1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Prostate. Author manuscript; available in PMC 2022 July 01.

-, HHS Public Access
«

Published in final edited form as:
Prostate. 2021 July ; 81(10): 618-628. d0i:10.1002/pros.24136.

The influence of low-carbohydrate diets on the metabolic
response to androgen-deprivation therapy in prostate cancer

Jen-Tsan Chi, M.D. Ph.DY*, Pao-Hwa Lin, Ph.D.2, Vladimir Tolstikov, Ph.D.3, Taofik
Oyekunle, M.S.4, Gloria Cecilia Galvan Alvarado, Ph.D.>, Adela Ramirez-Torres, Ph.D.>,
Emily Y. Chen, B.S.3, Valerie Bussberg, B.S.3, Bo Chil, Bennett Greenwood, M.S.3,
Rangaprasad Sarangarajan, B Pharm, Ph.D.3, Niven R. Narain, Ph.D.3, Michael A. Kiebish,
Ph.D.3, Stephen J. Freedland, M.D.%:6."

1Department of Molecular Genetics and Microbiology, Center for Genomics and Computational
Biology

2Department of Medicine, Division of Nephrology, Duke University Medical Center, Durham, North
Carolina USA

SBERG, Framingham, MA USA
4Duke Cancer Institute, Duke University Medical Center, Durham, NC USA
5Center for Integrated Research in Cancer and Lifestyle, Cedars-Sinai, Los Angeles, CA

5Durham VA Medical Center, Durham, NC, USA

Abstract

Prostate cancer (PC) is the second most lethal cancer for men. For metastatic PC, standard first
line treatment is androgen deprivation therapy (ADT). While effective, ADT has many metabolic
side effects. Previously, we found in serum metabolome analysis that ADT reduced androsterone
sulfate, 3-hydroxybutyric acid, acyl-carnitines but increased serum glucose. Since ADT reduced
ketogenesis, we speculate that low-carbohydrate diets (LCD) may reverse many ADT-induced
metabolic abnormalities in animals and humans. In a multi-center trial of PC patients initiating
ADT randomized to no diet change (control) or LCD, we previously showed that LCD
intervention led to significant weight loss, reduced fat mass, improved insulin resistance and lipid
profiles. To determine whether and how LCD affects ADT-induced metabolic changes, we
analyzed serum metabolites after 3-, and 6-months of ADT on LCD vs. control. We found
androsterone sulfate was most consistently reduced by ADT and was slightly further reduced in
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the LCD arm. Contrastingly, LCD intervention increased 3-hydroxybutyric acid and various acyl-
carnitines, counteracting their reduction during ADT. LCD also reversed the ADT-reduced lactic
acid, alanine and S-adenosyl Methionine (SAM), elevating glycolysis metabolites and alanine.
While the degree of androsterone reduction by ADT was strongly correlated with glucose and
indole-3-carboxaldehyde, LCD disrupted such correlations. Together, LCD intervention
significantly reversed many ADT-induced metabolic changes while slightly enhancing androgen
reduction. Future research is needed to confirm these findings and determine whether LCD can
mitigate ADT-linked comorbidities and possibly delaying disease progression by further lowering
androgens.

ADT; Prostate Cancer; low carbohydrate diet; ketogenesis; metabolomics; androgen sulfate; 3-
hydroxybutyric acid; 3-formyl indole; indole-3-carboxaldehyde

Introduction

Prostate cancer (PC) is the most common non-skin cancer and the second leading cause of
cancer mortality for men in the US 1. In 2020, 191,930 new cases of PC and 33,330 deaths
from PC were estimated 2. For men with non-metastatic disease who require treatment, local
therapy is not always curative. While systemic therapies, such as chemotherapy and novel
hormonal agents, that improve overall survival in late-stage PC 34 are being used in earlier
stages, these therapies can have significant side effects including elevated risk for
cardiovascular diseases °. Moreover, the backbone of systemic treatment for PC remains
androgen deprivation therapy (ADT) by decreasing male hormone levels to reduce tumor
growth.

In a typical Western diet, usually 40-60% kcals come from carbohydrates, whereas low-
carbohydrate diets (LCDs) usually include <20% carbohydrate kcals 6. LCDs and ketogenic
diets (a form of a very low carbohydrate diet) improve diabetes and aid with weight loss 7.
Since the common side effects of ADT include weight gain, body fat gain, increased
adiposity and insulin resistance, LCDs may benefit PC patients by minimizing the side
effects during this therapy. Thus, the main objective of the CAPS1 (Carbohydrate and
Prostate Study 1) study was to compare the impact of a 6-month LCD intervention vs. a
control arm on insulin resistance in PC patients initiating ADT. Results from the comparison
between the two arms19 showed that at 3-month of intervention, LCD group significantly
reduced weight, improved insulin resistance, hemoglobin Alc, high-density lipoprotein
(HDL), and triglyceride levels. However, at 6-month, only weight loss and HDL remained
significantly different between arms, though insulin resistance when measured throughout
the study was significantly improved. We also observed other markers that reversed toward
baseline at 6-month, though we were limited in power to detect significant associations due
to our small sample (n=29). Given the multiple potential benefits seen, the LCD deserves
further examination.

Metabolomic analysis allow an integrated read-out of all the upstream biochemical pathways
associated with various oncogenic genetic drivers, therapeutic intervention and lifestyle
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choices 1112, Thus, metabolomic results can provide insights into various factors during
tumor progression, invasion and metastasis 13. For example, the metabolomic analysis of
prostate tumors identified the relevant role sarcosine-related pathways in PC oncogenesis
1415 Other analyses aimed to identify therapeutic targets to treat PC16-18 or elucidate the
metabolic response to the PC treatments. While ADT is the standard treatment for metastatic
PC, it results in significant metabolic side effects. To date, only three studies have analyzed
the serum metabolome from PC patients receiving ADT 19-21, Briefly, Saylor et al. reported
56 significantly altered metabolites after receiving 3 months of ADT, including androgen
steroids, bile acid metabolites and lipid B- and Q-oxidation 2. The second study identified
seven ADT-associated metabolites, which reverted to control levels after ADT was stopped
19, Recently, we reported the serum metabolomic and lipidomic profiling of PC patients in
the control arm of the CAPS1 trial after 3 and 6 months of ADT treatment 21, As expected,
ADT lowered androsterone sulfate and the degree of reduction was significantly correlated
with increased serum glucose, supporting a diabetogenic role of ADT. ADT also reduced 3-
hydroxybutyric acid, many acyl-carnitines and indole-3-carboxaldehyde, a tryptophan-
derived metabolite of the gut microbiome that serves as an agonist for the aryl hydrocarbon
receptor to regulate mucosal immunity 22. Given the metabolic benefits observed in patients
in the LCD arm of the CAPS1 study 19, the main purpose of this study was to apply serum
metabolomic technology to evaluate the metabolic impact of the LCD intervention on the
metabolic effects in response to ADT. In addition, we evaluated how LCD may affect the
efficacy of ADT as measured by reduction of serum androgens and thereby provide potential
therapeutic benefits.

Participants and Methods

Study Design

As previously described 1021 |RB approval was obtained at Duke, Durham Veterans Affairs
Medical Center [VAMC], and Greater Los Angeles VAMC for the CAPSL trial. PC men
initiating ADT were approached and if they agreed to participate, they signed a written
consent that allowed future analyses. Clinical data and fasting serum samples were collected
at baseline prior to ADT (BL) and three (M3) and six months (M6) post-randomization and
post initiation of ADT. Key eligibility included men about to begin hormonal therapy
(LHRH agonist, LHRH-antagonist, or orchiectomy) for PC with an anticipated duration of
>6 months, BMI =24 kg/m?2, and phone access to speak with the dietitian. Key exclusion
criteria included medication-controlled diabetes, taking any medications that may interfere
with insulin metabolism, already consuming an LCD, being vegetarian/vegan, or baseline
screening HbAlc >7%. A total of 40 eligible participants were randomized immediately
after the baseline assessment and received the intervention assignment. A total of 29
participants completed the 6-month visit and had complete data including blood specimen
and their data were used for this report (N=11 LCD, N=18 control). Participants in the
control arm received standard care and were asked to make no changes in diet or exercise
pattern. Those in the LCD arm received individual coaching from the study dietitian to
reduce carbohydrate intake to <20 gram/day and to walk for >30 minutes/day for 5 days/
week. The study dietitian talked to the participants weekly for 3 months then bi-weekly for
another 3 months. In this manuscript, we report the results of how LCD affected serum
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metabolomics as compared to the control arm as the metabolic changes from ADT alone
from CAPS1 have been previously described?L,

Data Collection and analysis

At each visit, weight (without shoes and in light clothing) and height were measured, and
fasting blood was collected for blood chemistry. Fasting blood was analyzed for PSA,
insulin, glucose, lipids, and high sensitivity C-reactive protein (hsCRP). PSA, glucose and
lipids were measured by commercial laboratories (LabCorp for Duke and Durham VAMC
sites and Greater LA VAMC clinical lab for the LA site). Insulin was measured in batch at
study completion using banked serum, which had been stored at —80°C, using an electro-
chemiluminescent immunoassay using an SI-2400 imager and assay kits from Meso Scale
Discovery (Rockville, MD) by Duke Immunoassay Laboratory. Insulin resistance, as
estimated by the homeostatic model assessment (HOMA), was calculated using the
approximation (glucose*insulin)/22.5.

Fasting blood samples collected at BL, M3, and M6 were used for metabolomics analysis
utilizing GC/MS-TOF (Gas chromatography—Mass Spectrometry Time of Flight analyzer),
QqQ LC (Liquid Chromatography)-HILIC (Hydrophilic interaction chromatography)-
MS/MS, and TripleTOF LC-RP-MS as described previously 21:23,

Metabolomics Analysis

Serum samples for metabolomics analysis were prepared as previously described?1:24-27,
Metabolite extraction was achieved using a mixture of isopropanol, acetonitrile, and water at
a ratio of 3:3:2 v/v. Extracts were divided into three parts: 75 uL for gas chromatography
combined with time-of-flight high-resolution mass spectrometry, 150 uL for reversed-phase
liquid chromatography coupled with high-resolution mass spectrometry, and 150 uL for
hydrophilic interaction chromatography with liquid chromatography and tandem mass-
spectrometry, and analyzed as previously described?1:24-27, We used the NEXERA XR
UPLC system (Shimadzu, Columbia, MD, USA), coupled with the Triple Quad 5500
System (AB Sciex, Framingham, MA, USA) to perform hydrophilic interaction liquid
chromatography analysis, NEXERA XR UPLC system (Shimadzu, Columbia, MD, USA),
coupled with the Triple TOF 6500 System (AB Sciex, Framingham, MA, USA) to perform
reversed-phase liquid chromatography analysis, and Agilent 7890B gas chromatograph
(Agilent, Palo Alto, CA, USA) interfaced to a Time-of-Flight Pegasus HT Mass
Spectrometer (Leco, St. Joseph, MI, USA). The GC system was fitted with a Gerstel
temperature-programmed injector, cooled injection system (model CIS 4). An automated
liner exchange (ALEX) (Gerstel, Muhlheim an der Ruhr, Germany) was used to eliminate
cross-contamination from the sample matrix that may occur between sample runs. Quality
control was performed using metabolite standards mixture and pooled samples applying
methodology preciously described 2427, A quality control sample containing a standard
mixture of amino and organic acids purchased from Sigma-Aldrich as certified reference
material, was injected daily to perform analytical system suitability test and monitor
recorded signals for day to day reproducibility as previously described 2526, A pooled
quality control sample was obtained by taking an aliquot of the same volume of all samples
from the study and injected daily with a batch of analyzed samples to determine the optimal
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dilution of the batch samples and validate metabolite identification and peak integration.
Collected raw data was manually inspected, merged, imputed and normalized to calculate
the changes of metabolites in all the specimen. Metabolite identification was performed
using in house authentic standards analysis. Metabolite annotation was used utilizing
recorded retention time and retention indexes, recorded MSn and HRAMSn data matching
with METLIN, NIST MS, Wiley Registry of Mass Spectral Data, HMDB, MassBank of
North America, MassBank Europe, Golm Metabolome Database, SCIEX Accurate Mass
Metabolite Spectral Library, MzCloud, and IDEOM databases.

Metabolite pathway analysis

Metabolomic data were analyzed as previously described by Tolstikov et al.25, 1dentified
metabolites were subjected to pathway analysis with MetaboAnalyst 4.0, using Metabolite
Set Enrichment Analysis (MSEA) module which consists of an enrichment analysis relying
on measured levels of metabolites and pathway topology and provides visualization of the
identified metabolic pathways. Accession numbers of detected metabolites (HMDB,
PubChem, and KEGG Identifiers) were generated, manually inspected, and utilized to map
the canonical pathways. MSEA was used to interrogate functional relation, which describes
the correlation between compound concentration profiles and clinical outcomes.

Statistical Analysis

Results

Significant changes were examined by ANOVA and shown in heatmaps and box plots.
Impacted metabolic pathways were selected and mapped by using MetaboAnalyst 4.0
(https://www.metaboanalyst.ca/) 28, Pearson correlation was conducted to examine
associations between clinical variables and metabolites. Volcano plots were used to visually
examine the changes in metabolites at M3 and M6 from baseline. The changes of
metabolites at M3 and M6 were normalized against the BL using the attached Python scripts
(supplemental file 1) modified from previous studies of transcriptional response2%-32 to
derive the ADT-induced changes of all metabolites at M3 and M6 from corresponding BL in
the control and LCD arms. Given the small number of men included in the study, no formal
power calculations were done and all results are considered hypothesis-generating.

Serum metabolites and metabolic pathways altered after 3 and 6 months of ADT in the

LCD arm

As previously reportedl?, participants in the control and LCD arms were similar in age (66
(SD)), weight (BMI of 29.0 (SD)), race composition, baseline dietary intakes and PSA levels
(CAPS1 main result). We measured and identified metabolites that were altered in the LCD
arm between BL (immediately before ADT) and after 3 (M3) and 6 months (M6) of ADT.
Among the 439 metabolites identified in serum samples (methods of detection and
validation in the methods), 32 metabolites were identified showing at least a 1.2-fold change
and t-tests p<0.05 at M3 relative to BL. The top metabolites at M3, as shown in volcano
plots (Fig 1A, Supplemental Table 1), included an increase in 3-hydroxybutyric acid, 2
hydroxy-butyric-carnitine. Also, there was a reduction in the androsterone sulfate and
allantoin. As several selected metabolites belong to similar metabolic pathways, we
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employed Metabolite Set Enrichment Analysis (MSEA)33 to evaluate the potential
enrichment of functionally related metabolites covering various metabolic pathways. The top
MSEA-identified altered pathways at M3 included alanine metabolism, citric acid cycle,
estrone metabolism, carnitine synthesis, gluconeogenesis, androgen/estrogen metabolism
and glycolysis (Fig 1B).

Using similar approaches, 25 metabolites were identified between M6 vs. BL as having at
least 1.2-fold change and t-tests p<0.05 and shown in volcano plots (Fig 1C, Supplemental
Table 2). At M6, the top changes included the reduction in androsterone sulfate, malonyl-
carnitine and 2-keosiovalerate. Several carnitines were also found to be increased, such as
hydroxyproline and tiglycarintine. The top altered pathways at M6 identified by MSEA
included catecholamine biosynthesis, methyl histidine metabolism, androgen/estrogen
metabolism, estrone metabolism and carnitine metabolism (Fig 1D).

ADT-induced metabolic changes in both control and LCD arms

To identify metabolites whose changes were statistically significant in each arm, we applied
ANOVA - Simultaneous Component Analysis (ASCA module, MetaboAnlyst 4.0) to
uncover the major patterns associated with the time points and the treatments. We found that
androsterone sulfate was reduced by ADT in both control and LCD arms (Fig 2A). This
suggests that LCD did not affect the ADT-reduced androsterone sulfate. Instead, the degree
of androsterone sulfate reduction (Fig 2B), despite not being statistically significant (M3:
p=0.07, M6: p=0.08), tended to be greaterin the LCD arm than the control arm. Next, we
calculated the changes of metabolites before and after ADT in each participant in both
control and LCD arms (Supplemental Fig 1A). These changes were then arranged by
hierarchical clustering and the resultant heatmap shows the individual variations in the
metabolic changes of individual participants (Supplemental Fig 1A). In the heatmap (Fig
2C) showing the ADT-induced metabolic changes from BL, we noted that the reduced
androsterone sulfate was co-clustered with similar reduction of other androgens, including
DHEA sulfate and pregnenolone sulfate. The ADT-reduced DHEA and pregnenolone sulfate
also trended lower in the LCD arm, without reaching statistical significance. Overall, this
finding suggests the potential of LCD to potentially and slightly enhance the ADT-induced
reduction in androgens.

ADT-induced metabolic changes reversed by LCD

In the control arm, 3-hydroxybutyric acid was reduced at both M3 and M6 (Fig 3A) 21,
However, it was significantly increased at M3 in the LCD arm, and though the increase was
somewhat mitigated at M6, it remained higher than BL (Fig 3A). The heatmap showing
individual level data also showed that 3-hydroxybutyric acid was reduced in the control arm
(blue) and increased in the LCD arm (yellow) (Fig 3B). In the heatmap, 3-hydroxybutyric
acid was in a cluster of metabolites which were repressed in the control arm but elevated in
the LCD arm (Supplemental Fig 1A, red bar expanded into Supplemental Fig 1C). Other
than 3-hydroxyburtyric acid, these co-clustered metabolites included 2-hydroxybutyric acid,
3-hydroxy-3-methyl-glutaryl-carnitine and 3-aminobutyrate. Similarly, while many acyl-
carnitines were noted to be reduced by ADT in the control arm 21, in the LCD arm, many
acyl-carnitines, including hydroxy-butyryl-carnitine, tiglyl-carnitine, pimelyl-carnitine, 3-
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hydroxyoctanoyl-carnitine, decanoyl-carnitine, 6-ketodecanoyl-carnitine, dodecanoyl-
carnitine, dodecenoyl-carnitine, decanoyl-carnitine, decenoyl-carnitine were increased (Fig
3B). Therefore, the changes of these acyl-carnitines may be tightly associated with the
ketone-related metabolites, indicating their potential metabolic connection. These results
indicate that LCD reversed the ADT-reduced ketones and acyl-carnitines levels
(Supplemental Fig 1C) and linking these two classes of metabolites found to be reduced by
ADT?2L, Importantly, LCD reversed the reduction of these ketone metabolites and acyl-
carnitines, one of the most prominent metabolic effects of ADT. Therefore, some of the
ADT-induced changes seen in the control arm persisted in the LCD arm (such as reduced
androgens) while others (such as reduced ketones and acyl-carnitines) were mitigated/
reversed in the LCD.

Other ADT-induced metabolites were reversed in the LCD arm

While baseline levels of lactic acid were similar between control and LCD arms, it was
slightly increased by ADT in the control arm but reduced in the LCD arm (Fig 4A). Indeed,
the levels of lactic acids were significantly higher in the control vs. LCD arm at both M3
(p<0.0001) and M6 (p=0.0004) (Fig 4A). As shown in the heatmap (Fig 4B), the ADT-
induced changes in lactic acid co-clustered with pyruvate, another metabolite in the
glycolysis pathway, potentially reflecting decreased glycolysis in the LCD arm. Similar
relationship has been described in the transcriptional analysis34-3°.

Similar trend was also observed for alanine, which remained relatively unchanged by ADT
in the control arm, but decreased in the LCD arm so that the levels were significantly lower
in the LCD arm at both M3 (p=0.0001) and M6 (p=0.0053) relative to corresponding time
points in the control arm (Fig 4C). Such an opposite pattern between the control and LCD
arms was also found for other co-clustered amino acids, including the branched-chain amino
acids (valine, isoleucine and leucine) and tyrosine, lysine, leucine, isoleucine, cytosing,
methionine, asparagine, histidine, proline, glutamine, arginine and tryptophan and its
metabolite kynurenine (Fig 4D)3.

Similarly, SAM (S-adenosyl-L-methionine) was slightly increased in the control arm and
slightly reduced in the LCD arm such that the levels at M6 were significantly different
between arms (Fig 4E, p=0.0034). Such a pattern of SAM was found to be co-clustered with
several other sulfur-containing amino acids, including S-adenosyl-L-methioninamine,
cysteine and cystine (Fig 4F). Similar pattern of changes in control and LCD arm was also
observed in other amino acids (Fig 4D). Similarly, succinyl-adenosine, a metabolite
accumulated in patients with Adenylosuccinate Lyase deficiency3?, was increased by ADT
in the control group (Supplemental Fig 2). However, LCD abolished the ADT-induced
increase in succinyl-adenosine.

Correlation of blood chemistry with the ADT-induced changes in androsterone sulfate

Although all androgens were expected to be reduced by ADT in both arms, androsterone
sulfate was the most consistently reduced metabolite at both time points in both arms (Fig
1A, C). However, there were still individual heterogeneity in the degree of androgen
suppression. Therefore, we reasoned that ADT-reduced androsterone sulfate may provide a
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quantitative assessment of ADT efficacy to quantify the correlation with different blood
chemistry and serum metabolites. First, we calculated the correlation between various blood
chemistry measures and androsterone sulfate. In the control arm, the ADT-induced
decreased androsterone sulfate was negatively correlated with glucose levels at both M3
(p<0.001, r=-0.811) and M6 (p=0.0021, r=-0.660) (Fig 5A, B). This indicates that a
stronger reduction of androsterone sulfate was associated with increased glucose levels,
supporting the diabetogenic tendency of the ADT. In contrast to glucose, the changes in
androsterone sulfate were not significantly correlated with total cholesterol, LDL or insulin
in either control or LCD arm (Supplemental figure 3A—C). Importantly, these correlations
between glucose and androsterone sulfate disappeared in the LCD arm, suggesting that LCD
disrupted the tight correlation between ADT response and increased serum glucose (Fig 5A,
B).

Identify serum metabolites whose changes correlate with androsterone sulfate

Next, we calculated the ADT-induced changes in serum metabolome that correlated with the
ADT-affected androsterone sulfate in both arms (Supplemental Table 3). LCD altered many
observed correlations in the control arm at M3, but this was partially restored at M6. For
example, there is a strong correlation between androsterone sulfate and other androgens,
including pregnenolone sulfate and DHEA-androsterone in the control arm at both M3 and
M6 (Supplemental Table 3) 21. While such correlation still existed between pregnenolone
and androsterone (Supplemental figure 3A), LCD disrupted the DHEA-androsterone
correlation at M3 (Supplemental figure 2B), which was partially restored at M6
(Supplemental figure 3B). In addition, there was a positive correlation between androsterone
sulfate and 2-methyl-3-ketovaleric acid and 2-hydroxy-3-methylbutyric acid as well as 3-
formyl-indole. 3-formyl-indole is known as Indole-3-carboxaldehyde (I3A) or indole-3-
aldehyde and is a metabolite of dietary L-tryptophan that is synthesized by the gut
microbiome. There was a strong correlation with 3-formyl-indole and androsterone levels at
both M3 (p=0.011) and M6 (p<0.001) in the control arm (Fig 5C). This relationship
disappeared in the LCD arm at M3 and resumed slightly at M6 (Fig 5D). Therefore, LCD
disrupted the correlative relationship between androsterone sulfate with many metabolites at
M3, which were partially restored at M6. In contrast, the metabolites which were negatively
correlated with the androsterone sulfate in LCD at M6 were only seen in the LCD arm, not
in the control arm. Together, these data indicate that LCD at M3 disrupted many correlations
between ADT-affected androsterone with glucose, DHEA, 3-formyl-indole seen at both M3
and M6 in the control arms. However, these correlations were partially restored at M6 in
LCD arms, suggesting metabolic adaptations.

Discussion

In this study, we applied MS-based metabolomic profiling to determine the effects of LCD
intervention after 3 and 6 months of ADT on the serum metabolome of PC participants
relative to control patients making no dietary or exercise changes. The key metabolic
changes we previously observed as a result of ADT alone (i.e. without diet change) can be
summarized into four areas: 1) steroid metabolism, 2) ketogenesis, 3) fatty acid metabolism,
and 4) microbiome-associated metabolites. Our current analyses showed that LCD slightly
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enhanced the effect of ADT to reduce androgens without reaching statistical significance.
LCD intervention also reversed ADT-reduced ketogenesis and acyl-carnitines. LCD also
disrupted the correlation between high serum glucose and lower androsterone sulfate and
reversed the ADT-induced changes in glycolysis and amino acid metabolisms. Together,
LCD intervention significantly reversed many of the ADT-impacted metabolic changes in
serum. These data provide mechanistic support for our prior findings that the LCD may
mitigate the metabolic side effects of ADT, such as weight gain, worsening insulin
resistance, increased hemoglobin Alc, increased HDL, and increased triglycerides as
previously reported in the CAPS1 main result paperZ.

To the best of our knowledge, this is the first study to employ serum metabolomics to
investigate the effects of LCD in the context of ADT treatment among PC patients. Several
previous studies have investigated the metabolic response to LCD in the contexts of other
cancers. For example, LCD in people with pancreatic cancer increased serum f-
hydroxybutyrate and total ketone levels as well as the glycerophospholipid and sphingolipid
metabolisms 38. In a mouse xenograft study, the progression of breast cancer lead to serum
metabolic changes, which were reversed with LCD. LCD also affected the amino acid
metabolism and fatty acid transport, suggesting a tumor-suppressing mechanism of LCD
when combined with tumor therapeutics 3°.

In the primary paper describing the clinical outcomes of CAPSL1 trial, LCD did not
significantly affect PSA 10. However, in a follow-up randomized CAPS?2 trial, LCD slowed
PSA doubling times, when adjusting for baseline differences between the arms 40,
Consistently, while ADT reduced androsterone sulfate in both arms, the reduction showed a
tendency to be even more pronounced in the LCD arm. Future research with more
participants is warranted to determine whether LCD may enhance the ADT-reduced
androsterone sulfate or not. Moreover, given that lower nadir androgen values on ADT are
associated with reduced risk of progression 41, this raises the possibility that LCDs may
enhance the anti-PC effects of ADT, though this requires formal testing in future studies.

It is also interesting to note the ADT-induced succinyl-adenosine, a metabolite known to
accumulate in patients of adenylosuccinate lyase deficiency3’. Interestingly, patients with
adenylosuccinate lyase deficiency exhibit severe neurological impairment ranging from
early-onset neonatal epileptic encephalopathy to progressive psychomotor retardation and
autism including intellectual disability#243. Recently, ADT has been found to be positively
associated with dementia, though whether ADT causes dementia or is merely associated
with dementia is unclear.?* Our intriguing correlation suggest a potential mechanistic link
between ADT and impaired cognition via elevated succinyl-adenosine. Moreover, the fact
that the ADT-increased succinyl-adenosine was abolished by LCD leads to the provocative
hypothesis that LCDs may prevent the cognitive decline from ADT. Again, this remains
highly speculative and requires further validation in larger studies.

In CAPS1, ketone bodies and acyl-carnitines were shown to be decreased by ADT in the
control arm 21, Ketone bodies are also postulated to affect insulin resistance and increased
ketone bodies during ketogenic diets may account for the reduced insulin resistance 4°.
Therefore, ADT-associated reduced ketone bodies may contribute to ADT-induced insulin
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resistance and justify the potential of ketogenic LCD to reverse these effects. As expected,
we noted that LCD increased 3-hydroxybutyric acid at both time points compared to
baseline (Fig 2, 3). These results suggest that LCD intervention was effective in overcoming
ADT’s impact in reducing this metabolite, maybe through the activation of fatty acid -
oxidation and ketogenesis. The increase of 3-hydroxybutyric acid was less dramatic at M6
compared to M3, which may be due to a possible metabolic adaptation or lower adherence to
the LCD. However, since the carbohydrate intake and adherence to the LCD were similar at
M3 (carb intake: 74.4 gm) and M6 (78.9 gm) vs. BL (227.2 gm) 19, metabolic adaptation
may be more likely. High levels of acyl-carnitines were found in diet-induced obesity and
insulin resistance in human and mouse models*¢47 and postulated to contribute to insulin
resistance phenotypes#® of ADT. We found that LCD reversed the ADT-reduced acyl-
carnitines and the increased acyl-carnitines were strongly clustered with increased ketone-
related metabolites?9:°0, Together, these findings suggest a metabolic connection between
ketogenesis and altered acyl-carnitines, indicating the ability of LCD to reverse these ADT-
induced metabolic changes.

Previously, we found that the degree of ADT-induced androsterone sulfate was strongly
associated with the changes in indole-3-carboxaldehyde (ICA), a microbiota-derived
metabolite that stimulates aryl hydrocarbon receptors in intestinal immune cells that produce
IL-22 22, ICA treatments in mice reduced gut inflammation, limited epithelial damage and
reduced transepithelial bacterial translocation, and decreased inflammatory cytokines 1. The
disruption of the ADT-ICA in the LCD arm further highlights the metabolic impact of LCD
intervention on the chemical exchange between host and microbiome 2. The increased
ketone bodies in ketogenic diets reproducibly inhibited bifidobacterial growth and reduced
intestinal pro-inflammatory Th17 cells 52. These temporary effects indicate that many of the
diet-induced changes in the microbiomes may be compensated by the hosts’ adaptive
response. Therefore, it will be important to identify the nature and mechanisms of these
metabolic adaptation to sustain the metabolic effects and therapeutic benefits of LCD.

Our results should be interpreted within the limitations of our study. A small sample size of
the cohort may limit our power to detect subtle differences that may be of importance. As
such, our results should be considered hypothesis-generating and require validation in larger
datasets. Furthermore, it is not clear whether there may be differences in the metabolic
response for patients with different tumor grades. In addition, the relative contribution of
LCD itself and the walking recommendation to the observed effects cannot be distinguished
in this study and needs to be further dissected. Finally, future studies are needed to correlate
these metabolomic changes with the long-term outcomes including tumor control and
metabolic side effects of ADT such as diabetes risk.

Conclusion

Our findings indicate the metabolic basis for the potential of LCDs in reversing many of the
side effects of ADT. However, some of the reversed effects appeared temporary as they were
less pronounced at 6-month than at 3-month. Future studies are needed to understand how
the effects can be sustained. Further, our study suggests that LCDs may enhance the effect of

Prostate. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chietal.

Page 11

ADT by reducing androsterone sulfate and other metabolic mechanisms, though future
research is needed to confirm this finding and understand the underlying mechanisms.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Top serum metabolites and metabolic pathways altered at 3- and 6-month after
initiating ADT treatmentsin participantsreceiving LCD.
(A) Metabolites were selected by Volcano plot analysis of pairwise comparison between the

BL vs. M3 (A) and BL vs. M6 (C) ADT. (B, D) Top enriched metabolic pathways affected

by ADT after M3 (B) and M6 (D) of LCD.
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ways similar to 3-hydroxy-butyric acid. The statistical significance (p values) of ADT-

induced changes of indicated metabolites is indicated.
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Figure 4: The effects of LCD on the ADT-altered lactic acid, alanine and S-adenosyl-L -
methionine (SAM)
(A) The effects of ADT-induced changes in the lactic acid in the control and LCD arms at

M3 and M6. (B) Heatmap of the clusters of metabolites that were altered in ways similar to
lactic acid. (C) The effects of ADT-induced changes in the alanine in the control and LCD
arms at M3 and M6. (D) Heatmap of the clusters of metabolites that were altered in ways
similar to alanine. (E) The effects of ADT-induced changes in the S-adenosyl-L-methionine
(SAM) in the control and LCD arms at M3 and M6. (F) Heatmap of the clusters of
metabolites that were altered in ways similar to SAM. The statistical significance (p values)
of ADT-induced changes of indicated metabolites is indicated.
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