol 2018;6:
847-58.

Yao P, Bennett D, Mafham M, Lin X, Chen Z, Armitage ],
Clarke R. Vitamin D and calcium for the prevention of fracture:

a systematic review and meta-analysis. JAMA Netw Open 2019;2:
e1917789.


http://ukbiobank.ac.uk/register-apply/
http://www.ukbiobank.ac.uk/wp-content/uploads/2011/11/UK-Biobank-Protocol.pdf

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Shetty S, Kapoor N, Bondu JD, Thomas N, Paul TV. Bone turnover
markers: emerging tool in the management of osteoporosis. Indian J
Endocrinol Metab 2016;20:846-52.

Chiu T, Lin M-N, Pan W-H, Chen Y-C, Lin C-L. Vegetarian diet, food
substitution, and nonalcoholic fatty liver. Tzu Chi Med ] 2018;30:102.
Mundy GR, Guise TA. Hormonal control of calcium homeostasis. Clin
Chem 1999;45:1347-52.

Key TJA, Roe L, Thorogood M, Moore JW, Clark GMG, Wang
DY. Testosterone, sex hormone-binding globulin, calculated free
testosterone, and oestradiol in male vegans and omnivores. Br ] Nutr
1990;64:111-9.

Karelis AD, Fex A, Filion ME, Adlercreutz H, Aubertin-Leheudre M.
Comparison of sex hormonal and metabolic profiles between omnivores
and vegetarians in pre- and post-menopausal women. Br J Nutr
2010;104:222-6.

Allen NE, Appleby PN, Davey GK, Key TJ. Hormones and diet: low
insulin-like growth factor-1 but normal bioavailable androgens in vegan
men. Br ] Cancer 2000;83:95-7.

Thomas HV, Davey GK, Key TJ. Oestradiol and sex hormone-
binding globulin in premenopausal and post-menopausal meat-eaters,
vegetarians and vegans. Br ] Cancer 1999;80:1470-5.

Allen NE, Appleby PN, Davey GK, Kaaks R, Rinaldi S, Key T]J. The
associations of diet with serum insulin-like growth factor I and its main
binding proteins in 292 women meat-eaters, vegetarians, and vegans.
Cancer Epidemiol Biomarkers Prev 2002;11:1441-8.

Travis RC, Appleby PN, Martin RM, Holly JMP, Albanes D, Black
A, Bueno-de-Mesquita HB, Chan JM, Chen C, Chirlaque M-D, et al.
A meta-analysis of individual participant data reveals an association
between circulating levels of IGF-I and prostate cancer risk. Cancer Res
2016;76:2288-300.

Gann PH, Hennekens CH, Ma ], Longcope C, Stampfer MJ. Prospective
study of sex hormone levels and risk of prostate cancer. ] Natl Cancer
Inst 1996;88:1118-26.

Dimou NL, Papadimitriou N, Gill D, Christakoudi S, Murphy N,
Gunter M]J, Travis RC, Key TJ, Fortner RT, Haycock PC, et al. Sex
hormone binding globulin and risk of breast cancer: a Mendelian
randomization study. Int J Epidemiol 2019;48:807-16.

Toniolo P, Bruning PF, Akhmedkhanov A, Bonfrer J]MG, Koenig KL,
Lukanova A, Shore RE, Zeleniuch-Jacquotte A. Serum insulin-like
growth factor-I and breast cancer. Int ] Cancer 2000;88:828-32.
Tantamango-Bartley Y, Knutsen SF, Knutsen R, Jacobsen BK, Fan J,
Lawrence Beeson W, Sabate J, Hadley D, Jaceldo-Siegl K, Penniecook

47.

48.

49.

50.

S1.

52.

53.

54.

55.

58.

J, et al. Are strict vegetarians protected against prostate cancer? Am J
Clin Nutr 2016;103:153-60.

Penniecook-Sawyers JA, Jaceldo-Siegl K, Fan J, Beeson L, Knutsen S,
Herring P, Fraser GE. Vegetarian dietary patterns and the risk of breast
cancer in a low-risk population. Br J Nutr 2016;115:1790-7.

Tonstad S, Stewart K, Oda K, Batech M, Herring RP, Fraser GE.
Vegetarian diets and incidence of diabetes in the Adventist Health Study-
2. Nutr Metab Cardiovasc Dis 2013;23:292-9.

Chiu THT, Pan WH, Lin MN, Lin CL. Vegetarian diet, change in
dietary patterns, and diabetes risk: a prospective study. Nutr Diabetes
2018;8:12.

Jin Y, Kanaya AM, Kandula NR, Rodriguez LA, Talegawkar SA.
Vegetarian diets are associated with selected cardiometabolic risk
factors among middle-older aged South Asians in the United States. J
Nutr 2018;148:1954-60.

Xu K, Cui X, Wang B, Tang Q, Cai ], Shen X. Healthy adult vegetarians
have better renal function than matched omnivores: a cross-sectional
study in China. BMC Nephrol 2020;21:1-10.

Armstrong B, Clarke H, Martin C, Ward W, Norman N, Masarei J.
Urinary sodium and blood pressure in vegetarians. Am ] Clin Nutr
1979;32:2472-6.

Schmidt JA, Crowe FL, Appleby PN, Key TJ, Travis RC. Serum
uric acid concentrations in meat eaters, fish eaters, vegetarians and
vegans: a cross-sectional analysis in the EPIC-Oxford Cohort. PLoS One
2013;8:e56339.

Choi HK, Liu S, Curhan G. Intake of purine-rich foods, protein, and
dairy products and relationship to serum levels of uric acid: the third
National Health and Nutrition Examination Survey. Arthritis Rheum
2005;52:283-9.

Liu H-W, Tsai W-H, Liu J-S, Kuo K-L. Association of vegetarian diet
with chronic kidney disease. Nutrients 2019;11:279.

. Kim H, Caulfield LE, Garcia-Larsen V, Steffen LM, Grams ME, Coresh

J, Rebholz CM. Plant-based diets and incident CKD and kidney
function. Clin ] Am Soc Nephrol 2019;14:682-91.

. Yang SY, Zhang HJ, Sun SY, Wang LY, Yan B, Liu CQ, Zhang W,

Li X]J. Relationship of carotid intima-media thickness and duration of
vegetarian diet in Chinese male vegetarians. Nutr Metab 2011;8:1-7.
Choi SH, Oh DJ, Kwon KH, Lee JK, Koh MS, Lee JH, Kang
HW. A vegetarian diet does not protect against nonalcoholic fatty
liver disease (NAFLD): a cross-sectional study between Buddhist
priests and the general population. Turkish J Gastroenterol 2015;26:
336-43.

Biomarker concentrations in UK vegetarians 3179



