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Background: Higher endogenous testosterone levels are associated with reduced chronic
disease risk and mortality. Since the mid-20th century, there have been significant changes in
dietary patterns, and men’s testosterone levels have declined in western countries. Crosssectional studies show inconsistent associations between fat intake and testosterone in men.
Methods: Studies eligible for inclusion were intervention studies, with minimal confounding
variables, comparing the effect of low-fat vs high-fat diets on men’s sex hormones. 9 databases
were searched from their inception to October 2020, yielding 6 eligible studies, with a total of
206 participants. Random effects meta-analyses were performed using Cochrane’s Review
Manager software. Cochrane’s risk of bias tool was used for quality assessment.
Results: There were significant decreases in sex hormones on low-fat vs high-fat diets.
Standardised mean differences with 95% confidence intervals (CI) for outcomes were: total
testosterone [-0.38 (95% CI -0.75 to -0.01) P = 0.04]; free testosterone [-0.37 (95% CI -0.63 to
-0.11) P = 0.005]; urinary testosterone [-0.38 (CI 95% -0.66 to -0.09) P = 0.009]; and
dihydrotestosterone [-0.3 (CI 95% -0.56 to -0.03) P = 0.03]. There were no significant differences
for luteinising hormone or sex hormone binding globulin. Subgroup analysis for total
testosterone, European and North American men, showed a stronger effect [-0.52 (95% CI -0.75
to -0.3) P < 0.001].
Conclusions: Low-fat diets appear to decrease testosterone levels in men, but further
randomised controlled trials are needed to confirm this effect. Men with European ancestry may
experience a greater decrease in testosterone, in response to a low-fat diet.
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1. Introduction
Testosterone (T) plays a fundamental role in male physiology and reproductive health. Low
endogenous T levels are associated with a higher risk of chronic disease [1–3]; and all-cause
mortality [4]. Several studies in western and other modernised countries have found an ageindependent secular decline in men’s serum total testosterone (TT) of approximately 1% per
year, beginning in the 1970s [5–12]. This downwards secular trend in T is only partly explained
by the concurrent rise in BMI over the late 20th century [5,6]. The other factors responsible for
this trend remain to be elucidated.
Western dietary patterns have changed substantially over the 20th century, with processed food
consumption more than doubling in western countries [13,14]. The trend towards increased
processed food and decreased whole food consumption, has contributed to a change in
macronutrient intakes since the mid-20th century. In the USA, from 1965–71 fat intake
decreased by 235kcal/day, and from 1965-91 carbohydrate intake increased by 263kcal/day
[15]. These changes resulted in a 10.1% decrease in fat intake, as a percentage of total energy
intake (TEI). From 1991-2011, macronutrient intakes remained relatively stable [15]. The
decrease in fat intake was largely a response to dietary guidelines advising a reduction in fat
intake, starting in the 1960s [15–17]. In the USA, the first evidence of a secular decline in T is
from the 1980s [5], which is at the tail end of the changes in macronutrient intakes. This
prompts the question of whether changes in fat intake may affect T levels.
Cross-sectional studies on the association between fat intake and T have produced conflicting
results [18–22], possibly due to unmeasured confounding variables. However, the largest of
these studies found that men adhering to a low-fat (LF) vs non-restricted diet had significantly
lower serum TT (-32.7 ng/dL) [18]. General reviews on diet and sex hormones have only briefly
covered the topic of dietary fat and T [23–26]. Moreover, these reviews have not included metaanalysis of homogeneous studies, have included studies with significant confounding variables,
and missed eligible studies. Therefore, to investigate whether the association between LF diets
and TT is causal, we conducted a systematic review and meta-analysis on intervention studies
comparing the effect of a LF vs high-fat (HF) diet on men’s TT and related hormonal markers.

_____________
Abbreviations: Chi2, chi-squared; CI, confidence interval; DHT, dihydrotestosterone; FT, free
testosterone; HF, high-fat; LF, low-fat; LH, luteinising hormone; MUFA, monounsaturated fatty
acid; NA, North American; ND, no data; P:S, polyunsaturated to saturated fatty acid ratio; PUFA,
polyunsaturated fatty acid; SA, South African; SD, standard deviation; SEM, standard error of the
mean; SFA, saturated fatty acid; SHBG, sex hormone binding globulin; T, testosterone; TEI, total
energy intake; TT, total testosterone; UT, urinary testosterone.
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2. Methods
The review was structured using the PRISMA (preferred reporting items for systematic reviews
and meta-analyses) 2009 checklist [27]. The review protocol was retrospectively registered with
Research Registry, the unique identifying number is reviewregistry1085 [28]. The Cochrane
Handbook for Systematic Reviews of Interventions was used as a guide throughout the review
process [29].
2.1. Eligibility criteria
Studies were eligible if they met all of the following criteria:
1. Measurement of either TT, free testosterone (FT), urinary testosterone (UT),
dihydrotestosterone (DHT), sex hormone binding globulin (SHBG), or luteinising
hormone (LH).
2. Healthy adult male participants only (18+ years); to minimise participant variation in
androgen metabolism due to disease or biological maturity.
3. Intervention at least 1 week, as the acute effects of food intake on androgen
metabolism, may not reflect the long-term effects [30].
4. A difference in fat intake between diets ≥10% of TEI, to provide a meaningful distinction
between diets on the basis of fat intake. Percentage rather than total fat intake was
used to account for participant differences in energy intake requirements.
5. No factors which may alter androgen metabolism such as exogenous hormones,
medications [31], dietary supplements [32,33], phytoestrogens [34], changes in exercise
levels [35], protein >20% of TEI [36], carbohydrate <15% of TEI [37], weight loss >2kg
[38], and a difference in TEI between diets ≥10% [38,39].
Studies which stated diets were isocaloric, but did not report precise TEIs were eligible.
Hypogonadal participants were eligible, being a population of special interest, however no
eligible studies contained them.
2.2. Search strategy
The following databases were searched from conception to 10th October 2020: MEDLINE,
EMBASE, CINAHL, SPORTDiscus, Allied and Complementary Medicine Database,
ClinicalTrials.gov, International Clinical Trials Registry Platform, Open Grey, and Google Scholar.
Where possible the following search filters were applied: human, adult (18+ or 19+ years), male,
intervention studies, and completed/ with results; no restrictions were put on language. A broad
search was conducted on all databases except Google Scholar, using the search terms:
(hypogonadism OR testosterone OR luteini* OR sex hormone* OR androgen*) AND (diet OR
dietary OR macronutrient*). This was complimented by a precise search on Google Scholar
limited to the first 200 results [40], using the search terms: men diet hypogonadism OR
testosterone OR androgen OR hormones -mice -rats -cats -dogs -animals -mouse. Google Scholar
was included as its addition to a MEDLINE and EMBASE search has been shown to increase
overall recall by 3.1% [40]. However, since search filters were used a non-MEDLINE PubMed
search could not be conducted, as non-MEDLINE results are not filterable [41].
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The initial database search and screen was done by 1 author (J. W.), which yielded 2594 results
(Fig. 1). 4 related reviews were found [23–26], and their references lists were searched
manually. References lists of any eligible studies were also searched manually. 28 records were
selected for full text review, 26 of which were derived from the initial search and 2 from
reference lists. Both authors independently assessed each full text article for eligibility, which
produced identical eligible studies. 6 studies were selected for inclusion in the systematic review
and meta-analysis, which were reported over 12 articles.

Screening

Identification

Records identified through
database searching (n = 2594)
- MEDLINE (n = 1009)
- EMBASE (n = 141)
- CINAHL (n = 284)
- SPORTDiscus (n = 502)
- Allied and Complementary Medicine
Database (n = 40)
- Google Scholar (n = 200)
- International Clinical Trials Registry
Platform (n = 392)
- ClinicalTrials.Gov (n = 12)
- Open Grey (n = 14)

Additional records identified
through other sources
(n = 3)

Records after duplicates removed
(n = 2233)

Eligibility

Records screened
(n = 2233)

Full-text articles assessed
for eligibility
(n = 28)

Included

Studies included in
qualitative synthesis
(n = 6)
(reported over 12 articles)

Studies included in
meta-analysis
(n = 6)
(reported over 12 articles)

Records excluded via
abstract & title screening
(n = 2205)

Full-text articles excluded
(n = 16), reasons:
- Weight loss >2kg (n = 6)
- Difference in fat intake of diets <10% (n = 4)
- Protein >20% (n = 2)
- Carbohydrate <15% (n = 2)
- Observational study (n = 1)
- Change in exercise during intervention (n = 1)
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Fig. 1. PRISMA study selection flow chart.

2.3. Data extraction
1 author (J. W.) extracted the following data from each study: total sample size; sample size for
each outcome; mean age; length of intervention; calorie and fat intake; bodyweight; outcomes
for each diet with standard error of the mean (SEM), standard deviation (SD) or confidence
intervals (CI); and P value for mean changes. The outcomes were TT, FT, UT, DHT, SHBG, and LH.
Where data was presented only in graphs and the original authors could not provide it, the data
was digitally extracted using the tool: Web Plot Digitizer [42]. All extracted data was triple
checked against the original studies. Where possible and appropriate the studies’ authors were
contacted for additional information.
2.4. Data syntheses
When studies reported multiple outcome measurements from the same day, a mean and
combined SD of these was used. Subgroups within studies were combined, and SEM and CIs
were converted into SDs. To do this, formulas from the Cochrane handbook were used [43]. Hill
1980 featured 2 different interventions and samples respectively, North American (NA) hospital
staff and rural South African (SA) farmers [44]. The study was split into 2 groups for analysis, as
these 2 study arms could not be fairly combined. This meant there were 7 total samples for
meta-analysis, from the 6 original studies. Additional details on how each study was handled can
be found in Appendix A: Supplemental Methods.
2.5. Meta-analyses
All studies accounted for the diurnal rhythms of sex hormones, by ensuring the time of the
blood sample was the same for each study condition. 2 studies used serum measurements
[45,46], and 4 studies used plasma measurements [44,47–49], with different hormonal assays
used across the studies. Therefore, to minimise differences due to blood samples and assays,
standardised mean differences with 95% CIs were used for all outcomes. All of the studies were
crossover trials, but did not show any significant period or carry-over effects. Therefore, the
outcomes for HF and LF diets (mean ± SD) were used as the basis for the pooled effect
estimates. The variance of within participant differences was not used for pooled effect
estimates, as this would have required variance to be calculated based on assumptions for the
majority of studies [50]. The meta-analyses were done using Cochrane’s software: Review
Manager [51]. DerSimonian and Laird’s random effects model was used for all outcomes [52].
Chi-squared (Chi2) and I2 tests were used to measure heterogeneity, however since these tests
were underpowered due to the low number of studies, forest plots were also visually inspected
for heterogeneity. I2 = 0 - 30% was not taken as conclusive evidence of low heterogeneity, but
was interpreted alongside P values from Chi2 tests and the visual inspection of forest plots. As a
rule of thumb, P < 0.05 for Z tests were used as an indication of statistical significance, not an
absolute measure of it, as suggested by Cochrane [53]. Standardised mean differences were
interpreted as follows: 0.2 = small effect, 0.5 = moderate effect, and 0.8 = large effect [54].
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2.6. Subgroup and sensitivity analyses
A post hoc subgroup analysis was done for TT western samples, as the only non-western sample
[44], showed significant qualitative interaction. Western samples were defined as samples from
North America or Europe. This yielded a reasonably ethnically homogeneous subgroup
approximately 87.3% white/ European descent and 12.7% black NA. Afterwards, a sensitivity
analysis was conducted for TT, by taking out each study in turn and running the meta-analysis
again. These results were informally compared to each other, as suggested by Cochrane [55].
An additional post hoc sensitivity analysis was done for TT, excluding the 2 most clinically
diverse and highest risk of bias studies: Reed 1987 and Hill 1979 [47,49]. These studies had
notably smaller sample sizes, and the LF diet in Reed 1987 had the lowest fat intake of all study
diets by a margin of 7.1% of TEI [47] (Table 1). There was also limited data on participant age in
Hill 1979 [49] (Table 1). No other subgroup or sensitivity analyses were done, for risk of data
dredging the small sample of studies.
2.7. Quality assessment
Since all of the studies were crossover trials, Cochrane’s risk of bias crossover variant tool was
used [56]. 5 of the 6 studies were not randomised [44–47,49]; therefore the randomisation bias
questions were omitted for these studies. An additional bias domain was added to the Cochrane
tool for the confounding variable of differences in micronutrient intake between HF and LF
diets. Before undertaking meta-analyses, both authors independently conducted the risk of bias
assessment, and differences were settled by discussion. Afterwards, a risk of bias graph was
generated using Cochrane’s software: Risk of Bias Visualisation [57]. In this graph, studies were
weighted using their weights from the TT meta-analysis. Forest plots were ordered from lowest
to highest risk of bias.
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Table 1
Characteristics of included studiesa

Study

Sample size

Age

HF diet
Length
(weeks)

LF diet
Length
(weeks)

HF diet
Fat intake
(% TEI)

LF diet
Fat intake
(% TEI)

LF vs HF diet
Mean difference
TEI (kcal/day)

Change in
bodyweight
(kg)

Risk of biasb

Dorgan 1996
[48,58]

43

33.8 ± 1.4

10

10

40.7 ± 0

18.9 ± 0

24
(median)

-0.6
(median)

low

Wang 2005
[46]

39

54.2 ± 0.5

baseline diet

8

37.9 ± 1

13.9 ± 0.3

-30

-1.1

low

30

45.5

2
(baseline diet)

6

40

25

-179

-1.1

low

34

46.8 ± 1.1

2

3

40

25

ND

-0.6

medium

39

53.4 ± 2.3

3

baseline diet

40

16.5

ND

-0.7

medium

Reed 1987
[47]

6

34 ± 5.3

2

2

36.4

6.8

ND

ND

medium

Hill 1979
[49]

15

18 - 45
(range, n = 4)
ND (n = 11)

2

2

40

25

ND

ND

medium

Hämäläinen
1984
[45,59,60]
Hill 1980
NA
[44,61–63]
Hill 1980
SA
[44,61–63]

a

In total, 6 studies were included with 1 study split into 2 samples (Hill 1980 NA; Hill 1980 SA), yielding 7 total samples.
Risk of bias (low, medium, high).
All results presented in mean ± SEM.
ND, no data; NA, North American; SA, South African; HF, high-fat; LF, low-fat; TEI, total energy intake.
b

_____________
7

3. Results
3.1. Characteristics of included studies
The studies had a total of 206 participants, with a mean age of 46 years, and intervention diets
ranged from 2 - 10 weeks (Table 1). The weighted mean difference in fat intake for LF vs HF diets
was 20.1% of TEI (LF = 19.5, HF = 39.6), or 580kcal (LF = 547, HF = 1127). 3 studies directly
measured and reported TEI [45,46,48], the weighted mean difference for LF vs HF diets was -49
kcal/day (LF = 2877, HF = 2926). 4 studies reported bodyweight [44–46,48], the weighted mean
change in bodyweight during the dietary interventions was -0.8kg.

3.2. Meta-analyses
All results are presented in standardised mean differences with 95% CIs.

Fig. 2. Total testosterone forest plot, showing the standardised mean difference of low-fat (LF)
vs high-fat (HF) diets.

_____________
There was a small to moderate decrease in TT on LF vs HF diets, which was just statistically
significant [-0.38 (95% CI -0.75 to -0.01), P = 0.04] (Fig. 2). There was considerable heterogeneity
in the results (I2 = 67%, Chi2 = 18.25, P = 0.006).
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Fig. 3. Total testosterone subgroup analysis forest plot (western samples only), showing the
standardised mean difference of low-fat (LF) vs high-fat (HF) diets.

_____________
Compared to TT all samples, the subgroup TT western samples showed a larger decrease in TT
on LF vs HF diets [-0.52 (95% CI -0.75 to -0.30) P < 0.001] (Fig. 3). There was also reduced
heterogeneity (I2 = 0%, Chi2 = 4.71, P = 0.45), due to the exclusion of Hill 1980 SA, the only
sample to show a significant increase in TT on a LF diet [44].

Fig. 4. Free testosterone forest plot, showing the standardised mean difference of low-fat (LF) vs
high-fat (HF) diets.

_____________
There was a small to moderate, statistically significant decrease in FT on LF vs HF diets [-0.37
(95% CI -0.63 to -0.11) P = 0.005] (Fig. 4). Statistical heterogeneity was low (I2 = 0%, Chi2 = 1.03,
P = 0.79). Visually, there was slight heterogeneity in the results, although the direction of effects
was consistent.

9

Fig. 5. Urinary testosterone forest plot, showing the standardised mean difference of low-fat
(LF) vs high-fat (HF) diets.

_____________
There was a small to moderate, significant decrease in UT on LF vs HF diets [-0.38 (CI 95% -0.66
to -0.09) P = 0.009] (Fig. 5). There was slight statistical and visual heterogeneity in the results
(I2 = 34%, Chi2 = 4.54, P = 0.21), although the direction of effects was consistent.

Fig. 6. Luteinising hormone forest plot, showing the standardised mean difference of low-fat (LF)
vs high-fat (HF) diets.

_____________
There was a small non-significant decrease in LH on LF vs HF diets [-0.18 (CI 95% -0.43 to 0.07)
P = 0.16] (Fig. 6). Statistical heterogeneity was low (I2 = 0%, Chi2 = 3.99, P = 0.55), however a
visual survey of the results revealed moderate heterogeneity and a somewhat inconsistent
direction of effects.
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Fig. 7. Sex hormone binding globulin forest plot, showing the standardised mean difference of
low-fat (LF) vs high-fat (HF) diets.

_____________
There was a small non-significant decrease in SHBG on LF vs HF diets [-0.21 (CI 95% -0.46 to
0.05) P = 0.11] (Fig. 7). Both the statistical tests and a visual survey of the results indicated
heterogeneity was low (I2 = 0%, Chi2 = 2.20, P = 0.53). Reed 1987 showed qualitive interaction
[47], but was an imprecise study, meaning it had low weight in the meta-analysis.

Fig. 8. Dihydrotestosterone forest plot, showing the standardised mean difference of low-fat
(LF) vs high-fat (HF) diets.

_____________
There was a small significant decrease in DHT on LF vs HF diets [-0.3 (CI 95% -0.56 to -0.03) P =
0.03] (Fig. 8). Both the statistical tests and a visual survey of the results indicated that
heterogeneity was low (I2 = 0%, Chi2 = 0.11, P = 0.94).
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3.3. Sensitivity analyses
Table 2
Sensitivity analyses for total testosteronea
Study excluded

Standardised
mean difference

95% CIs

P value
from Z test

I2 (%)

Dorgan 1996

-0.39

-0.85 to 0.08

0.1

73

Wang 2005

-0.38

-0.84 to 0.08

0.1

72

Hämäläinen
1984

-0.36

-0.8 to 0.08

0.11

72

Hill 1980 NA

-0.31

-0.7 to 0.09

0.13

67

Hill 1980 SAb

-0.52

-0.75 to -0.3

< 0.001

0

Reed 1987

-0.42

-0.82 to -0.02

0.04

72

Hill 1979

-0.29

-0.67 to 0.08

0.12

66

Reed 1987 &
Hill 1979c

-0.33

-0.73 to 0.08

0.12

72

a

Sensitivity analyses done by excluding 1 study at a time, and running the meta-analysis again.
This analysis was the same as the subgroup analysis for total testosterone, western.
c
This analysis excluded the 2 most clinically diverse and highest risk of bias studies.
b

_____________
The sensitivity analyses excluding 1 study at a time, all produced similar results except for the
analysis minus Hill 1980 SA [44] (Table 2). Excluding this analysis, standardised mean differences
were from -0.29 to -0.42, P values were 0.04 - 0.13, and I2 tests were 66 - 73%. This indicates the
results for the TT meta-analysis were not unduly reliant on any single study. The sensitivity
analyses also confirm the source of the considerable heterogeneity in the TT meta-analysis was
Hill 1980 SA [44]. The last sensitivity analysis which excluded the 2 most clinically diverse studies
[47,49], produced similar results to all other combinations of studies, besides the analysis minus
Hill 1980 SA [44]. This indicates clinical heterogeneity did not have a significant effect on the TT
meta-analysis.
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3.4. Risk of bias

Fig. 9. Risk of bias graph, showing risk of bias at the review level, stratified by bias domains.

_____________
3 studies were at low risk of bias [45,46,48], and 3 studies were at medium risk of bias
[44,47,49] (Table 1). In Reed 1987 and Hill 1979, unmeasured changes in calorie intake may have
altered the effect of LF diets on outcomes, although these studies stated that the intervention
diets were isocaloric [47,49] (Fig. 9 - performance bias and carry-over effects). Hill 1980 NA and
SA may have lacked full outcome data for all participants, nevertheless all outcome data
reported showed a consistent pattern of effects [44,61–63] (Fig. 9 - attrition bias and incomplete
outcome data). The forest plots were ordered from lowest to highest risk of bias, which revealed
a visual trend of smaller more consistent effects in low-bias studies, and larger more
inconsistent effects in medium-bias studies. This was particularly evident in the forest plots for
TT, FT and SHBG (Figs. 2, 4, and 7).
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4. Discussion
The main findings of this review were that LF vs HF diets resulted in small to moderate
decreases in TT, FT, UT, and DHT in men (Figs. 2, 4, 5, and 8). There was a small decrease in
bodyweight during the dietary interventions (-0.8kg), which is unlikely to have significantly
affected outcomes. Most of the studies used a HF/LF diet order, with the HF period mimicking
the participants’ baseline diet. The most notable exception to this was Hill 1980 SA which used a
LF/HF diet order and was the only study to find a significant increase in TT on a LF diet [44] (Fig.
2). Thus, it could be argued that any dietary change, regardless of macronutrient composition
results in a decrease in androgens. However, in Hill 1980 SA UT substantially increased on the HF
diet which does not indicate lowered androgen status [62] (Fig. 5). Also, Dorgan 1996 used a 2group crossover design (AB/BA), and found diet order made no difference to changes in
outcomes [48]. Similarly, both Hämäläinen 1984 and Wang 2005 included a 3rd HF switchback
diet, and found no effect of diet order on outcomes [45,46].
4.1. Mechanisms: main findings
The results for TT showed a high degree of heterogeneity (I2 = 67%) (Fig. 2), which was
decreased in the subgroup TT western (I2 = 0%) (Fig. 3). This suggests ethnic and genetic or
epigenetic variation in TT, in response to dietary fat intake. The remaining visual heterogeneity
in TT western may be attributable to a variety of factors, one of which being differences in
micronutrient intake (Fig. 9). The largest decreases in TT were seen in the 2 studies with
vegetarian LF diets (Hill 1979; Hill 1980 NA) [44,49]. These diets may have been lower in zinc,
which is a common feature of vegetarian diets [64], and marginal zinc deficiency has been found
to decrease TT [32]. Nevertheless, studies well matched for micronutrient intake showed
similar, albeit smaller changes in TT [45,48] (Fig. 2); suggesting the decrease in TT was mostly
due to other dietary factors.
Dietary fibre intake was likely higher on LF vs HF diets, which has been suggested to increase T
excretion by modulating the enterohepatic circulation of steroids [25]. However, we found LH (P
= 0.16) and UT excretion (P = 0.009) decreased on LF diets, which suggests decreased T
production rather than increased T excretion (Figs. 5 and 6). Moreover, using a 12hr
trideuterated infusion of T, Wang 2005 found no change in T excretion on the LF diet, but
decreased T production [46]. 2 studies measured follicle-stimulating hormone, which showed
inconsistent effects on LF diets [46,61]. Estradiol was measured in 4 and estrone in 2 studies, via
blood sampling [44–46,48,61]. The results showed either non-significant changes (mostly
decreases), or significant decreases on LF diets. This suggests an upregulation of aromatase,
leading to increased estrogens was not responsible for the lower T on LF diets. In meta-analysis,
DHT significantly decreased on the LF diets, which indicates decreased T production, rather than
an inhibition of 5α-reductase leading to a build-up of T (Fig. 8). We found weak evidence of a
small decrease of SHBG on LF diets (Fig. 7). This suggests the decrease in FT on LF diets was
largely due to lower TT, rather than higher SHBG bound T. To summarise, our findings indicate
that endogenous T production decreased on LF diets, leading to lower FT and TT.
The HF diets had increased dietary cholesterol and caused increased blood cholesterol. Since, T
is synthesised from cholesterol it is logical to think that increased cholesterol substrate,
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increased T production. However, in men hypercholesterolemia is associated with lower TT [65];
and in rodents high cholesterol diets decrease TT by downregulating steroidogenic enzymes
[66]. Similarly, the HF vs LF diets likely had higher dietary arachidonic acid, due to higher intakes
of animal foods. In vitro, exogenous arachidonic acid has been shown to increase T production
in Leydig cells [67]; however arachidonic acid supplementation in men has not been found to
affect TT or FT [68].
The LF vs HF diets were consistently lower in monounsaturated fatty acids (MUFA) and
saturated fatty acids (SFA), and had higher polyunsaturated to saturated fatty acid ratios (P:S).
This suggests a beneficial effect of MUFA and SFA, and/or a deleterious effect of
polyunsaturated fatty acids (PUFA) on androgens. A similar but ineligible study found that
decreasing MUFA and SFA, and increasing P:S whilst keeping total fat intake stable, decreased
TT by 15% [69]. The beneficial effect of MUFA intake on T is supported by another study which
replaced 25g/day butter with either olive or argan oil, and found TT increased by 17.4% and
19.9% respectively (P < 0.001) [70]. In rodents, fatty acid intake strongly modifies testicular lipid
composition. High PUFA vs MUFA or SFA diets result in decreased T production via increased
testicular oxidative stress, decreased steroidogenic enzymes and decreased testicular free
cholesterol available for steroidogenesis [71,72]. For ethical reasons, similar experiments have
not been conducted in humans. However, intervention and cross-sectional studies have found
that blood and adipose lipids similarly reflect dietary intake, with stronger effects for PUFA [73].
High intakes of linoleic acid, the main dietary omega-6 PUFA, have been shown to increase
markers of oxidative stress in men [74]. Oxidative stress is well known to adversely affect semen
parameters [75]; and this effect may extend to testicular steroidogenesis. Omega-6 intake has
been inversely correlated to testicular volume, suggesting a direct adverse effect on testicular
function [22]. Thus, the decrease in MUFA and SFA intake, and relative increase in omega-6
PUFA on LF diets, may have altered testicular lipid composition and increased oxidative stress,
thereby decreasing T production.
4.2. Mechanisms: subgroups
Androgen metabolism likely differs by ethnicity, as ethnic differences have been found in men’s
FT, SHBG and follicle-stimulating hormone levels [76,77]. Whether androgen metabolism differs
by ethnicity in response to diet has not been well studied. However, the limited results from our
subgroup analysis suggests that the decrease in TT on LF diets is larger and more consistent in
western vs non-western men (Figs. 2 and 3). Palaeolithic ancestors of modern Europeans likely
had a HF intake, as reliance on animal foods in 20th century hunter gatherers increases ≥40°
latitude, putting almost all of Europe in this category [78]. In addition, modern Europeans have a
high prevalence of the -13,910 C>T allele which gives rise to the phenotype of lactase
persistence, and confers the ability to digest lactose throughout adulthood [79]. This suggests
that after the Neolithic revolution Europeans continued to enjoy HF intakes, by consuming
traditional HF dairy foods [80]. Since genetic adaptations to environmental changes occur
slowly, the majority of human genes remain unchanged since the upper Palaeolithic and early
Neolithic periods [81]. Thus, men with European ancestry may have other genetic adaptations
that promote a survival or reproductive advantage in response to a HF diet. Therefore, we
hypothesize that T levels are adversely affected by a LF diet in men of European descent.
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4.3. Secular decline in testosterone
In the USA, from 1965-91 fat intake decreased by 10.1% of TEI [15], and the first evidence of a
secular decline in T follows this [5]. The decline in fat intake largely came from decreases in SFA
and MUFA, whilst PUFA intake remained relatively stable [82]. The change in fat intake from
1965-91, is comparable to the mean difference between the HF vs LF diets of this review,
although decreases in fat intake were larger in the reviewed studies (10.1 vs 20.1% of TEI). The
results of this review suggest that the decline in fat intake over the 1970s and 80s, may have
adversely affected men’s TT and FT. However, since fat intake had stabilised by 1991 [15], it is
unlikely to explain the continual secular decline in T. To our knowledge, it is unknown whether
LF diets have a larger or smaller effect in the long term, due to a lack of longitudinal studies
measuring fat intake and T.
4.4. Limitations
The main limitation of the review was the low number of studies and small total sample size (n =
206). This contributed to the somewhat larger CIs and P values than expected for reasonably
homogeneous studies. Additionally, we did not use the variance of within participant differences
for the pooled effect estimates; thus it is possible that the effect estimates had slightly larger CIs
than true [50]. In contrast, our method for the variance of effects was more conservative [50],
and so increased the confidence in our results. It also avoided possibly inaccurate changes in the
weighting of studies in the meta-analyses. A separate issue was that the DerSimonian and Laird
method [52] arguably performs poorly with a low number of studies [83], which meant our
heterogeneity tests were unpowered and CIs possibly too narrow. However, since statistical
heterogeneity was low, besides TT, and there was no clear-cut alternative method [84], we
chose to use the conventional DerSimonian and Laird approach [52]. To alleviate these
problems, we visually inspected forest plots to detect additional heterogeneity. The low number
of studies also meant that we were unable to produce a meaningful funnel plot to investigate
publication bias.
We attempted to explain the considerable heterogeneity in TT by doing a post hoc subgroup
analysis based on ethnicity (Fig. 3). However, the subgroup western included a small number of
NA black men (12.7%), meaning it did not uniformly represent men of white/ European descent,
although they were the majority (87.3%). Also, it is possible that the study excluded in the
subgroup analysis [44], was an outlier for another reason such as some facet of study design or
chance. Subgroup analyses are observational in nature, particularly when done post hoc, so this
process cannot produce firm conclusions and is best used to produce hypotheses [55]. A
strength of the subgroup analysis is that it relied upon within study differences in effects, rather
than between study differences. Also, it was based on qualitive interaction rather than a
difference in magnitude of effect. The low number of studies made statistical and qualitative
explanations of heterogeneity hard to distinguish from chance, particularly in outcomes with
less than 7 samples. Additional sources of heterogeneity including differences in micronutrient
and fatty acid intake could not be robustly explored, due to a lack of study data and the low
number of studies.
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Another limitation was that half of the studies included were at medium risk of bias (Table 1 and
Fig. 9). In addition, only 1 study was a fully randomised (AB/BA) crossover trial [48], which
increased the risk of selection and performance bias, particularly at the review level (Fig. 9).
Across outcomes, the low vs medium-bias studies showed smaller more consistent effects. This
was most evident in DHT which included only the 3 low-bias studies [45,46,48], and showed very
little heterogeneity visually or statistically (I2 = 0%; Chi2 = 0.11, P = 0.94) (Fig. 8). A strength of
the review was that the strict eligibility criteria provided studies relatively free from
confounding variables, and the extensive search strategy likely captured all eligible studies.
Throughout the review, the primary measurement of fat intake used was relative intake,
measured as a percentage of TEI. Since only weight-maintaining isocaloric dietary interventions
were included, percentage fat intake provided a measure of absolute fat intake, which
accounted for participant differences in energy intake requirements. However, this approach
meant we were unable to detect the effects of absolute fat intake on outcomes, irrespective of
participant energy requirements. An alternative approach would have been to conduct a
correlation-based analysis using absolute fat intake vs outcomes for each individual diet (or
participant). However, due to the differences in assays and plasma vs serum measurements, this
was not appropriate for the included studies. Also, this analysis would have ignored the relative
within-study effects on outcomes. A full discussion of the merits of using absolute, rather than
relative fat intake is beyond the scope of this review.

5. Conclusions
The results of this review suggest that LF vs HF diets moderately decrease T levels in men, via a
reduction in testicular T production. However, due to the small total sample size (n = 206),
heterogeneity in TT (Fig. 2), and risk of bias (Fig. 9); large randomised controlled trials are
needed to confirm this review’s findings, before practical recommendations can be made.
Ideally, such studies would also investigate the effects of ethnicity on androgen metabolism, in
response to dietary fat intake.

17

Funding
This research did not receive any specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.
CRediT authorship contribution statement
Joseph Whittaker: Conceptualization, Methodology, Validation, Formal analysis, Investigation,
Resources, Data Curation, Writing - Original Draft, Writing - Review & Editing, Visualization,
Project administration. Kexin Wu: Methodology, Formal analysis, Resources, Data Curation,
Writing - Review & Editing, Visualization.
Declaration of Competing Interest
The authors report no declarations of interest.
Acknowledgements
The authors would like to thank Miranda Harris, Justine Bold and Lindsey Fellows from the
University of Worcester, for their feedback on drafts; and Keith Whittaker for proof reading. This
work was partly based on an unpublished Master’s thesis, completed at the University of
Worcester.

18

References
[1]

G. Corona, G. Rastrelli, G. Di Pasquale, A. Sforza, E. Mannucci, M. Maggi, Endogenous
Testosterone Levels and Cardiovascular Risk: Meta-Analysis of Observational Studies, J.
Sex. Med. 15 (2018) 1260–1271. https://doi.org/10.1016/j.jsxm.2018.06.012.

[2]

Q.M. Yao, B. Wang, X.F. An, J.A. Zhang, L. Ding, Testosterone level and risk of type 2
diabetes in men: a systematic review and meta-analysis, Endocr. Connect. 7 (2018) 220–
231. https://doi.org/10.1530/EC-17-0253.

[3]

W. Lv, N. Du, Y. Liu, X. Fan, Y. Wang, X. Jia, X. Hou, B. Wang, Low Testosterone Level and
Risk of Alzheimer’s Disease in the Elderly Men: a Systematic Review and Meta-Analysis,
Mol. Neurobiol. 53 (2016) 2679–2684. https://doi.org/10.1007/s12035-015-9315-y.

[4]

A.B. Araujo, J.M. Dixon, E.A. Suarez, M.H. Murad, L.T. Guey, G.A. Wittert, Clinical review:
Endogenous testosterone and mortality in men: a systematic review and meta-analysis, J.
Clin. Endocrinol. Metab. 96 (2011) 3007–3019. https://doi.org/10.1210/jc.2011-1137.

[5]

T.G. Travison, A.B. Araujo, A.B. O’Donnell, V. Kupelian, J.B. McKinlay, A population-level
decline in serum testosterone levels in American men, J. Clin. Endocrinol. Metab. 92
(2007) 196–202. https://doi.org/10.1210/jc.2006-1375.

[6]

A. Mazur, R. Westerman, U. Mueller, Is rising obesity causing a secular (age-independent)
decline in testosterone among American men?, PLoS One. 8 (2013) e76178.
https://doi.org/10.1371/journal.pone.0076178.

[7]

P. Trimpou, A. Lindahl, G. Lindstedt, G. Oleröd, L. Wilhelmsen, K. Landin-Wilhelmsen,
Secular trends in sex hormones and fractures in men and women, Eur. J. Endocrinol. 166
(2012) 887–895. https://doi.org/10.1530/EJE-11-0808.

[8]

A.-M. Andersson, T.K. Jensen, A. Juul, J.H. Petersen, T. Jørgensen, N.E. Skakkeaek, Secular
decline in male testosterone and sex hormone binding globulin serum levels in Danish
population surveys, J. Clin. Endocrinol. Metab. 92 (2007) 4696–4705.
https://doi.org/10.1210/jc.2006-2633.

[9]

A. Perheentupa, J. Mäkinen, T. Laatikainen, M. Vierula, N.E. Skakkebaek, A.-M.
Andersson, J. Toppari, A cohort effect on serum testosterone levels in Finnish men, Eur. J.
Endocrinol. 168 (2013) 227–233. https://doi.org/10.1530/EJE-12-0288.

[10]

S.D. Lokeshwar, P. Patel, R.J. Fantus, J. Halpern, C. Chang, A.Y. Kargi, R. Ramasamy,
Decline in Serum Testosterone Levels Among Adolescent and Young Adult Men in the
USA, Eur. Urol. Focus. S2405-4569 (2020) 30062–30066.
https://doi.org/10.1016/j.euf.2020.02.006 [Epub ahead of print].

[11]

W.W. Laranja, E. Riccetto, M.P. Amaro, L.O. Reis, Age-independent secular testosterone
populational trends among Brazilian males, Int. Urol. Nephrol. 52 (2020) 1199–1202.
https://doi.org/10.1007/s11255-020-02425-x.

[12]

G. Chodick, S. Epstein, V. Shalev, Secular trends in testosterone- findings from a large
state-mandate care provider, Reprod. Biol. Endocrinol. 18 (2020) 19.
https://doi.org/10.1186/s12958-020-00575-2.

19

[13]

F. Juul, E. Hemmingsson, Trends in consumption of ultra-processed foods and obesity in
Sweden between 1960 and 2010, Public Health Nutr. 18 (2015) 3096–3107.
https://doi.org/10.1017/S1368980015000506.

[14]

J.-C. Moubarac, M. Batal, A.P.B. Martins, R. Claro, R.B. Levy, G. Cannon, C. Monteiro,
Processed and ultra-processed food products: consumption trends in Canada from 1938
to 2011, Can. J. Diet. Pract. Res. 75 (2014) 15–21. https://doi.org/10.3148/75.1.2014.15.

[15]

E. Cohen, M. Cragg, J. deFonseka, A. Hite, M. Rosenberg, B. Zhou, Statistical review of US
macronutrient consumption data, 1965–2011: Americans have been following dietary
guidelines, coincident with the rise in obesity, Nutrition. 31 (2015) 727–732.
https://doi.org/10.1016/j.nut.2015.02.007.

[16]

I.H. Page, E. V. Allen, F.L. Chamberlain, A. Keys, J. Stamler, F.J. Stare, Dietary fat and its
relation to heart attacks and strokes, Circulation. 23 (1961) 133–136.

[17]

U.S. Senate Select Committee on Nutrition and Human Needs, Dietary goals for the
United States, U.S. Government Printing Office, Washington, D.C., 1977.
https://catalog.hathitrust.org/Record/000325810 (accessed October 25, 2020).

[18]

R.J. Fantus, J.A. Halpern, C. Chang, M.K. Keeter, N.E. Bennett, B. Helfand, R.E. Brannigan,
The Association between Popular Diets and Serum Testosterone among Men in the
United States, J. Urol. 203 (2020) 398–404.
https://doi.org/10.1097/JU.0000000000000482.

[19]

N.E. Allen, P.N. Appleby, G.K. Davey, T.J. Key, Lifestyle and nutritional determinants of
bioavailable androgens and related hormones in British men, Cancer Causes Control. 13
(2002) 353–363. https://doi.org/10.1023/A:1015238102830.

[20]

A.E. Field, G.A. Colditz, W.C. Willett, C. Longcope, J.B. McKinlay, The relation of smoking,
age, relative weight, and dietary intake to serum adrenal steroids, sex hormones, and sex
hormone-binding globulin in middle-aged men, J. Clin. Endocrinol. Metab. 79 (1994)
1310–1316. https://doi.org/10.1210/jcem.79.5.7962322.

[21]

C. Nagata, N. Takatsuka, N. Kawakami, H. Shimizu, Relationships between types of fat
consumed and serum estrogen and androgen concentrations in Japanese men., Nutr.
Cancer. 38 (2000) 163–167. https://doi.org/10.1207/S15327914NC382_4.

[22]

L. Mínguez-Alarcón, J.E. Chavarro, J. Mendiola, M. Roca, C. Tanrikut, J. Vioque, N.
Jørgensen, A.M. Torres-Cantero, Fatty acid intake in relation to reproductive hormones
and testicular volume among young healthy men, Asian J. Androl. 19 (2017) 184–190.
https://doi.org/10.4103/1008-682X.190323.

[23]

A.-S. Morisset, K. Blouin, A. Tchernof, Impact of diet and adiposity on circulating levels of
sex hormone-binding globulin and androgens, Nutr. Rev. 66 (2008) 506–516.
https://doi.org/10.1111/j.1753-4887.2008.00083.x.

[24]

J. La, N.H. Roberts, F.A. Yafi, Diet and Men’s Sexual Health, Sex. Med. Rev. 6 (2018) 54–
68. https://doi.org/10.1016/j.sxmr.2017.07.004.

[25]

N.E. Allen, T.J. Key, The effects of diet on circulating sex hormone levels in men, Nutr.
Res. Rev. 13 (2000) 159–184. https://doi.org/10.1079/095442200108729052.

20

[26]

M. Wrzosek, D. Włodarek, The impact of energy value of the diet and the supply of
macronutrients on serum testosterone in male athletes, Polish J. Sport. Med. 34 (2018)
9–16. https://doi.org/10.5604/01.3001.0011.7093.

[27]

A. Liberati, D.G. Altman, J. Tetzlaff, C. Mulrow, P.C. Gøtzsche, J.P.A. Ioannidis, M. Clarke,
P.J. Devereaux, J. Kleijnen, D. Moher, The PRISMA statement for reporting systematic
reviews and meta-analyses of studies that evaluate health care interventions:
explanation and elaboration, PLoS Med. 6 (2009) e1000100.
https://doi.org/10.1371/journal.pmed.1000100.

[28]

J. Whittaker, W. Kexin, Review Protocol: Low-fat diets and testosterone in men:
systematic review and meta-analysis of intervention studies, Res. Regist. (2021).
https://www.researchregistry.com/browse-theregistry#registryofsystematicreviewsmeta-analyses/registryofsystematicreviewsmetaanalysesdetails/602a83bf6fafa2001fd3db7a/ (accessed February 16, 2021).

[29]

J.P.T. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M.J. Page, V.A. Welch, (Eds.),
Cochrane Handbook for Systematic Reviews of Interventions, version 6.1, Cochrane,
2020. https://training.cochrane.org/handbook (accessed December 17, 2020).

[30]

J.S. Volek, A.L. Gómez, D.M. Love, N.G. Avery, M.J. Sharman, W.J. Kraemer, Effect of a
high-fat diet on postabsorptive and postprandial testosterone responses to a fat-rich
meal, Metabolism. 50 (2001) 1351–1355. https://doi.org/10.1053/meta.2001.25648.

[31]

C.M. Schooling, S.L. Au Yeung, G. Freeman, B.J. Cowling, The effect of statins on
testosterone in men and women, a systematic review and meta-analysis of randomized
controlled trials, BMC Med. 11 (2013) 57. https://doi.org/10.1186/1741-7015-11-57.

[32]

A.S. Prasad, C.S. Mantzoros, F.W.J. Beck, J.W. Hess, G.J. Brewer, Zinc status and serum
testosterone levels of healthy adults, Nutrition. 12 (1996) 344–348.
https://doi.org/10.1016/S0899-9007(96)80058-X.

[33]

T.J. Hartman, J.F. Dorgan, K. Woodson, J. Virtamo, J.A. Tangrea, O.P. Heinonen, P.R.
Taylor, M.J. Barrett, D. Albanes, Effects of long-term α-tocopherol supplementation on
serum hormones in older men, Prostate. 46 (2001) 33–38. https://doi.org/10.1002/10970045(200101)46:1<33::AID-PROS1005>3.0.CO;2-6.

[34]

I. Domínguez-López, M. Yago-Aragón, A. Salas-Huetos, A. Tresserra-Rimbau, S. HurtadoBarroso, Effects of Dietary Phytoestrogens on Hormones throughout a Human Lifespan:
A Review, Nutrients. 12 (2020) 2456. https://doi.org/10.3390/nu12082456.

[35]

L.D. Hayes, B.T. Elliott, Short-Term Exercise Training Inconsistently Influences Basal
Testosterone in Older Men: A Systematic Review and Meta-Analysis, Front. Physiol. 9
(2019) 1878. https://doi.org/10.3389/fphys.2018.01878.

[36]

K.E. Anderson, W. Rosner, M.S. Khan, M.I. New, S.Y. Pang, P.S. Wissel, A. Kappas, Diethormone interactions: protein/carbohydrate ratio alters reciprocally the plasma levels of
testosterone and cortisol and their respective binding globulins in man, Life Sci. 40 (1987)
1761–1768. https://doi.org/10.1016/0024-3205(87)90086-5.

[37]

J.M. Wilson, R.P. Lowery, M.D. Roberts, M.H. Sharp, J.M. Joy, K.A. Shields, J.M. Partl, J.S.
Volek, D.P. DʼAgostino, Effects of Ketogenic Dieting on Body Composition, Strength,
21

Power, and Hormonal Profiles in Resistance Training Men, J. Strength Cond. Res. 34
(2020) 3463–3474. https://doi.org/10.1519/JSC.0000000000001935.
[38]

G. Corona, G. Rastrelli, M. Monami, F. Saad, M. Luconi, M. Lucchese, E. Facchiano, A.
Sforza, G. Forti, E. Mannucci, M. Maggi, Body weight loss reverts obesity-associated
hypogonadotropic hypogonadism: a systematic review and meta-analysis, Eur. J.
Endocrinol. 168 (2013) 829–843. https://doi.org/10.1530/EJE-12-0955.

[39]

R. Cangemi, A.J. Friedmann, J.O. Holloszy, L. Fontana, Long-term effects of calorie
restriction on serum sex-hormone concentrations in men, Aging Cell. 9 (2010) 236–242.
https://doi.org/10.1111/j.1474-9726.2010.00553.x.

[40]

W.M. Bramer, M.L. Rethlefsen, J. Kleijnen, O.H. Franco, Optimal database combinations
for literature searches in systematic reviews: A prospective exploratory study, Syst. Rev.
6 (2017) 245. https://doi.org/10.1186/s13643-017-0644-y.

[41]

U.S. National Library of Medicine, The MeSH Database, (2021).
https://www.nlm.nih.gov/bsd/disted/meshtutorial/themeshdatabase/index.html
(accessed February 25, 2021).

[42]

A. Rohatgi, Web Plot Digitizer, (2020). https://apps.automeris.io/wpd (accessed October
20, 2020).

[43]

J.P.T. Higgins, T. Li, J.J. Deeks, Chapter 6: Choosing effect measures and computing
estimates of effect, in: J.P.T. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M.J.
Page, V.A. Welch (Eds.), Cochrane Handb. Syst. Rev. Interv., version 6.1, Cochrane, 2020.
https://training.cochrane.org/handbook (accessed November 19, 2020).

[44]

P. Hill, E. Wynder, L. Garbaczewski, H. Garnes, A.R. Walker, P. Helman, Plasma hormones
and lipids in men at different risk for coronary heart disease, Am. J. Clin. Nutr. 33 (1980)
1010–1018. https://doi.org/10.1093/ajcn/33.5.1010.

[45]

E. Hämäläinen, H. Adlercreutz, P. Puska, P. Pietinen, Diet and serum sex hormones in
healthy men, J. Steroid Biochem. 20 (1984) 459–464. https://doi.org/10.1016/00224731(84)90254-1.

[46]

C. Wang, D.H. Catlin, B. Starcevic, D. Heber, C. Ambler, N. Berman, G. Lucas, A. Leung, K.
Schramm, P.W.N. Lee, L. Hull, R.S. Swerdloff, Low-fat high-fiber diet decreased serum
and urine androgens in men, J. Clin. Endocrinol. Metab. 90 (2005) 3550–3559.
https://doi.org/10.1210/jc.2004-1530.

[47]

M.J. Reed, R.W. Cheng, M. Simmonds, W. Richmond, V.H. James, Dietary lipids: an
additional regulator of plasma levels of sex hormone binding globulin, J. Clin. Endocrinol.
Metab. 64 (1987) 1083–1085. https://doi.org/10.1210/jcem-64-5-1083.

[48]

J.F. Dorgan, J.T. Judd, C. Longcope, C. Brown, A. Schatzkin, B.A. Clevidence, W.S.
Campbell, P.P. Nair, C. Franz, L. Kahle, P.R. Taylor, Effects of dietary fat and fiber on
plasma and urine androgens and estrogens in men: a controlled feeding study, Am. J.
Clin. Nutr. 64 (1996) 850–855. https://doi.org/10.1093/ajcn/64.6.850.

[49]

P.B. Hill, E.L. Wynder, Effect of a vegetarian diet and dexamethasone on plasma
prolactin, testosterone and dehydroepiandrosterone in men and women, Cancer Lett. 7
(1979) 273–282. https://doi.org/10.1016/S0304-3835(79)80054-3.
22

[50]

J.P.T. Higgins, S. Eldridge, T. Li, Chapter 23: Including variants on randomized trials, in:
J.P.T. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M.J. Page, V.A. Welch (Eds.),
Cochrane Handb. Syst. Rev. Interv., version 6.1, 2020.
https://training.cochrane.org/handbook (accessed November 20, 2020).

[51]

The Cochrane Collaboration, Review Manager (RevMan) [Computer program] Version 5.4
(2020).

[52]

R. DerSimonian, N. Laird, Meta-analysis in clinical trials, Control. Clin. Trials. 7 (1986)
177–188. https://doi.org/10.1016/0197-2456(86)90046-2.

[53]

H.J. Schünemann, G.E. Vist, J.P.T. Higgins, N. Santesso, J.J. Deeks, P. Glasziou, E.A. Akl,
G.H. Guyatt, Chapter 15: Interpreting results and drawing conclusions, in: J.P.T. Higgins, J.
Thomas, J. Chandler, M. Cumpston, T. Li, M.J. Page, V.A. Welch (Eds.), Cochrane Handb.
Syst. Rev. Interv., version 6.1, Cochrane, 2020. https://training.cochrane.org/handbook
(accessed November 28, 2020).

[54]

J. Cohen, Statistical Power Analysis in the Behavioral Sciences, 2nd ed., Lawrence
Erlbaum Associates, Inc., Hillsdale (NJ), 1988.

[55]

J.J. Deeks, J.P.T. Higgins, D.G. Altman, Chapter 10: Analysing data and undertaking metaanalyses, in: J.P.T. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M.J. Page, V.A.
Welch (Eds.), Cochrane Handb. Syst. Rev. Interv., version 6.1, Cochrane, 2020.
https://training.cochrane.org/handbook (accessed December 17, 2020).

[56]

J.P.T. Higgins, J.A.C. Sterne, J. Savović, M.J. Page, A. Hróbjartsson, I. Boutron, B. Reeves, S.
Eldridgem, A revised tool for assessing risk of bias in randomized trials In: J. Chandler, J.
McKenzie, I. Boutron, V. Welch (Eds.). Cochrane Methods, Cochrane Database Syst. Rev.
10 (2016). https://doi.org/10.1002/14651858.CD201601.

[57]

L.A. McGuinness, J.P.T. Higgins, Risk-of-bias VISualization (robvis): An R package and
Shiny web app for visualizing risk-of-bias assessments, Res. Synth. Methods. (2020) 1–7.
https://doi.org/10.1002/jrsm.1411.

[58]

B.A. Clevidence, J.T. Judd, A. Schatzkin, R.A. Muesing, W.S. Campbell, C.C. Brown, P.R.
Taylor, Plasma lipid and lipoprotein concentrations of men consuming a low-fat, highfiber diet, Am. J. Clin. Nutr. 55 (1992) 689–694. https://doi.org/10.1093/ajcn/55.3.689.

[59]

C. Ehnholm, J.K. Huttunen, P. Pietinen, U. Leino, M. Mutanen, E. Kostiainen, J.
Pikkarainen, R. Dougherty, J. Iacono, P. Puska, Effect of diet on serum lipoproteins in a
population with a high risk of coronary heart disease, N. Engl. J. Med. 307 (1982) 850–
855. https://doi.org/10.1056/NEJM198209303071403.

[60]

E.K. Hämäläinen, H. Adlercreutz, P. Puska, P. Pietinen, Decrease of serum total and free
testosterone during a low-fat high-fibre diet, J. Steroid Biochem. 18 (1983) 369–370.
https://doi.org/10.1016/0022-4731(83)90117-6.

[61]

P. Hill, E.L. Wynder, H. Garnes, A.R. Walker, Environmental factors, hormone status, and
prostatic cancer, Prev. Med. (Baltim). 9 (1980) 657–666. https://doi.org/10.1016/00917435(80)90037-7.

23

[62]

P. Hill, E.L. Wynder, L. Garbaczewski, H. Garnes, A.R. Walker, Diet and urinary steroids in
black and white north American men and black South African men, Cancer Res. 39 (1979)
5101–5105.

[63]

P. Hill, E.L. Wynder, L. Garbaczewski, A.R. Walker, Effect of diet on plasma and urinary
hormones in South African black men with prostatic cancer, Cancer Res. 42 (1982) 3864–
3869.

[64]

M. Foster, A. Chu, P. Petocz, S. Samman, Effect of vegetarian diets on zinc status: a
systematic review and meta-analysis of studies in humans, J. Sci. Food Agric. 93 (2013)
2362–2371. https://doi.org/10.1002/jsfa.6179.

[65]

N. Zhang, H. Zhang, X. Zhang, B. Zhang, F. Wang, C. Wang, M. Zhao, C. Yu, L. Gao, J. Zhao,
Q. Guan, The relationship between endogenous testosterone and lipid profile in middleaged and elderly Chinese men, Eur. J. Endocrinol. 170 (2014) 487–494.
https://doi.org/10.1530/EJE-13-0802.

[66]

C. Yu, F. Jiang, M. Zhang, D. Luo, S. Shao, J. Zhao, L. Gao, C. Zuo, Q. Guan, HC diet
inhibited testosterone synthesis by activating endoplasmic reticulum stress in testicular
Leydig cells, J. Cell. Mol. Med. 23 (2019) 3140–3150.
https://doi.org/10.1111/jcmm.14143.

[67]

F. Romanelli, M. Valenca, D. Conte, A. Isidori, A. Negro-Vilar, Arachidonic acid and its
metabolites effects on testosterone production by rat Leydig cells, J. Endocrinol. Invest.
18 (1995) 186–193. https://doi.org/10.1007/BF03347801.

[68]

M.D. Roberts, M. Iosia, C.M. Kerksick, L.W. Taylor, B. Campbell, C.D. Wilborn, T. Harvey,
M. Cooke, C. Rasmussen, M. Greenwood, R. Wilson, J. Jitomir, D. Willoughby, R.B.
Kreider, Effects of arachidonic acid supplementation on training adaptations in
resistance-trained males, J. Int. Soc. Sports Nutr. 4 (2007) 1–13.
https://doi.org/10.1186/1550-2783-4-21.

[69]

A. Raben, B. Kiens, E.A. Richter, L.B. Rasmussen, B. Svenstrup, S. Micic, P. Bennett, Serum
sex hormones and endurance performance after a lacto-ovo vegetarian and a mixed diet,
Med. Sci. Sports Exerc. 24 (1992) 1290–1297. https://doi.org/10.1249/00005768199211000-00015.

[70]

A. Derouiche, A. Jafri, I. Driouch, M. El Khasmi, A. Adlouni, N. Benajiba, Y. Bamou, R. Saile,
M. Benouhoud, Effect of argan and olive oil consumption on the hormonal profile of
androgens among healthy adult Moroccan men, Nat. Prod. Commun. 8 (2013) 51–53.
https://doi.org/10.1177/1934578x1300800112.

[71]

G.E.H. de Catalfo, M.J.T. de Alaniz, C.A. Marra, Influence of commercial dietary oils on
lipid composition and testosterone production in interstitial cells isolated from rat testis,
Lipids. 44 (2009) 345–357. https://doi.org/10.1007/s11745-008-3277-z.

[72]

G.E.H. de Catalfo, M.J.T. de Alaniz, C.A. Marra, Dietary lipids modify redox homeostasis
and steroidogenic status in rat testis, Nutrition. 24 (2008) 717–726.
https://doi.org/10.1016/j.nut.2008.03.008.

24

[73]

L. Hodson, C.M. Skeaff, B.A. Fielding, Fatty acid composition of adipose tissue and blood
in humans and its use as a biomarker of dietary intake, Prog. Lipid Res. 47 (2008) 348–
380. https://doi.org/10.1016/j.plipres.2008.03.003.

[74]

A. Jenkinson, M.F. Franklin, K. Wahle, G.G. Duthie, Dietary intakes of polyunsaturated
fatty acids and indices of oxidative stress in human volunteers, Eur. J. Clin. Nutr. 53
(1999) 523–528. https://doi.org/10.1038/sj.ejcn.1600783.

[75]

A. Majzoub, A. Agarwal, Systematic review of antioxidant types and doses in male
infertility: Benefits on semen parameters, advanced sperm function, assisted
reproduction and live-birth rate, Arab J. Urol. 16 (2018) 113–124.
https://doi.org/10.1016/j.aju.2017.11.013.

[76]

A. Richard, S. Rohrmann, L. Zhang, M. Eichholzer, S. Basaria, E. Selvin, A.S. Dobs, N.
Kanarek, A. Menke, W.G. Nelson, E.A. Platz, Racial variation in sex steroid hormone
concentration in black and white men: a meta-analysis, Andrology. 2 (2014) 428–435.
https://doi.org/10.1111/j.2047-2927.2014.00206.x.

[77]

H. Tahmasebi, K. Trajcevski, V. Higgins, K. Adeli, Influence of ethnicity on population
reference values for biochemical markers, Crit. Rev. Clin. Lab. Sci. 55 (2018) 359–375.
https://doi.org/10.1080/10408363.2018.1476455.

[78]

L. Cordain, J.B. Miller, S.B. Eaton, N. Mann, S.H.A. Holt, J.D. Speth, Plant-animal
subsistence ratios and macronutrient energy estimations in worldwide hunter-gatherer
diets, Am. J. Clin. Nutr. 71 (2000) 682–692. https://doi.org/10.1093/ajcn/71.3.682.

[79]

Y. Itan, B.L. Jones, C.J. Ingram, D.M. Swallow, M.G. Thomas, A worldwide correlation of
lactase persistence phenotype and genotypes, BMC Evol. Biol. 10 (2010) 36.
https://doi.org/10.1186/1471-2148-10-36.

[80]

M. Leonardi, P. Gerbault, M.G. Thomas, J. Burger, The evolution of lactase persistence in
Europe. A synthesis of archaeological and genetic evidence, Int. Dairy J. 22 (2012) 88–97.
https://doi.org/10.1016/j.idairyj.2011.10.010.

[81]

P. Carrera-Bastos, M. Fontes-Villalba, J.H. O’keefe, S. Lindeberg, L. Cordain, The western
diet and lifestyle and diseases of civilization, Res. Reports Clin. Cardiol. 2 (2011) 15–35.
https://doi.org/10.2147/rrcc.s16919.

[82]

B.M. Popkin, A.M. Siega-Riz, P.S. Haines, L. Jahns, Where’s the fat? Trends in U.S. diets
1965-1996, Prev. Med. (Baltim). 32 (2001) 245–254.
https://doi.org/10.1006/pmed.2000.0807.

[83]

R. Bender, T. Friede, A. Koch, O. Kuss, P. Schlattmann, G. Schwarzer, G. Skipka, Methods
for evidence synthesis in the case of very few studies, Res. Synth. Methods. 9 (2018)
382–392. https://doi.org/10.1002/jrsm.1297.

[84]

A.A. Veroniki, D. Jackson, W. Viechtbauer, R. Bender, J. Bowden, G. Knapp, O. Kuss, J.P.
Higgins, D. Langan, G. Salanti, Methods to estimate the between-study variance and its
uncertainty in meta-analysis, Res. Synth. Methods. 7 (2016) 55–79.
https://doi.org/10.1002/jrsm.1164.

25

