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Abstract

Creatine is an antioxidant, neuromodulator and key regulator of energy metabolism shown to 

improve depressive symptoms in humans and animals, especially in females. To better understand 

the pharmacological effects of creatine, we examined its influence on depression-related 

hippocampal gene expression and behaviors in the presence and absence of sex steroids. Sham-

operated and gonadectomized male and female rats were fed chow alone or chow blended with 

either 2% or 4% w/w creatine monohydrate for five weeks before forced swim, open field, and 

wire suspension tests, or seven weeks total. Before supplementation, males were chronically 

implanted with an empty or a testosterone-filled (T) capsule (10-mm surface release), and females 

were administered progesterone (P, 250 μg), estradiol benzoate (EB, 2.5 μg), EB+P, or sesame oil 

vehicle weekly. Relative to non-supplemented shams, all hippocampal plasticity-related mRNAs 

measured, including brain-derived neurotrophic factor (BDNF), tyrosine kinase B, doublecortin, 

calretinin, and calbindin, were downregulated in sham males given 4% creatine, and BDNF, 

doublecortin, and calbindin mRNAs were downregulated in sham females given 4% creatine. In 

contrast, combined 4% creatine + T in castrates prevented downregulation of BDNF, doublecortin, 

and calretinin mRNAs. Similarly, combined 4% creatine + EB+P in ovariectomized females 

attenuated downregulation of BDNF and calbindin mRNA levels. Moderate antidepressant and 

anxiolytic-like behaviors were observed in EB+P-treated ovariectomized females fed creatine, 

with similar trends in T-treated castrates fed creatine. Altogether, these data show that chronic, 
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high-dose creatine has opposing effects on neuroplasticity-related genes and depressive behavior 

in intact and gonadectomized male and female rats. The dose and schedule of creatine used 

negatively impacted hippocampal neuronal integrity in otherwise healthy brains, possibly through 

negative compensatory changes in energy metabolism, whereas combined creatine and sex 

steroids acted in a neuroprotective manner in gonadectomized rats, potentially by reducing 

metabolic complications associated with castration or ovariectomy.
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1. Introduction

Creatine, N-(aminoiminomethyl)-N-methylglycine, is a naturally occurring nutrient found in 

high protein foods such as beef, fish and milk, and it can also be synthesized by the body 

from the amino acids L-arginine, glycine, and L-methionine (Wyss and Kaddurah-Daouk, 

2000). Creatine has traditionally been understood as a vital regulator of adenosine 

triphosphate (ATP) levels in muscle and brain tissue (Wallimann et al., 1992), and the 

peripheral effects of creatine supplements have been studied most extensively in athletes and 

military personnel. More recent studies have demonstrated creatine’s neuromodulatory, 

antioxidant, anti-apoptotic, and anti-inflammatory properties in the central nervous system, 

motivating researchers to assess the therapeutic utility of creatine monohydrate for treating 

brain-related disorders (Allen, 2012; Andres et al., 2008; Gaulano et al., 2010).

Of clinical relevance, previous evidence has shown that impaired creatine metabolism has 

deleterious effects on brain integrity (in’t Zandt et al., 2004; Streijger et al., 2005) and 

cognitive development (Braissant and Henry, 2008; Jost et al., 2002; Schulze et al., 2003; 

Streijger et al., 2004, 2005). Conversely, supplementation with creatine has been shown to 

protect the brain from the negative effects of mild stress (McMorris et al., 2006, 2007a; 

Watanabe et al., 2002), age-related memory decline (Bender et al., 2008; McMorris et al., 

2007b), brain and spinal cord injury (Rabchevsky et al., 2003; Sakellaris et al., 2006; Scheff 

& Dhillon et al., 2004; Sullivan et al., 2000), and muscle and neurodegenerative disorders 

such as Huntington’s disease (Rosas et al., 2014). The necessity of endogenous creatine for 

healthy brain function combined with evidence that dietary creatine improves brain-related 

conditions underscores its potential for treating mental illness (Andres et al., 2008; Gualano 

et al., 2010).

An increasing number of human and animal studies indicate that creatine is particularly 

promising for the treatment of depressive disorders (Allen, 2012). Rodent studies have 

found that creatine supplementation reduces immobility in the forced swim and tail 

suspension tests, which are animal models that robustly predict antidepressant treatment 

response in humans (Allen et al., 2010; 2012; Cryan et al., 2005; Cunha et al., 2012, 2013a 

b). Of particular interest, our laboratory has found sex differences in the effects of creatine 

on behavior in rats. Specifically, daily creatine supplementation (+4% w/w, five weeks, per 

os) decreased immobility behavior in female rats, an effect that is indicative of 
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antidepressant-like properties, whereas the same dose and duration produced either no effect 

or increased immobility behaviors in male rats (Allen et al., 2010; 2012). Two clinical trials 

reported that adjunctive creatine accelerated treatment response in depressed female 

adolescents (Kondo et al., 2011) and women (Lyoo et al., 2012) resistant to conventional 

treatment, underscoring its translational potential and clinical utility.

The present research aimed to build upon and extend our previous rodent findings by 

examining two plausible neurobiological mechanisms that could explain the sex-specific 

antidepressant-like effects of dietary creatine in rats and possibly humans, namely the 

activational influence of sex steroids and the involvement of neurotrophin-related neuronal 

activity. Briefly, sex hormones exert important influences on physiology and behavior that 

extend well beyond reproduction, including the regulation of cognition, mood, 

mitochondrial function, neurogenesis and synaptic plasticity (for review, see Baudry et al., 

2012; Walf and Frye, 2006). The effects of sex hormones on creatine metabolism are sex-

specific. For instance, creatine kinase activity, which regulates the use and consumption of 

energy, increases and decreases in sync with the rat estrous cycle (Sömjen et al., 1991). 

Moreover, brain-type creatine kinase has been shown to be upregulated sex-specifically by 

estrogens in female rats and by testosterone in male rats (Malnick et al., 1983; Sömjen et al., 

1989; 1997; 2011). Our previous forced swim data indicated that creatine supplementation 

produced antidepressant-like effects in females particularly during the proestrus and estrus 

phases of the estrous cycle, when levels of ovarian hormones are high (Allen et al., 2012). 

We hypothesized that cycling levels of estrogens augment the antidepressant-like effect of 

creatine in female rats by stimulating energy production and consumption. In males, it is 

possible that the stable, as opposed to cyclical, nature of testosterone precludes significant 

increases in creatine metabolism during testing.

Another consideration is that creatine may improve depressive symptoms by enhancing the 

growth or survival of neurons (Zainuddin and Thuret, 2012). Increasing evidence supports a 

relationship between creatine and brain-derived neurotrophic factor (BDNF), an essential 

mediator of synaptic plasticity, neural survival and energy metabolism associated with 

depression (Duman and Monteggia, 2006). For instance, in mice, oral supplementation with 

1% creatine upregulated BDNF expression levels in whole brain hemisphere samples by 

1.27 times compared to controls (Bender et al., 2008). In humans, three studies found that a 

single nucleotide polymorphism of the BDNF gene (val66met) that interferes with BDNF 

function is associated with lower levels of total creatine in hippocampal and cortical tissue 

in healthy and mood disordered patients (Frey et al, 2007; Gallinat et al, 2010; Stern et al, 

2008;). Given this evidence, we examined the effects of creatine on mRNA levels of 

hippocampal BDNF, and its receptor Tyrosine Kinase B (TrkB), in the presence and absence 

of sex hormones to determine whether creatine alters neuroplasticity-related factors akin to 

conventional antidepressants.

Additionally, to develop a more complete profile of creatine’s effects on factors related to 

neural growth and survival, we also examined hippocampal mRNA levels of doublecortin 

(DCX), calretinin (CALR), and calbindin (CALB). DCX is classified as a microtubule-

associated protein (MAP) and is involved in hippocampal cell division, differentiation and 

migration (des Portes et al., 1998). CALB and CALR are calcium-binding proteins that 
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frequently colocalize with GABAergic interneurons and maintain intracellular calcium 

balance that is integral for neurotransmission (Todkar et al., 2012). These three markers 

have distinct developmental expression patterns within the subgranular zone of the dentate 

gyrus in adult hippocampus (see Brandt et al., 2003). DCX is expressed in newly born 

progenitor cells, whereas CALR and CALB are expressed in immature and mature granule 

cells, respectively.

We conducted two experiments in male (Experiment 1) and female (Experiment 2) rats 

using three doses of creatine monohydrate (+0%, +2%, or +4%, per os) to determine 

whether the previously observed effects of creatine on depression-related behavior are 

attributable to the actions of gonadal steroids during behavioral testing. This work paired 

classic hormone manipulation paradigms, namely bilateral castration or ovariectomy ± sex 

hormone replacement, with standard behavioral assays to evaluate potential hormone-

creatine interactions on affective behavior. A secondary aim was to conduct a focused 

analysis on depression-related hippocampal gene expression to determine whether creatine 

alters mRNA levels of neurotrophic- and neurogenesis-related markers in adult hippocampal 

tissue. Due to the large number of experimental groups, we planned a priori to narrow the 

scope of this initial molecular investigation to compare the effects no-dose (+0%) and high-

dose (+4%) creatine in pre-selected hormone groups, as 4% creatine is the dose previously 

shown to robustly alter affective behavior (Allen et al., 2010; 2012). We hypothesized that 

creatine would increase expression of plasticity-related markers in the same manner shown 

by chronic studies of conventional antidepressant medication, and that any positive mRNA 

alterations would correspond with antidepressant-like effects. Together, this work aimed to 

increase understanding of the behavioral, pharmacological, and neurobiological mechanisms 

of creatine and its potential to improve depressive symptoms.

2. Material and Methods

2.1. Experiment 1: Males

2.1.1. Animals and Housing—Seventy-two male Sprague-Dawley rats, approximately 

six weeks old, were obtained from Charles River Laboratories (Raleigh, NC). Rats were 

housed individually in hanging stainless-steel cages in a climate-controlled vivarium (22 ± 

1°C) on a 12:12 h reverse light-dark cycle (lights on at 1900h). Rats were given seven days 

to acclimate to handling and housing conditions prior to the beginning of each experiment.

All procedures were approved by the Tufts University Institutional Animal Care and Use 

Committee (IACUC).

2.1.2. General Experimental Procedure—The duration of the experiment was a total 

of eleven weeks: one week habituation period, two weeks for surgery and recovery, five 

weeks of daily creatine supplementation, and two weeks for behavioral testing before 

euthanasia (Figure 1). Following habituation, rats were randomly assigned to undergo 

bilateral castration (GDX) or sham-surgery and to receive testosterone (T) maintenance or 

no T (described below). Upon recovery, equal numbers of rats from each hormone group 

(i.e., sham, GDX, GDX+T) were randomly assigned to receive 0%, 2%, or 4% creatine 

supplementation (Allen et al., 2010, 2012). Following five weeks of daily creatine treatment, 

Allen et al. Page 4

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



rats performed in the forced swim, open field, and wire suspension tests, within a two-week 

period, prior to euthanasia. Rats were tested in two separate but consecutive squads under 

identical conditions and counterbalanced by diet and hormone conditions. This was 

necessary to study an adequate number of rats to achieve statistical power for behavioral 

measures.

2.1.3. Bilateral Castration and Testosterone Replacement—Bilateral castrations 

were performed to remove the primary endogenous source of androgens using IACUC-

approved surgical procedures. All male rats were anesthetized with a single dose of 

Ketamine (80 mg/kg) and Xylazine (6 mg/kg) intraperitoneally and were randomly assigned 

to undergo bilateral castration (GDX) or sham surgery approximately one week following 

habituation (Frye and Wawrzycki, 2003).

Testosterone treatment was randomly assigned to one half of the GDX males (n = 24) to 

restore normal physiological levels using a single controlled-released Silastic capsule (10-

mm surface release) filled with 100% crystalline testosterone (Sigma Chemical). Silastic 

implants provide sustained release of testosterone in a manner that mimics the naturally 

occurring, stable endogenous levels of testosterone observed in intact (and sham-operated) 

male rats (Smith et al., 1977; Svensson et al., 2003). Silastic implants are frequently utilized 

to administer hormones chronically in numerous rodent models of cognition, anxiety, and 

depression. All capsules were constructed with extreme care to avoid contamination 

according to the procedures described by Smith et al. (1977). The capsule was inserted 

subcutaneously in the region of the scrotum via the small skin incision made during 

gonadectomy surgery. The capsule was replaced once approximately four weeks later (two 

weeks prior to behavioral testing), in a brief procedure under isoflurane anesthesia, to ensure 

efficacy and stability of testosterone release (refer to Damassa et al., 1977; Smith et al., 

1977; Svensson et al., 2003). The sham-operated (n = 24) and untreated GDX (n = 24) 

received an empty capsule made from the exact same materials under the same surgical 

conditions. Post-operative analgesia (Carprofen, 5 mg/kg) was administered subcutaneously 

immediately after surgery and given once daily for three days and then as necessary.

2.1.4. Diets—Beginning one week after surgery, an equal number of rats from each 

hormone group (sham, GDX, GDX+T) were randomly assigned to receive standard 

powdered rat chow alone or chow mixed with 2% or 4% w/w creatine monohydrate for five 

weeks prior to behavioral testing. The creatine-supplemented mixtures were made in-house 

using creatine monohydrate > 98% (Sigma Chemical; 0 kcal/g) and ground Purina chow 

#5001 (3.4 kcal/g). Food was presented in Wahmann LC306 (Timonium, MD) stainless-

steel food cups, which were covered with lids and clipped to the floor of the cage to reduce 

spillage. Glass water bottles with drip-proof stoppers were fitted at the front of each cage. 

Body weight, and chow and water intakes were measured every other day at the same time 

of day. Chow was measured to the nearest 0.1 g and reported in calories (to the nearest 0.1 

kcals). Water intake and body weights were recorded to the nearest 1.0 g. The amount of 

dietary creatine consumed was calculated and reported as the number of grams of creatine 

ingested per kilogram of rat (g/kg).
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2.1.5. Forced Swim Test—Rats were tested in a modified version of the Porsolt forced 

swim test (Detke et al., 1997; Porsolt et al., 2001; Frye and Walf, 2002), an index of 

antidepressant-like behavior in rodents. Briefly, rats were placed in a clear Plexiglas 

cylinder (25 cm in diameter by 65 cm in height) filled to 48 cm with 25° C water (± 0.5° C) 

for a total of 10 minutes. To characterize the time course of treatment effects, the time-

sampling technique developed by Detke et al. (1995) was used to score the entire ten 

minutes, as well as the first five minutes of the trial to enable comparisons to previous 

research (Allen et al., 2010, 2012). A rater blind to the experimental conditions recorded one 

of four predominant behaviors of the rat at the end of each five-second period of time, 

including counts of swimming, climbing, immobility, and diving (as described previously, 

Allen et al., 2010, 2012). Additionally, latency to the onset of immobility was calculated 

based on the first time a rat displayed an immobile posture for at least two consecutive five-

second intervals (at least ten seconds).

2.1.6. Open Field Test—The open field test was used to measure anxiety-like behavior as 

well as locomotor activity and exploratory behaviors. One week after the forced swim test, 

rats were placed in a square apparatus (50 cm length X 50 cm width) for five minutes. The 

center of the field was illuminated by a 60 watt bulb, which was the only direct source of 

light in the room. Scored behaviors included the number of rears, stretch attends, grooming, 

and the number of times the animal returned to its starting corner. Also recorded were 

average speed, average distance traveled, and time spent in all corners, borders, and center 

of the field.

2.1.7. Wire Suspension Test—Psychomotor testing was conducted within two weeks 

after the forced swim test. The wire suspension test was used to exclude the possibility that 

differences in physical ability or motor function occurred as a result of dietary, surgical, or 

hormonal manipulations. The wire suspension task measured the ability of the animal to 

grasp a taut horizontal wire (2 mm. in diameter, 62 cm. above the table top) with its 

forepaws and to remain suspended. Latency to drop from the wire was measured in seconds, 

with a maximum testing time of 60 sec.

2.1.8. Tissue Preparation and Neurochemical Analyses—All rats were euthanized 

by decapitation under isoflurane anesthesia to collect trunk blood and brain tissue one day 

after the wire suspension test (seven weeks post-creatine). Rats from all diet and hormone 

groups completed the last behavioral test in the same period of time and were euthanized in 

a counterbalanced order over the course of four days.

Trunk blood was collected first, then the brain was quickly removed and the hippocampus 

and prefrontal cortex were rapidly dissected free-hand on an ice block in a sterile 

environment. Trunk blood samples were centrifuged for twenty minutes at 3000 g, and the 

plasma supernatant was collected and frozen (-80° C) until analysis of creatine content. 

Hippocampal and prefrontal cortex tissue from one hemisphere were collected for analysis 

of creatine and protein concentrations, and hippocampal tissue from the other hemisphere 

was collected for analysis of depression-related mRNA expression for a subset of samples 

selected a priori for genetic analysis. Note that the genes of interest were assessed in 

hippocampal tissue only, as it is a major site of adult neurogenesis. To control for possible 
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lateralization effects, collection of left and right hemisphere samples were counterbalanced 

for all groups. All samples were frozen on dry ice and stored in a freezer (-80° C) until 

processing.

2.1.8.1. Creatine and Protein Assays: Analysis of all blood plasma, prefrontal cortex, and 

hippocampal samples for creatine levels were performed using a commercially available 

calorimetric assay kit (BioVision, Inc.), which uses an enzyme-linked technique that relies 

on oxidation of sarcosine to produce a change in optical absorbance. Creatine concentrations 

in blood plasma were compared to a standard creatine curve and calculated as nmol/ml. 

Creatine levels measured in the prefrontal cortex and hippocampus were also quantified 

from a standard creatine curve, normalized to the amount of protein in each tissue sample 

using a standard protein assay (below), and reported as a ratio of creatine:protein (nmol/mg).

Determination of protein levels in brain tissue samples was accomplished using the Bradford 

assay (Bradford, 1976). This common calorimetric technique uses Coomassie Brilliant Blue 

Dye (Bradford Reagent, Sigma-Aldrich). The amount of protein in the sample wells was 

quantified by comparing the absorbance values to a concurrent standard curve for protein 

generated with known concentrations of bovine serum albumin.

2.1.8.2. RNA Isolation and Quantitative Reverse Transcription-PCR (qRT-PCR) 
Analysis: Determination of relative expression levels of depression-related mRNAs in brain 

tissue was performed using quantitative reverse transcription-PCR (qRT-PCR) for all rats in 

all conditions (except where noted below). Total RNA was extracted using Tri-Reagent 

(Molecular Research Center, Inc.), treated with DNAse (2U TURBO DNAse, Ambion), and 

tested for genomic DNA contamination in PCRs. The quantity and integrity of mRNA was 

validated using a NanoDrop spectrophotometer (Thermo Scientific). cDNA was synthesized 

using 1.5 μg of total RNA, 200 units of Superscript II reverse transcriptase (Invitrogen) and 

1 μl of random hexamers (Invitrogen) in a 20 μl reaction. qRT-PCR amplification was 

performed using a MX-3000P Stratagene cycler with SYBR green PCR master mix 

(Applied Biosystems) and a two-step protocol: (1) 95°C for 10 min followed by (2) 45 

cycles with 95°C for 30 sec, 55°C or 59° for 30 sec, and 72°C for 30 sec. The annealing 

temperature in the second step varied depending on the optimal melting temperature of the 

primer sequence, which is detailed below.

Primer pairs specific to β-actin, BDNF, TrkB, DCX, CALR, and CALB were adapted from 

previously published research studies and validated using the NCBI primer BLAST 

software. β-actin was used as the normalizer. The specificity of product amplification for 

each intron-spanning primer pair was confirmed by 2% agarose gel electrophoresis and 

dissociation curve analysis, and the results revealed no evidence of primer dimerization. In 

addition, serial dilution curves were created for all primers used, and the efficiency of 

amplification was found to exceed 90% for all pairs. All target genes were found to have 

similar efficiencies to the housekeeping gene, β-actin. The amplicon length was kept as 

close as possible to 100–150 bp. The optimal annealing temperature was determined to be 

55°C for the BDNF, TrkB, and CALB primer sets and 59° for the CALR and DCX primer 

sets. The efficiency and dissociation curves of β-actin were validated at both annealing 

temperatures. All samples and non-template controls were run in duplicate using the 
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appropriate thermal profiles. The relative levels of expression of each mRNA sample were 

calculated using the comparative Ct method (Schmittgen and Livak, 2008).

The specific primer sequences used were as follows: β-actin forward: 

GGCTGTATTCCCCTCCATCG, β-Actin reverse: CCAGTTGGTAACAATGCCATGT 

(Cordeira et al., 2010), BDNF forward: TTAGCGAGTGGGTCACAGCG, BDNF reverse: 

ATTGGGTAGTTCGGCATTGC (Huang et al., 2010), TrkB forward: 

CCTCCACGGATGTTGCTGAC, TrkB reverse: GCAACATCACCAGCAGGCA (Cordeira 

et al., 2010), DCX forward: CTCCTATCTCTACACCCACAAGCC, DCX reverse: 

GAATCGCCAAGTGAATCAGAGTC (Kádár et al., 2011), CALR forward: 

CCACCTACAGGAAGAGCGTCAT, CALR reverse: GGCTCACTGCAAAGCACAATC 

(Dijk et al., 2004), and CALB forward: AGGGATGTGCTTCTGCTTGT, CALB reverse: 

CATCTGGCTACCTTCCCTTG (Xi et al., 2009).

2.1.9. Statistical Analysis—Data were analyzed using SPSS v.18.0 for MAC OSX. 

Behavioral and neurochemical data were analyzed using two-way ANOVA with diet and 

hormone as the between-subjects factors. Forced swim behavior was analyzed based on 

performance during the first five minutes of the test in addition to the full ten-minute test to 

fully characterize behavioral changes over time, and to facilitate comparisons to forced 

swim behavior reported in previous studies of creatine supplementation (Allen et al., 2010, 

2012). Body weight, calories and creatine intake were analyzed using three-factor mixed 

ANOVAs, with two between-subjects factors (diet and hormone condition) and one within-

subjects factor (weeks). Additionally, weekly averages for body weight, calorie and creatine 

consumption were analyzed using one-way ANOVAs when significant differences were 

detected to determine how each group differed each week.

Rats from all hormone and diet groups were included in all neurochemical and behavioral 

analyses, with the following exception. As mentioned above, a decision was made a priori to 

only examine samples of male rats given 0% or 4% creatine supplementation using qRT-

PCR due to the large number of samples and inability to assay all at once. Thus, 2% creatine 

hippocampal samples were not collected for analysis using qRT-PCR. This determination 

was based on results from previous work that showed that 4% creatine produces more robust 

behavioral effects than 2% creatine, and therefore, potentially the most robust molecular 

effects (Allen et al., 2010; 2012). All male hormone groups were included in molecular 

analyses.

Planned post hoc comparisons were made using Tukey’s HSD (or the Tukey-Kramer 

method in cases where there were unequal sample sizes). Alpha was defined as p < 0.05

2.2. Experiment 2: Females

2.2.1. Methods—All methods for Experiment 2 were identical to Experiment 1 with two 

exceptions. First, 156 female Sprague-Dawley rats were used. Second, all females 

underwent ovariectomy or sham-surgery before random assignment to receive ovarian 

hormone replacement or sesame oil vehicle each week. Rats were tested in three separate but 

consecutive squads under identical conditions and counterbalanced by diet by hormone 

conditions due to the number of rats required to achieve statistical significance.
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2.2.2. Ovariectomy and Ovarian Hormone Replacement—Ovariectomy was 

performed to remove the primary source of estrogens and progesterone. All female rats were 

anesthetized using a single dose of Ketamine (80 mg/kg) and Xylazine (6 mg/kg) 

administered intraperitoneally and were randomly assigned to undergo ovariectomy or sham 

surgery approximately one week following habituation to the laboratory environment (Frye, 

Bock and Kanarek, 1992; Petralia, DeBold, and Frye, 2007).

Within one week following ovariectomy (n = 120) or sham surgery (n = 36), the 

ovariectomized (OVX) rats were randomly assigned to one of four hormone replacement 

groups to receive: estradiol benzoate (EB, 2.5 μg), progesterone (P, 250.0 μg), EB+P, or 

sesame oil vehicle alone (all from Sigma Chemical). All sham-operated females received 

sesame oil vehicle only. EB was dissolved in sesame oil at a concentration of 50 μg/ml, and 

P was dissolved in sesame oil at a concentration of 5.0 mg/ml. All injections were 

administered subcutaneously at a volume of 0.05 ml per individual.

Sesame oil, EB, P, or EB+P was administered once per week, on the same day and time each 

week, for the duration of the experiment to mimic normal physiological levels. 

Subcutaneous injections were timed so that females received P and EB maintenance at 4 

hours and 48 hours, respectively, prior to each behavioral test and time of euthanasia. This 

regimen was used because it mimics the gradual increase in estradiol levels and the pulsatile 

effect of progesterone during the estrous cycle (Petralia et al., 2007; Walf and Frye, 2006).

2.2.3. Statistical Analysis—Statistical analyses for Experiment 2 were identical to 

Experiment 1 with the exception that a decision was made a priori to focus the genetic 

analysis to include only sham, OVX, and OVX+EB+P female samples fed either 0% or 4% 

creatine. The reason is due to the large number of samples (diet x hormone) and inability to 

assay all samples at once using qRT-PCR. Thus, hippocampal samples from 2% creatine-fed 

rats were not collected for molecular analyses.

3. Results

3.1. Experiment 1: Effects of creatine on depression-related gene expression and behavior 
in sham-operated and castrated male rats, with and without testosterone replacement

3.1.1. Male Diets and Body Weights—Body weights and caloric intake between 

hormone groups did not differ prior to surgery or creatine supplementation. Bilateral 

castration significantly reduced the body weights of GDX males (F(2,60) = 17.90, p < 

0.001), whereas the body weights of GDX+T did not differ from shams for the duration of 

the study (all p > 0.05) (Figure 2a).

Similarly, bilateral castration significantly decreased caloric intake in GDX males (F(2, 61) 

= 8.94, p < 0.001), whereas calories consumed by GDX+T did not differ from shams for the 

duration of the study (all p > 0.05)(Figure 2b). GDX did not produce differences in the 

amount of creatine consumed on a gram per kilogram basis for the duration of the study.

3.1.2. Male Forced Swim Test (FST)—There were no significant main effects of 

hormone or creatine treatment during the initial five minutes of the FST (Figure 3a–b). 
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During the full ten-minute FST, bilateral castration altered total immobility (F(2,60) = 3.17, 

p = 0.049) and swimming counts (F(2,60) = 3.24, p = 0.046) (Figure 3a). Post hoc analyses 

indicated that sham males displayed immobility more frequently than both GDX (p = 0.042) 

and GDX+T (p = 0.047). GDX rats swam more than shams (p = 0.017) but displayed a 

similar amount of swimming as GDX+T (p > 0.05). There was a correlation between lower 

body weight in GDX males without T and high levels of activity in the FST, which was not 

observed in shams or GDX+T.

Also during the full ten-minute FST, there was a marginal creatine by hormone interaction 

effect for total immobility (F(2,60) = 2.13, p = 0.088) (Figure 4a). An exploratory post hoc 

analysis within the group of GDX+T rats showed that GDX+T rats supplemented with 2% 

and 4% creatine displayed less immobility than GDX+T fed 0% creatine, however this trend 

did not reach significance (F(2,20) = 2.78, p = 0.086). A second exploratory analysis within 

the group of GDX rats without T showed that GDX rats fed 4% creatine displayed more 

immobility than GDX rats fed 0% creatine (Figure 4b), but this trend also did not achieve 

significance (F(2,21) = 2.08, p = 0.150).

3.1.3. Male Open Field Test—Hormone status altered the amount of time spent in the 

corners (F(2,61) = 4.10, p = 0.021) and the borders (F(2,61) = 3.75, p = 0.029) of the open 

field, but there were no differences in time spent in the center of the field (p > 0.05) (data 

not shown). Post hoc analyses indicated that GDX spent more time in the corners (228.80 

sec ± 5.74 sec) (p = 0.027) and less time in the borders (77.66 s ± 5.50 sec) (p = 0.044) 

compared to shams (195.09 ± 8.44 sec and 100.07 ± 7.78 sec, respectively). GDX+T spent a 

similar amount of time in the corners and borders (201.23 ± 3.99 sec and 96.28 ± 5.53 sec, 

respectively) as shams.

Open field activity did not vary significantly as a function of creatine, and there were no 

creatine by hormone effects for any of the open field behaviors.

3.1.4. Male Wire Suspension Test—Latency to release grasp from the wire did not 

differ as a function castration or testosterone replacement (average hang time ± SEM: 

shams, 9.49 ± 1.60; GDX, 13.24 ± 2.44; GDX+T, 8.01 ± 0.86) nor were any differences in 

suspension time detected as a function of creatine (average hang time ± SEM: 0% creatine, 

9.97 ± 1.62 s; 2% creatine, 10.74 ± 1.78 s; 4% creatine: 10.08 ± 2.06 s). No interaction 

effects were detected for hormone by diet (p > 0.05) (data not shown).

3.1.5. Male Creatine Concentrations—Plasma levels of creatine increased in rats 

supplemented with creatine in a dose-dependent manner (F(2,59) = 158.50, p < 0.001), such 

that males fed 4% creatine (1456.55 ± 65.63 nmol) had higher levels of plasma creatine 

compared to rats supplemented with 2% creatine (824.95 ± 39.63 nmol) (p < 0.001), and 2% 

creatine had higher levels than 0% creatine (276.30 ± 20.78 nmol)(p < 0.001).

Hippocampal creatine concentrations increased in supplemented rats (F(2,59) = 3.74, p = 

0.03), whereby males fed 4% creatine (.336 ± 0.012 nmol/mg) showed greater 

concentrations compared to males fed 0% creatine (0.294 ± 0.011 nmol/mg) (p = 0.006), but 

males fed 2% creatine (0.310 ± 0.009 nmol/mg) did not differ from 0% creatine controls (p 
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> 0.05). Prefrontal cortex levels of creatine did not differ as a function of diet in males (p > 

0.05) (0%: 0.233 ± 0.014; 2%: 0.231 ± 0.022; 4%: 0.209 ± 0.015 nmol/mg).

3.1.6. Male mRNA Expression—There were multiple creatine by hormone interaction 

effects on mRNA levels for all genes of interest: BDNF (F(2,40) = 9.50, p = < 0.001), TrkB 

(F(2,40) = 9.19, p < 0.001), DCX (F(2,40) = 16.20, p= < 0.001), CALR (F(2,40) = 3.58, p = 

0.037), and CALB (F(2,40) = 8.29, p = 0.001) (Figure 5a–e). Post hoc analyses indicated 

that 4% creatine supplementation downregulated all mRNA expression levels in sham males 

relative to non-supplemented sham males (all p’s < 0.05). GDX rats without T also showed 

significant downregulation of all genes of interest regardless of creatine diet (all p’s < 0.05), 

whereas GDX+T given 4% creatine exhibited normal expression levels of BDNF, DCX and 

CALR mRNA as compared to non-supplemented shams (p > 0.05) (Figure 5a,c). Creatine 

did not prevent the downregulation of TrkB or CALB mRNA levels in GDX+T males 

(Figure 5b,e).

3.2. Experiment 2: Effects of creatine on depression-related gene expression and behavior 
in sham-operated and ovariectomized female rats, with and without ovarian hormone 
replacement

3.2.1. Female Diets and Body Weights—Average body weights and caloric intakes 

between hormone groups did not differ prior to surgery or creatine supplementation. 

Following bilateral OVX, body weights varied significantly between hormone treatment 

groups (F(4,139) = 18.95, p < 0.001)(Figure 2c). Post hoc analyses indicated that untreated 

OVX and OVX+P females weighed significantly more than sham-operated and OVX+EB 

rats (p < 0.05 for all weeks). OVX+EB rats weighed similarly to sham-operated females, 

whereas OVX+EB+P rats weighed more than shams and OVX + EB but less than OVX and 

OVX+P females.

Similarly, caloric intake varied significantly between the hormone groups after OVX 

(F(4,138) = 4.22, p = 0.003) (Figure 2d). Post hoc analyses indicated that untreated OVX 

rats consumed more calories than sham-operated females during Weeks 2 to 6 (all p’s < 

0.05). OVX+EB females consumed similar levels of calories as sham-operated controls 

throughout the study (all p > 0.05). OVX+P and OVX+EB+P rats consumed more calories 

than shams during Week 2 (p’s < 0.001) and Week 3 (p’s < 0.01) only, but otherwise did not 

differ from any of the groups. OVX did not produce differences in the amount of creatine 

consumed on a gram per kilogram basis for the duration of the study.

3.2.2. Female Forced Swim Test (FST)—During the initial five minutes of FST, there 

was a main effect of hormone treatment, whereby OVX+EB rats displayed less immobility 

than untreated OVX rats (p = 0.023) (Figure 3c) and swam significantly more than all other 

diet by hormone groups (all p’s < 0.05) (Figure 3d). Also during the first five minutes of 

FST, there was a significant creatine by hormone interaction effect, such that creatine 

significantly reduced total immobility (F(2,33) = 3.88, p = 0.031) and increased swimming 

counts (F(2,33) = 5.73, p = 0.007) among the group of OVX+EB+P females fed creatine 

(Figure 3c–d). Females given 2% creatine displayed significantly less immobility compared 

to females given 0% creatine (p = 0.024) but did not differ from females given 4% creatine 
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(p > 0.05). Additionally, females given 2% creatine swam more than females given 0% 

creatine (p = 0.006) but did not differ compared to females given 4% creatine (p > 0.05). 

Sham females showed a similar antidepressant-like trend as creatine-fed rats, but behavioral 

changes did not reach statistical significance.

During the full ten-minute FST, OVX females showed significantly greater immobility 

(F(1,69) = 7.71, p = 0.007) and less swimming activity (F(1,69) = 6.30, p = 0.014) 

compared to shams, but no other behavioral differences were found (Figure 4c–d).

3.2.3. Female Open Field Test—OVX significantly altered distance traveled (F(4,139) 

= 5.58, p < 0.001), average speed (F(4,139) = 5.53 p < 0.001), and time spent immobile 

(F(4,139) = 5.51, p < 0.001). Post hoc analyses indicated that untreated OVX rats traveled 

less (p = 0.021), moved more slowly (p = 0.021), and spent more time immobile (p < 0.001) 

compared to OVX+EB rats, but no other differences were detected between the groups (data 

not shown).

A significant creatine by hormone interaction effect was detected for latency to enter the 

center (F(8,130) = 2.71, p = 0.008) and the number of entries into the center of the field 

(F(8,139) = 2.60, p = 0.011) (data not shown). Specifically, within the OVX+EB group, 

OVX+EB females given 2% creatine entered the center more quickly than OVX+EB 

females given 0% creatine (p = 0.001) or 4% creatine (p < 0.001). In addition, OVX+EB 

females given 2% creatine entered the center more frequently than their counterparts given 

0% creatine (p = 0.019) and 4% creatine (p = 0.005). Within the OVX+EB+P group, 

females given 4% creatine entered the center of the field faster than females given 2% 

creatine (p = 0.038), but neither creatine group differed from females given 0% creatine (p > 

0.05).

3.2.4. Female Wire Suspension Test—Latency to drop from the wire did not differ as 

a function of OVX (average hang time ± SEM: sham-operated, 11.92 ± 1.75; OVX + sesame 

oil, 9.79 ± 1.05; OVX+EB, 10.87 ± 1.33; OVX+P, 11.68 ± 2.06; OVX+EB+P, 9.35 ± 0.79) 

nor were any differences in suspension time detected as a function of creatine 

supplementation (average hang time ± SEM: 0% creatine, 10.59 ± 0.086 s; 2% creatine, 

10.78 ± 1.14 s; 4% creatine: 10.50 ± 1.23 s). No creatine by hormone interaction effects 

were found (p > 0.05) (data not shown).

3.2.5. Female Creatine Concentrations—Plasma levels of creatine increased in rats 

supplemented with creatine in a dose-dependent manner (F(2,129) = 335.85, p < 0.001), 

such that females fed 4% creatine (1250.23 ± 39.81 nmol/ml) had higher levels of plasma 

creatine compared to rats supplemented with 2% creatine (708.87 ± 19.18 nmol/ml) (p < 

0.001), and rats given 2% creatine had higher levels than non-supplemented controls (215.13 

± 14.94 nmol/ml) (p < 0.001).

Hippocampal (F(2,129) = 4.32, p = 0.015) and prefrontal cortex (F(2,129) = 8.512, p < 

0.001) levels of creatine also increased following dietary supplementation in a dose-

dependent manner. Females supplemented with 4% creatine (0.346 ± 0.013 nmol/mg) had 

higher levels of hippocampal creatine compared to females fed 0% creatine (0.303 ± 0.006 
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nmol/mg) (p = 0.003), whereas females given 2% creatine (0.328 ± 0.008 nmol/mg) were 

similar to both the 0%- and 4%-supplemented groups (both p’s > 0.05). Similarly, females 

given 4% creatine (0.274 ± 0.007 nmol/mg) had higher levels of prefrontal creatine 

compared to 0% creatine controls (0.237 ± 0.006 nmol/mg) (p < 0.001), whereas females fed 

2% creatine (0.256 ± 0.007 nmol/mg) showed similar levels of prefrontal creatine as the 0% 

and 4% creatine-treated groups (p > 0.05).

3.2.6. Female Hippocampal mRNA Expression—There were significant creatine by 

hormone interaction effects for the relative expression of BDNF (F(2,41) = 4.56, p = 0.016), 

DCX (F(2,41) = 6.31, p = 0.004) and CALB mRNAs in hippocampal tissue (F(2,41) = 7.65, 

p = 0.002) (Figure 5f,h,j). Post hoc analyses indicated that, in comparison to non-

supplemented shams, BDNF, DCX, and CALB mRNA levels were downregulated in 4% 

creatine supplemented shams (all p’s < 0.05). Vehicle-treated OVX females showed 

significantly reduced CALB mRNA regardless of creatine diet (p < 0.01), with non-

significant trends for downregulated BDNF, DCX and CALR mRNA levels. Levels of 

BDNF and CALB mRNA in OVX+EB+P females fed 4% creatine were partially 

normalized to non-supplemented sham levels. However, this group also did not differ from 

OVX+EB+P females given 0% creatine.

4. Discussion

Long-term daily creatine supplementation produced differential effects on hippocampal gene 

expression and affective behavior in sham-operated rats compared to gonadectomized rats 

treated with sex steroids. Given that adult hippocampal neurogenesis is known to play an 

integral role in antidepressant efficacy and some forms of hippocampal-dependent learning 

(Duman & Monteggia, 2006), these data provide further support that creatine influences 

neural processes underlying mood and cognition. This interpretation is strengthened by the 

demonstration that creatine is highly bioavailable in hippocampal tissue in a dose-dependent 

manner in males and females, and prefrontal cortex in females only. However, the manner in 

which creatine affects neural processes is more complex than was anticipated. While this is 

the first report to find a normalizing or protective effect of combined creatine and sex steroid 

treatment in gonadectomized rats (which corresponded to behavioral changes), it is also the 

first to find potentially negative effects of excess creatine on hippocampal neural integrity in 

otherwise healthy intact rats.

As a preface to this discussion, the reliability of these findings is strengthened by the large 

number of male and female samples that were assayed separately in different experiments 

using identical procedures. However, the interpretation of the relationship between 

molecular and behavioral changes induced by creatine and sex hormone treatment is limited 

by our priori study design, which did not allow for the genetic analysis of all experimental 

groups. This is particularly relevant to the 2% creatine group, which we did not anticipate 

having more robust effects than the 4% creatine group based on previous studies (Allen et 

al., 2010, 2012). This unexpected dose dependency may be explained by differences in study 

procedures (i.e. surgical experience, age of rats, batch of creatine monohydrate, composition 

of chow, multiple squads of rats) compared to previous studies. This underscores the need to 

study the effects of creatine on neurochemistry and behavior in males and females using 
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multiple doses and time points. Nevertheless, the finding that chronic creatine 

supplementation had opposing effects on hippocampal plasticity-related genes in intact and 

gonadectomized male and female rats adds to the small but growing body of research 

linking creatine to brain function, mood and cognition.

In males, hippocampal BDNF, TrkB, DCX, CALR, and CALB mRNA levels in shams 

supplemented with 4% creatine were unexpectedly downregulated by ~30–40% compared to 

non-supplemented shams. Similarly, all genes of interest were downregulated in non- 

supplemented GDX males with and without T. The direction of this change is typically 

associated with a negative effect on neuroplasticity or a depression-like effect (Duman and 

Monteggia, 2006), as it suggests attenuation of factors involved in neural survival and 

differentiation. In contrast, BDNF, DCX, and CALR mRNA levels in GDX+T rats 

supplemented with 4% creatine were normalized to the levels of non-supplemented shams, 

indicating that combined treatment (creatine + T) may have protected the birth rate, growth 

and survival of adult-born hippocampal neurons in males. These molecular effects 

corresponded with behavioral alterations, given that GDX+T males supplemented with 

creatine showed marginally significant antidepressant-like behavioral trends in the forced 

swim test (i.e., reduced immobility) whereas creatine supplementation had no effect on 

shams, consistent with previous research (Allen et al., 2012). It is important to note that, 

while the physiological dose of T administered to GDX rats was sufficient for normalizing 

body weight and caloric intakes, it was not adequate enough to prevent downregulation of 

synaptic plasticity-related genes or to alter behavior in males without creatine 

supplementation. This is consistent with previous work, which has shown that high doses of 

T (>1.0 mg/kg) are required to reliably stimulate hippocampal plasticity in castrated male 

rats in chronic study designs (>15–30 d) (Spritzer and Galea, 2007, 2011). Thus, we 

conclude that creatine supplementation augmented the effects of a sub-optimal dose of T on 

hippocampal gene expression and antidepressant behavior in GDX males.

In females, hippocampal BDNF, DCX, and CALB mRNAs in shams supplemented with 4% 

creatine were also unexpectedly downregulated by ~20–50% compared to sham females fed 

non-supplemented chow. As with males, the direction of this change is associated with a 

negative effect on neurogenesis-related gene expression. In contrast, BDNF and CALB 

mRNA levels in OVX+EB+P rats supplemented with creatine did not differ from non-

supplemented shams, indicating that combined treatment (EB+P + creatine) may have 

protected the growth and survival of mature neurons in females. Behavioral observations are 

consistent with these molecular effects, given that OVX+EB+P rats supplemented with 

creatine showed greater antidepressant-like behavior in the forced swim test (first 5 minutes 

only) as well as an anxiolytic-like effect in the open field test (i.e., latency to enter center of 

file, number of center entries). Inconsistent with previous studies, OVX did not reliably 

reduce hippocampal plasticity-related gene expression. There was more variability in mRNA 

levels within the vehicle-treated OVX group in comparison to the OVX+EB+P group, which 

limits the interpretation of the clinical significance of combined treatment effects in females. 

Nevertheless, OVX rats showed increased immobility in the forced swim test, which 

corresponds with increased depression-like behavior as predicted (Walf & Frye, 2006).
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It is also important to note that there was also a marked antidepressant-like effect of EB 

alone in OVX+EB rats (i.e., reduced immobility, increased swimming activity), which was 

expected but could confound the interpretation of the positive creatine effect observed in the 

OVX+EB+P females. Fortunately, the inclusion of P-treated groups allowed us to separate 

out the effects of creatine and EB, as previous work has established that P has inhibitory 

effects on EB when administered in close proximity (Aguirre et al., 2010; Baudry et al., 

2012). Consistent with this literature, antagonistic effects of P on the effects of EB were 

observed in OVX+EB+P rats across various measures, including forced swimming 

behaviors, body weights, and mRNA changes. Specifically, immobility counts of OVX+EB

+P females given 0% creatine were higher than OVX+EB rats given 0% creatine but similar 

to non-supplemented sham and OVX+P groups, supporting our conclusion that P blocked 

the antidepressant-like EB effect on immobility counts in the absence of creatine 

supplementation. Additionally, P attenuated the anorectic effects of EB in OVX rats, such 

that OVX+EB+P females gained more weight than OVX + EB and sham females. Lastly, 

EB did not normalize BDNF or CALB mRNA levels in OVX rats in the presence of P, as 

compared to sham controls, although mRNA changes in the EB-only group were not 

evaluated. All together, these data suggest that creatine interacts synergistically with EB+P 

in comparison to EB alone, and that this positive effect is not driven solely by EB.

The current literature provides a few possible interpretations of the positive and negative 

effects of creatine in intact and gonadectomized rats, which may help to reconcile these 

opposing outcomes and inspire directions for further research. First, creatine has an 

important role in regulating brain energy metabolism (Allen, 2012; Andres et al., 2008), and 

evidence indicates that creatine supplementation benefits individuals with significantly 

elevated energy demands or metabolic dysregulation (Ipsiroglu et al., 2001; McMorris et al., 

2006; Watanabe et al., 2002). Gonadectomy is known to cause significant impairments in 

energy metabolism in brain and muscle tissue, which may account for the positive outcomes 

of creatine’s effects on plasticity-related mRNA expression in castrated and ovariectomized 

rats (Irwin et al., 2008; Kemper et al., 2013; Li et al., 2011; Oner et al., 2008; Ramamani et 

al., 1999; Shi and Xu, 2008). Castration advances mitochondrial degeneration and muscle 

atrophy (Oner et al., 2008), reduces ATP content and creatine kinase activity (Ramamani et 

al., 1999), and activates apoptotic pathways that cause mitochondrial dysfunction in male 

rats (Li et al., 2011), whereas androgen replacement improves or reverses damage to 

mitochondrial structure and function in castrates (Koenig et al., 1980a b; 1982; Ramamani et 

al., 1999). Similarly in females, ovarian hormone withdrawal precipitates impairments in 

energy metabolism by interfering with enzymes (including creatine kinase) and transcription 

factors that regulate mitochondrial biogenesis and efficiency in the brains of rodents, 

including hippocampal neurons, whereas replacement with EB, P, or EB+P restores 

mitochondrial function and metabolic rates (Irwin et al., 2008; Kemper et al., 2013; 

Ramamani et al., 1999; Shi and Xu, 2008). Creatine may have buffered against these 

negative effects in GDX and OVX rats when combined with sex steroids, as evidenced by 

alterations in gene expression and behavior.

Second, creatine metabolism must remain well-balanced to maintain healthy brain function. 

The finding that high dose creatine supplementation reduced the expression of neurotrophic- 

and neurogenesis-related mRNA levels in otherwise healthy rats is concerning given that 
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creatine monohydrate is among the most popular dietary supplements used frequently by 

healthy individuals (Metzl et al., 2001). We hypothesize that there is an inverted U-shape 

response curve in healthy rats, meaning that optimal levels peak approximately five weeks 

in intact rats, based on previous studies using this time course (Allen et al., 2010, 2012), but 

may begin to oversaturate tissue in the absence of metabolic demand, thus leading to 

negative effects. This explanation is consistent with the U-dose response curve reported by 

Matthews et al. (1999), who have examined oral creatine supplementation in rats using a 

rodent model of Huntington’s Disease. Specifically, these authors found that 0.25 to 1% 

creatine administered orally to rats for 2 weeks provided significant protection against brain 

lesions caused by the neurotoxin MPTP, but rats fed 2% and 3% creatine diets were not 

protected against this brain damage and did not differ from controls.

On this basis, it is possible that hippocampal cells compensated for excess creatine by 

reducing the synthesis of ATP to maintain energy homeostasis (Allen, 2012). Briefly, a 

phosphate group can be donated from ATP to form ADP plus phosphocreatine (the stored 

form of creatine) following a simple one-step enzymatic process governed by creatine 

kinase. This system is summarized in the following equation: creatine + ATP ⇔ 

phosphocreatine + ADP (Wyss and Kaddurah-Daouk, 2000). Oversaturation of tissue with 

creatine (in otherwise healthy, non-exercising animals) may have disrupted energetic 

balance within the creatine-phosphocreatine system by reducing ATP availability and 

consequently downregulating neuroplasticity-related gene expression (Allen et al., 2010; 

Iosifescu et al., 2008; Lyoo et al., 2003). The present study did not assay metabolic markers 

aside from creatine, but previous human neuroimaging findings support this possibility. 

Creatine supplementation given to healthy young adults (2–4 weeks, 2–20 g/d) reduced 

brain levels of N-acetylcholine (NAA), choline, and ATP, which are markers of neuronal 

integrity and energy homeostasis, as determined by phosphorus magnetic resonance imaging 

(pMRS; Dechent et al., 1999, Lyoo et al., 2003). In contrast to healthy subjects, a recent 

double-blind, placebo-controlled trial found that 30g of creatine monohydrate daily (15 g, 

2x/d, up to 18 months) slowed cortical and striatal neurodegeneration in patients with in 

Huntington’s Disease (HD) compared to non-HD controls (Rosas et al., 2014). Taken 

together, these studies support the idea that creatine is beneficial in metabolically challenged 

or distressed brain tissue but could impair energy metabolism when creatine monohydrate is 

taken chronically and in excess doses by otherwise healthy individuals.

Altogether, our findings are partially consistent with our hypothesis that sex hormones are 

necessary to observe the antidepressant properties of creatine. Creatine had no positive 

effects on gene expression or behavior in GDX and OVX rats without hormone replacement, 

indicating that sex hormones are necessary to observe the antidepressant properties of 

creatine. However, sex hormone replacement without dietary creatine did not normalize 

reduced gene expression in GDX and OVX rats, indicating that creatine and sex hormone 

replacement acted synergistically. Moreover, sham rats demonstrated that naturally 

occurring sex hormones were not sufficient to produce a positive effect of creatine on gene 

expression or behavior at a high dose following a chronic time course (5–7 weeks before 

behavior testing and euthanasia), though this may be related to the fact that they were not 

metabolically impaired. These data suggest sex steroids directly or indirectly interact with 

creatine metabolism, or vice versa, to buffer energy consumption. It is plausible that 
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stimulation of mitochondrial and creatine kinase activity with sex or stress steroids may 

have promoted consumption of stored creatine (phosphocreatine) in gonadectomized rats. 

However, these findings are contrary to the prediction that creatine would only serve to 

benefit females only (Allen et al., 2010, 2012). The finding of a positive effect of combined 

creatine and T should encourage further rodent and clinical research to evaluate the potential 

benefits of creatine in men, such as those with symptomatic testosterone deficiency 

(hypogonadism), a condition in which depression and metabolic syndrome are frequently 

observed (Bhattacharya et al., 2011; Miner et al., 2013).

Conclusions

Biological sex, sex hormones, and metabolic status are factors that appear to mediate the 

behavioral and neurochemical effects of long-term creatine supplementation. In the present 

work, combined creatine and sex hormone treatment administered chronically had a 

normalizing effect on hippocampal neuroplasticity-related gene expression in 

gonadectomized male and female rats (with the most robust effects in males) as well as an 

antidepressant-like effect in females (with similar trends in males), highlighting a novel 

avenue for therapeutic drug development. In contrast, creatine supplementation produced 

negative effects on these same plasticity-related factors in otherwise healthy rats, raising 

concern over the clinical implications of this supplement given its widespread use by healthy 

individuals. Taken together, it may be that chronic creatine supplementation is most 

beneficial in individuals that exhibit significant metabolic impairments or elevated ATP 

demand, which is based on the fact that significant metabolic impairments are observed in 

OVX and GDX rats. Future studies are needed to address important questions regarding 

potential interaction effects of creatine with variables such as sex, stress, exercise, drugs of 

abuse (e.g., anabolic steroids), prescription medications and nutritional supplements that are 

often used in conjunction with creatine supplementation in healthy and ill populations. This 

work highlights how there is a clear need for more basic neuroscience studies to characterize 

creatine-induced changes in neurobiology and behavior using specific doses and time 

courses, as well as to identify hormonal and metabolic factors that alter the safety and 

usefulness of creatine.
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Highlights

• Sex differences in creatine’s antidepressant properties were reported previously.

• We studied the neural and behavioral effects of creatine ± sex hormones in rats.

• Creatine reduced expression of hippocampal plasticity-related genes in sham 

rats.

• Creatine + sex hormones partly normalized gene expression in gonadectomized 

rats.

• Creatine interacts with sex steroids and its effects may depend on metabolic 

need.
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Figure 1. 
Timeline of study procedures in male (Exp. 1) and female (Exp. 2) rats. The order of 

surgery, sex steroid administration, dietary supplementation, and behavioral assessment 

procedures. Abbrev.: ACC, acclimation period; Cr, creatine; EB, estradiol benzoate; EUTH, 

euthanasia; FST, forced swim test; GDX, gonadectomy/bilateral castration; OFT, open field 

test; OVX, bilateral ovariectomy; P, progesterone; RA, random assignment; SO, sesame oil; 

T, testosterone; WST, wire suspension test.
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Figure 2. 
Mean (± SEM) body weight and calorie intake in male (A–B; Exp. 1) and female (C–D; 

Exp. 2) rats across hormone conditions. The star symbol (*) indicates a significant effect (p 

< 0.05) of castration (GDX) or ovariectomy (OVX). GDX males implanted with an empty 

capsule weighed less and ate less than sham-operated rats and GDX rats implanted with a 

testosterone (T)-filled capsule, regardless of creatine. OVX+Vehicle (Veh) females weighed 

more and ate more than all other groups except OVX + P, regardless of creatine. Estradiol 

benzoate (EB) had an anorectic effect in EB- and P-treated OVX rats. EB alone normalized 

body weights and food intakes to sham levels, whereas P antagonized the effect of EB. OVX

+EB+P rats weighed less than untreated OVX and OVX+P rats. All hormone groups 

consumed equal amounts of creatine on a gram per kilogram basis.
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Figure 3. 
Mean (± SEM) immobility (A, C) and swimming (B, D) behaviors of male (left, Exp. 1) and 

female (right, Exp. 2) rats performing in the first five minutes of forced swim testing (FST). 

In males, there were no differences detected in sham or castrated (GDX) males given empty 

or testosterone (T)-filled capsules during the first five minutes (p > 0.05). In females, the 

star symbol (*) indicates a significant effect (p < 0.05) of creatine within the OVX+EB+P 

treated group, such that 2% and 4% creatine supplementation reduced immobility scores 

compared to non-supplemented shams. The pound symbol (#) indicates that OVX+EB rats 

displayed significantly less immobility than OVX+Vehicle (Veh) rats (3C) and OVX+EB 

rats swam more than all other groups (3D) (p’s < 0.05).
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Figure 4. 
Mean (± SEM) immobility (A,C) and swimming (B,D) behaviors of male (left, Exp. 1) and 

female (right, Exp. 2) rats performing in the full ten-minute forced swim test (FST). Means 

with different letters are statistically different (p < 0.05). In males, castrates (GDX) without 

testosterone (T) displayed less immobility and more swimming, but this hyperactive effect 

was correlated with lower body weight. A non-significant trend shows an antidepressant-like 

effect of creatine in GDX+T and a pro-depressant-like effect of creatine in GDX implanted 

with an empty capsule (4A). In females, the pound symbol (#) indicates that ovariectomized 

(OVX) rats without estradiol benzoate (EB), progesterone (P), or E+P displayed immobility 

more frequently relative to sham females (p < 0.05), but no other behavioral differences 

were detected in ten minutes.
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Figure 5. 
Mean (± SEM) mRNA expression levels in hippocampal tissue in male (A–E, Exp. 1) and 

female (F–J; Exp. 2) rats across hormone and creatine groups. Means with different letters 

are statistically different (p < 0.05). In sham males, 4% creatine reduced all mRNA levels of 

interest in comparison to 0% creatine-fed shams, whereas in castrated (GDX) males, 

combined 4% creatine and testosterone (T) normalized BDNF, DCX, and CALR mRNA 

levels as compared to non-supplemented shams (5A–E). In sham females, 4% creatine 

reduced BDNF, DCX, and CALB mRNA levels in comparison to 0% creatine-fed shams, 

whereas in ovariectomized (OVX) females, 4% creatine partially normalized BDNF and 

CALB mRNA levels as compared to non-supplemented shams, but there was more 

variability (5F–J).
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