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Abstract

Objectives—The male reproductive axis is responsive to energetic deficits, including multi-day
fasts, but little is known about brief periods of fasting (<24 hours). Reduced testosterone in low-
energy balance situations is hypothesized to reflect redirection of resources from reproduction to
survival. This study tests the hypothesis that testosterone levels decrease during a minor caloric
deficiency by assessing the effects of a single missed (evening) meal on morning testosterone in
23 healthy male participants, age 19-36.

Methods—~Participants provided daily saliva and urine samples for two baseline days and the
morning following an evening fast (water only after 4PM). Testosterone, cortisol, and luteinizing
hormone were measured with enzyme immunoassays.

Results—Fasting specimens had significantly lower overnight urinary luteinizing hormone
(p=0.045) and morning salivary testosterone than baseline (p=0.037). In contrast to morning
salivary testosterone, there was a significant increase in overnight urinary testosterone (p=0.000)
following the evening fast, suggesting an increase in urinary clearance rates. There was a marginal
increase in overnight urinary cortisol (p=0.100), but not morning salivary cortisol (p=0.589).

Conclusion—These results suggest the male reproductive axis may react more quickly to
energetic imbalances than has been previously appreciated.
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Introduction

There is a growing body of evidence suggesting that the effects of testosterone are
energetically expensive, and may play an energy-allocating role in the life history trade off
between reproduction and survival (Charnov 1993; Folstad and Karter 1992; Muehlenbein
2008; Muehlenbein and Bribiescas 2005). High testosterone levels are hypothesized to lead
to increased investment in reproduction, including behavioral strategies and secondary
sexual characteristics (Muehlenbein and Bribiescas 2005). Testosterone plays an important
role in increasing and maintaining male muscle mass, which can enhance competitive ability
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and mate attraction (Bhasin and others 1996; Bribiescas 2001). This comes at a cost: not
only is muscle energetically expensive (Lassek and Gaulin 2009), but high levels of
testosterone also increase the catabolism of fat tissues, depleting reserves that could be
essential during periods of food shortage (Bhasin and others 2005).

Studies of male human and non-human primates suggest that short-term fasts can have
significant down-regulatory effects on the hypothalamic-pituitary-gonadal (HPG) axis, prior
to any change in body weight or composition (Aloi and others 1997; Bergendahl and
Veldhuis 1995; Cameron and others 1991). In human males, fasting appears to significantly
reduce the number, and amplitude of gonadotropin releasing hormone (GnRH) pulses, thus
decreasing luteinizing hormone (LH) pulsatility (Aloi and others 1997; Rojdmark 1987). It
is difficult to directly measure GnRH in humans, as it exists solely within the brain, but
administration of intravenous GnRH during caloric restriction restores LH pulses,
suggesting that fasting down regulates GhnRH production (Aloi and others 1997). Problems
with direct testing for GnRH make it difficult to ascertain whether it is the frequency of
GnRH pulses, or their amplitude that is affected by short term fasting (Aloi and others
1997). Administration of intravenous GnRH has also been shown to restore testosterone
levels in fasting subjects (Rojdmark 1987).

Once a fast is broken, LH pulsatility rebounds in male subjects; both in human and non-
human primates (Friedl and others 2000; Parfitt and others 1991; Schreihofer and others
1993a; Schreihofer and others 1993b). LH secretion begins within twenty-to-forty minutes
of re-feeding, and is monotonically related to the size of the re-feeding meal (Parfitt and
others 1991). Resumption of LH secretion is unrelated to the actual act of eating; macaques
re-fed via gastric cannulae showed an LH rebound statistically identical to macaques that
were re-fed naturally (Schreihofer and others 1993a). When normal weight primates were
overfed just prior to the onset of fasting, there was no effect on LH secretion, suggesting that
acute caloric deficit plays an important role in hormonal down regulation (Cameron 1996;
Schreihofer and others 1993b).

Previous studies find that multi-day fasts cause a reduction in LH and testosterone. This
project tests the responsiveness of the male HPG and HPA to a brief caloric deficit. We
hypothesize that the male reproductive axis is sensitive to even minor energetic disruptions,
with reductions in LH and testosterone the morning following a missed evening meal. We
also hypothesize that testosterone will return to normal levels rapidly after re-feeding.
Cortisol is hypothesized to rise due to HPA activation from the psychological and
physiological stress of fasting. Understanding the effects of short term caloric reduction on
the endocrine system will provide insight into the role of testosterone in the trade-off
between survival and reproduction in human males.

Twenty four male volunteers were recruited from the University of Washington campus.
Individuals who regularly chewed tobacco, reported taking prescription or non-prescription
steroids, or other medications known to affect testosterone production were not eligible for
the study (Bhasin and others 1996; Granger and others 2004). One participant did not
complete the study protocol, leaving a total of 23 participants who ranged in age from 19 to
36 years (mean age 26.7), see Table 1. Self reported weight and height were used to
calculate BMI (mean 23.7 kg/m?2, range 19.5-29.0 kg/m?2), see Table 1. All procedures were
approved by the Institutional Review Board of the University of Washington.
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Specimen Collection

Participants collected first void morning urine specimens as well as waking and late morning
(11AM) passive drool saliva specimens each day for three days. The first two days of
specimen collection were designed to establish baseline levels of testosterone, cortisol, LH.
On the second day of specimen collection, participants were asked not to eat or drink
anything aside from water after 4PM. The protocol stressed the importance of not eating
extra throughout the day, and not simply eating dinner early was stressed. On the third
morning, after providing waking saliva and urine specimens, participants resumed their
normal diet and ate breakfast before taking a final late morning (11AM) saliva specimen.

Passive drool saliva was collected in polypropylene centrifuge tubes after participants arose
from bed each morning, after participants rinsed their mouths with water, but before eating,
drinking, or brushing their teeth. Participants also collected a mid-stream first void morning
urine specimen (2-5mL). After going about their normal daily routine until 11 AM,
participants provided a second specimen, regardless of their time of wake up. Asking all
participants to take the sample at 11AM as opposed to 4 hours after wake-up simplified an
already complex study protocol. Waking urine and saliva specimens were frozen
immediately, and 11AM specimens were frozen as soon as possible. Specimens were stored
in home freezers until the end of the study, at which point they were stored at —80° C in the
laboratory for up to 26 days before assay.

To control for differences in morning testosterone caused by behavioral differences rather
than fasting, participants were asked to refrain from major exercise, competitive sports, and
sexual activity for the duration of the study (Burnham and others 2003; Gray 2003; Gray and
others 2006). Weight lifting or jogging were considered major exercise, while walking the
dog, or across campus were considered acceptable. Participants recorded the times they went
to bed and woke up, and the time that each saliva specimen was taken. These data were later
used to correct salivary hormone concentrations for time of wake up (Flinn and England
1997). The self-reported age, weight, and height of the participants was also collected to
control for inter-individual differences in testosterone production (Burnham and others
2003; Gray 2003; Gray and others 2006).

Laboratory Methods

In the lab, saliva specimens was centrifuged at 2800 RPM for 20 minutes, and the aqueous
layer was removed and stored at —80° C until assay. Urine specific gravity was measured
with a hand refractometer (Model No. 2721 URC-PN, Atago Inc., Farmingdale, NY), and
urine specimens were stored at —80° C until assay. All specimens had gone through two
freeze thaw cycles when initially assayed. Enzyme immunoassays (EIA) were used to
measure testosterone, and cortisol in saliva, and LH, testosterone and cortisol in urine; all
specimens were run in duplicate. Urine hormone concentrations were corrected for
hydration status using specimen specific gravity and a reference population mean specific
gravity of 1.015 (Miller and others 2004).

The EIA for testosterone used a polyclonal antibody that cross reacts 100% with
testosterone, 57.4% with 5a-dihydrotestosterone, 0.27% with androstenodione, and less than
0.05% with other androgens (Muir and others 2001). All saliva specimens were run neat,
and all urine specimens were run at a 1:100 dilution in 0.1% bovine serum albumin (BSA)
blocking buffer. The within and between assay coefficients of variation (CV) for this project
(n=10 plates) were 3.76% and 8.37% respectively for the high (513.0pg/mL), 4.87% and
8.54% for the medium (412.7pg/mL), and 3.68% and 8.84% for the low (350.3pg/mL) in-
house controls.

Am J Hum Biol. Author manuscript; available in PMC 2011 November 1.
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The EIA for cortisol used a polyclonal antibody that cross-reacted 100% with cortisol and
less than 10% with other steroids tested (Munro and Stabenfeldt 1985). All saliva specimens
were run at a 1:2 dilution in 0.1% BSA blocking buffer, and urine specimens were diluted to
1:60 in the same buffer. The within and between assay CVs for cortisol for this project (n=7
plates) were 4.27% and 2.44% for the high (1047.7pg/mL), 4.51% and 5.51% for the
medium (553.8pg/mL), and 6.79% and 7.30% for the low (337.0pg/mL) in-house controls,
respectively.

An immunoenzymometric assay (IEMA) was used to measure the beta (B) sub-unit of LH in
urine (Brindle and others 2006). The cross reactivity was 100% for BLH, 7.60% for intact
LH, and 0% for all other cross reactants tested. Specimens were heated to 100° C for 2
minutes before assay to disassociate the B sub-unit of LH, and run neat. The within and
between assay CVs for this project (n=3 plates) were 16.56% and 27.03% for the high
(116.8pg/mL) and 14.37% and 16.47% for the low (87.7pg/mL) in house controls,
respectively.

Color reactions were quantified at 405nm (test) and 570nm (reference) for testosterone,
cortisol, and LH assays using a Synergy HT microtiter plate reader (Bio Tek Instruments,
Inc., Winooski, VT). Concentrations were estimated with a four parameter logistic
calibration curve fit (Gen5, Bio Tek Instruments Inc.).

Statistical Methods

Results

Linear mixed effects regression models with maximum likelihood estimation were run to
determine the effects of a single skipped meal on individual 1) waking salivary testosterone
and cortisol; 2) waking urinary LH, testosterone, and cortisol; and 3) 11 AM salivary
testosterone and cortisol. All hormone data were log transformed and normality was
graphically assessed. To control for the non-independence of repeated specimens from each
participant, individuals were modeled as a random effects (West and others 2007). Analysis
of waking saliva specimens controlled for the time of waking, hours of sleep, an interaction
between the amount of sleep and time of waking, BMI, age, and an interaction term for age
and BMI. The 11AM salivary analysis controlled for waking hormone concentration, time
since waking, BMI, age, and an interaction term for age and BMI. The urinary analysis
controlled for the number of hours of sleep, BMI, age, and an interaction term for age and
BMI. The threshold for statistical significance was set at a =0.05, and all analyses were
completed in STATA 10.1 (College Station, TX).

Twenty four participants began the study; one subject did not complete study protocol,
leaving a total of 23 participants. Two specimens were not analyzed due to improper
collection time, and one participant missed collection of a single sample. All morning saliva
and urine specimens were taken between 5:45AM and 10:40AM, and all 11AM saliva
specimens were taken within one hour of 11 AM. Three LH specimens were below the
limits of detection, and four cortisol specimens were above the limits of detection for the
assay; these specimens were assigned the concentration determined to be the upper or lower
limits of detection of the assay. Results are reported in Table 1 and Table 2.

There was a significant decrease in waking salivary testosterone on the morning following
the fast, when compared to two baseline days combined (p=—0.107, p=0.037), and a
significant increase in 11 AM salivary testosterone after participants fasted on the previous
evening (p=0.149, p=0.012) (Figures1A and 2A). In contrast to salivary testosterone,
morning urinary testosterone increased significantly (3=0.237, p<0.000) the morning
following a single skipped meal (Figures 1B and 3B).

Am J Hum Biol. Author manuscript; available in PMC 2011 November 1.
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Salivary cortisol showed no significant change between baseline and fasting levels, either at
waking (p=0.589) or 11 AM (p=0.222) (Figures 4A and 2B). Similar to urinary testosterone,
overnight urinary cortisol increased ($=0.180, p=0.100) on the morning following a single
missed meal, though the results did not reach statistical significance (Figures 4B and 3C).
Urinary LH decreased significantly (B=—0.152, p=0.045) after a single skipped meal
(Figures 5 and 3A). Due to the high LH CVs, an additional bootstrapped statistical analysis
(1000 replications) was run building within plate variability into the model as a second
random effect. This analysis also concluded that urinary LH decreased significantly
(p=0.010) following an evening fast.

Discussion

This study examined the effects of a single missed evening meal on the male reproductive
axis. As hypothesized, urinary LH and waking salivary testosterone decreased significantly
following the fast. These results are consistent with previous research in humans and
animals which suggest that even minor energetic disturbances from fasting down-regulate
the male reproductive axis (Aloi and others 1997; Bergendahl and others 1998; Bergendahl
and Veldhuis 1995; Cameron and others 1991; Klibanski and others 1981). Previous studies
of energetic imbalances have reported decreases in serum LH (Aloi and others 1997;
Bergendahl and Veldhuis 1995; Cameron and others 1991; Veldhuis and others 1993), this
report extends these findings to urinary LH. These results are also consistent with other
research demonstrating that mild energetic imbalances, either from increased exercise (Nindl
and others 2001), or immune system activation (Muehlenbein and Bribiescas 2005;
Simmons and Roney 2009) cause decreases in circulating testosterone in human males.

Research in animal models suggests that decreases in hypothalamic GnRH production are
responsible for decreased LH and testosterone (Cameron and others 1985). Participants in
this study showed significantly higher 11 AM testosterone (post-breakfast) levels the
morning after fasting compared to baseline days. This is consistent with previous work
showing that re-feeding is associated with immediate increases in GnRH, LH, and
testosterone, regardless of the macronutrient content of the meal (Friedl and others 2000;
Parfitt and others 1991; Schreihofer and others 1993a; Schreihofer and others 1993b). To
assess if larger than normal breakfast sizes could have been responsible for the increase in
11AM salivary testosterone, an analysis of relative meal size was conducted. As a measure
of fasting compliance, participants recorded the size of their meals compared to their
average meal size (coding each meal as smaller then usual, normal, or larger then usual).
This provided a crude measure of relative food intake, making it possible to examine
whether the increases in 11AM salivary testosterone were caused by significantly larger
breakfasts the morning following the fast. A mixed effects regression was conducted on self
reported relative breakfast size. This revealed that breakfasts the morning following the fast
did not differ significantly in size from breakfasts on other days (p=0.307). While it is not
possible to rule out the possibility that individuals ate breakfasts of different caloric or
macronutrient content the morning following the fast, participants reported no differences in
relative breakfast sizes in this crude measure of dietary intake.

In contrast to the waking salivary testosterone decrease following the fast, we observed a
significant increase in first morning urinary testosterone following the fast. Studies testing
paired urine and blood specimens in fasting individuals found that while blood hormone
concentrations of LH and FSH decreased (Klibanski and others 1981), or stayed stable
(Beitins and others 1980), over the course of a multi-day fast, there were significant
increases in urinary hormone concentrations during fasting. This suggested to the authors
that clearance rates increased significantly during a fast. Similar increases in peripheral
testosterone clearance have been shown in patients in the days following surgery or trauma,

Am J Hum Biol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Trumble et al.

Page 6

while serum testosterone decreased (Spratt and others 2006). Increased urinary clearance of
testosterone may be an adaptive response to rapidly eliminate circulating testosterone during
energetic stress. Future studies should examine energetic stress and changes in testosterone
clearance rates in greater detail.

Morning and 11 AM salivary cortisol showed no increase the morning following a missed
meal compared to baseline; however, there was an increase in urinary cortisol the morning
of the fast. Previous studies have reported increased serum cortisol following brief (1-2 day)
fasts in primates (Schreihofer and others 1993b). Increasing cortisol following fasting is
hypothesized to result from both the psychological stress of missing a meal, as well as the
metabolic actions of cortisol (Cameron 1996; Lukas and others 2005). In our study,
increases in cortisol from both psychological and metabolic stress may have occurred close
to the time of the fast, and were thus only partially observable in the pooled overnight
urinary measure of cortisol. Because the increase in urinary cortisol was not accompanied by
a decrease in salivary cortisol the following morning, we believe that there was a significant
increase in circulating cortisol the previous evening and into the night, either from the
psychological or metabolic stress of going to sleep without eating (Cameron 1996; Lukas
and others 2005). It is not possible to rule out increased urinary clearance of cortisol,
thought the authors are unaware of any previous literature showing increased cortisol
excretion during caloric deficit. In addition, high morning levels due to the cortisol
awakening response may have swamped any expected morning increase in salivary cortisol
(Clow and others 2004)

Circulating glucose and insulin rise immediately after eating, and then gradually decline as
the time from the meal increases (Van Cauter and others 1992). Insulin receptors are
expressed at high levels in the hypothalamus, pituitary, and testis, and it has been suggested
that changes in insulin concentration could play a role in reproductive downregulation
during fasting (Bruning and others 2000). Previous research indicates that extreme
hypoglycemia induced by glycemic clamps can cause an acute decrease in LH and
testosterone (Oltmanns and others 2001; Oltmanns and others 2005). However, these studies
generated severe hypoglycemia, unlike the very mild changes in glycemic levels seen during
natural fasting in young adult males (Haymond and others 1982; Merimee and Tyson 1974),
thus it is unlikely that missing a single meal caused severe enough hypoglycemia to
downregulate LH and testosterone (Cameron 1996). Primate research on post-fast refeeding
finds that different iso-caloric mixtures of protein, fats and carbohydrates make no
difference in the LH rebound, suggesting that naturally circulating glucose levels are not
responsible for changes in LH secretion (Cameron 1996; Schreihofer and others 1993a;
Schreihofer and others 1993b; Schreihofer and others 1996). Further studies of natural
changes in circulating glucose and insulin are necessary to understand the mechanism by
which energetic status downregulates human male reproductive hormones.

There were several limitations to this study. Participants were not physically monitored
during the study, and although no participants reported any food intake during the fast on
daily meal logs, this self report was not verified. Nutrient content of the meals was not
assessed. When providing saliva samples, participants took their first saliva specimen upon
waking and a second sample at 11AM. For some participants, the time of wake up may have
been closer to 11AM than others, thus there was less time between waking and specimen
collection. That said, there was no association between fasting and hours of sleep (p=0.819),
or time of wake (p=0.720).

Another limitation was the use of self reported BMI. Previous studies have shown that men
tend to overestimate height, which can skew BMI (Bolton-Smith and others 2000; Gorber
and others 2007). BMI in the study ranged from 19.5-29.0 kg/m?2, with a mean of 23.7 kg/
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m?2, and thus our results may not generalize to individuals with lower or higher BMI. The
majority of the participants were well educated, white undergraduate and graduate students
at the University of Washington, thus the results may not be generalizeable to all males. The
young age distribution of our sample precludes generalization to older men who have lower
levels of testosterone (Harman and others 2001; Travison and others 2007) from reduced
hypothalamic-pituitary gonadotropin feedback and secretion (Mulligan and others 1997;
Veldhuis and others 2001), as well as reduced testicular function (Harman and Tsitouras
1980; Midzak and others 2009).

In sum, these results support that the male reproductive axis is more responsive to very brief
caloric deficiencies than has previously been shown. Not only do overnight LH, and
morning salivary testosterone decrease, but our data suggests that clearance rates of
testosterone increase, resulting in a rapid drop in circulating testosterone levels. These
results are consistent with previous studies of multi-day fasting, as well as studies examining
energetic stresses such as immune activation (Cameron 1996; Muehlenbein 2008;
Muehlenbein and Bribiescas 2005). This study adds to a growing body of literature
suggesting that testosterone is energetically costly, and may play a key role in regulating
trade-offs between survival and reproduction.
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Figure 1. Daily Fitted Salivary and Urinary Testosterone

A: Two days of non-fasting baseline waking and 11AM fitted log salivary testosterone
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levels (mean + SE), followed by a third day showing the effects of missing a single meal the
previous evening. B: First morning fitted log urinary testosterone (specific gravity corrected)

for two baseline days and the morning following a single missed meal (mean * SE).
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Figure 2. Individual Fitted Daily Salivary Testosterone and Cortisol

A: Two days of non-fasting baseline waking and 11AM fitted log salivary testosterone
levels, followed by a third day showing the individual effects of missing a single meal the
previous evening. B: Two days of non-fasting baseline waking and 11AM fitted log salivary
cortisol levels, followed by a third day showing the individual effects of missing a single
meal the previous evening.
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Figure 3. Individual Fitted Daily Urinary Hormone Measures
Daily first morning fitted log urinary LH (A) Testosterone (B) and Cortisol (C) for two days
of baseline, and the morning following a single missed meal, corrected for specific gravity.
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Figure 4. Daily Fitted Salivary and Urinary Cortisol

A: Two days of non-fasting baseline waking and 11AM log salivary cortisol levels (mean +
SE), followed by a third day showing the effects of missing a single meal the previous
evening. B: First morning fitted log urinary cortisol (specific gravity corrected) for two
baseline days and the morning following a single missed meal (mean + SE).
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Figure 5. Daily Fitted Urinary LH

Day 1 and 2 are non-fasting, baseline log urinary beta LH specimens (specific gravity
corrected), while the third sample was taken the morning immediately following an evening
fast (mean + SE).
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Table 2

Results of separate linear mixed effects models examining the response of logged endocrine measures to
fasting (each hormone modeled separately) and the control variables for each model.

Coefficient Std. Error p-value 95% ClI
Waking Salivary Testosterone™™ —-0.1072 0.0514 0.037 (—0.2079, —0.0064)
Waking Salivary Cortisol —0.0561 0.1038 0.589 (—0.2596, 0.1474)

Waking salivary specimen analysis controlled for time of wakening, hours of sleep, age, BMI, and interactions between time of wake and hours
of sIeepT as well as age and BMI. Individuals were treated as random effects.

11AM Salivary Testosterone™ 0.1487 0.0589 0.012 (0.0333, 0.2641)
(Post re-feeding)

11AM Salivary Cortisol 0.1119 0.0916 0.222 (—0.0677, 0.2915)
(Post re-feeding)

11AM salivary specimen analysis controlled for waking salivary hormone levels (testosterone controlled for waking salivary testosteroneT,

cortisol controlled for waking salivary cortisoIC), hours since wake, ageT, BMIT, and an interaction between age and BMIT. Individuals were
treated as random effects.

Urinary Testosterone™ 0.2368 0.0531 0.000 (0.1328, 0.3409)
Urinary Cortisol”™ 0.1802 0.1095 0.100 (~0.0344, 0.3948)
Urinary LH** -0.1524 0.0759 0.045 (-0.3012, —0.0037)

First morning void urine specimens were corrected for specific gravity and the analysis controlled for time of wake, ageTr C,LH gm|C, LH
and an interaction between age and BMIT: G LH Individuals were treated as random effects.

*
indicates suggestive result p<.10,

**k
indicates significance at the p<.05 level,

KKk
indicates significance at the p<.01 level
T . . .
indicates significant (p<.05) control variable for Testosterone,

indicates significant control variable for cortisol,

I'Hindicates significant control variable for LH
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