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Abstract 

Based on our previous observation that the truffle (T. magnatum) mycelium extract enhanced DHEA in rats, the anti-metabolic 

disorder function of the extract was investigated in a cohort of 20 volunteers without chronic diseases (mean age: 54.2 ± 5.4 

years; baseline HbA1c: 5.3-6.3%), including 12 men (53.8 ± 6.2 years) and 8 women (54.6 ± 4.5 years). They consumed one gel 

pack containing artificially cultivated truffle mycelium extract (equivalent to 2.8 g of truffle mycelium) approximately 30 

minutes before breakfast and dinner for 12 weeks. In addition to general health indicators, selected biomarkers related to 

metabolic regulation and disorders were measured before and after the intervention. Although markers of metabolic syndrome, 

such as plasma triglycerides and LDL cholesterol levels, did not show meaningful changes after the intervention, significant 

increases (p <0.05) in endocrine factors, including DHEA, 1,25-dihydroxyvitamin D3, adiponectin, and insulin, as well as NK 

cell activity, were observed. Some markers of liver and kidney damage, such as the A/G ratio and creatinine, improved 

significantly after truffle intake, as did erythrocyte condition. In addition, gender differences were notable in several markers, 

especially endocrine factors and liver function. To further evaluate its effects, participants were stratified by baseline HbA1c 

into a higher group (≥ 5.9%, mean 6.0 ± 0.116%, n = 8) and a lower group (< 5.8%, mean 5.5 ± 0.159%, n = 12). The two groups 

showed contrasting responses: in the higher HbA1c group, several metabolic syndrome markers tended to decrease (negative net 

changes), whereas in the lower HbA1c group, changes remained modestly positive after the truffle intake period. However, the 

differences between the two groups did not reach statistical significance for most markers. Notably, liver damage markers AST 

and ALT differed significantly between the two groups, indicating that liver-protective function is more pronounced in a 

metabolically distorted state. These results indicate that truffle extract does not directly improve the distorted metabolic condition 

but may do so indirectly by inducing homeostasis regulators. 
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1. Introduction 

The global increase in diabetes, particularly type 2 diabetes, 

has emerged as a critical social issue that threatens health and 

well-being in aging societies [1]. Type 2 diabetes is a major 

causative risk factor for fatal diseases such as cardiovascular 

disease [2], stroke [3], certain cancers [4], and dementia [5]. 

This condition is characterized by chronic hyperglycemia re-

sulting from insulin resistance [6]. The primary pathogenic 

factors of type 2 diabetes are lifestyle-related metabolic disor-

ders, including obesity, hyperlipidemia, and hypertension [7]. 

Currently, several clinical medicines, such as metformin [8, 9] 

and GLP-1 agonists [10-12], are used to treat obesity and met-

abolic syndrome. However, preventive approaches are also 

critical for controlling metabolic disorders, especially in the 

early stages of disease development [13]. In this context, the 

concept of Mibyou —an asymptomatic stage of disorders 

characterized by subtle imbalances in metabolic homeosta-

sis—is recognized as a primary target for intervention to pre-

vent progression to life-threatening conditions [14-16]. Alt-

hough the idea was originally described in Traditional Chinese 

Medicine about 2500 years ago, it was recently renovated by 

the Japan Mibyou Association as modern Mibyou, which in-

cludes even early stages of diseases such as metabolic syn-

dromes [17, 18]. Therefore, Mibyou care is primarily im-

portant in preventive medicine, disease prevention, and man-

agement. 

Diet and exercise are considered first-line approaches for 

managing metabolic syndrome, a common metabolic disorder, 

as noted by Mibyou [18, 19]. Recently, so-called “superfoods” 

have attracted increasing attention [20]. Incorporating such 

foods into daily diets may reduce the risk of metabolic disor-

ders and their endpoints, including cardiovascular disease [21] 

and Alzheimer’s disease [22]. In addition to regular meals, di-

etary supplements and functional foods are also being ex-

plored as alternative strategies for the prevention and amelio-

ration of metabolic syndrome [23-25]. Several traditionally 

known plant resources, such as Morus species [26], have 

demonstrated anti-metabolic and/or anti-diabetic effects, and 

extensive studies have been conducted to identify novel natu-

ral resources and their active components [27, 28]. 

Mushrooms and other fungi are promising natural resources 

due to their wide range of physiological activities, including 

anti-metabolic and anti-aging effects [29-31]. They are rich in 

nutrients, especially micronutrients, as well as non-nutritional 

bioactive components such as dietary fiber, terpenoids, and 

steroids [32]. Consequently, fungi are not only regarded as 

low-calorie, nutrient-rich superfoods but also as valuable 

sources for functional foods and medicines [33]. 

Truffles (Tuber spp.), members of the class Ascomycota, 

are highly valued culinary ingredients known for their distinc-

tive aroma and legendary properties, including an aphrodisiac 

effect [34] and anti-aging properties [31, 35]. Although some 

studies have reported the physiological functions of black truf-

fle (T. melanosporum), such as anti-diabetic and antioxidant 

activities [36, 37], functional studies on truffles remain lim-

ited, particularly for the most prized species, the white truffle 

(T. magnatum). This scarcity is likely due to the difficulty of 

obtaining sufficient quantities of material for experimental 

studies. 

With the recent availability of artificially cultivated T. mag-

natum mycelium, we previously investigated the effects of 

aqueous ethanol extracts of cultured T. magnatum mycelium 

in mice and found that oral administration of the extract in-

creased plasma levels of dehydroepiandrosterone (DHEA) 

[38]. Plasma DHEA levels decline with age and are implicated 

as a physiological anti-aging factor that functions as an endo-

crine regulator of metabolic homeostasis, with relevance to 

multiple disorders, including metabolic syndrome [39, 40] and 

dementia [41]. These findings suggest that T. magnatum my-

celium extract may possess preventive or ameliorative poten-

tial against metabolic disorders. 

In the present study, we evaluated the effects of T. magna-

tum mycelium extract in human volunteers over a 12-week in-

take period. The results indicate that T. magnatum extract may 

modulate key homeostatic regulators, thereby ameliorating 

metabolic dysfunction and helping control metabolic disor-

ders in metabolically imbalanced conditions. 

2. Materials and Methods 

2.1. Participant Selection 

From the 60 initial candidates registered with the clinical 

trial volunteer association (FeileB Co., Ltd.) and who pro-

vided informed consent after being informed of the study pur-

pose and procedures, 20 participants were ultimately selected. 

Final enrollment was determined by a medical doctor based 

on both inclusion and exclusion criteria. 

2.2. Inclusion Criteria 

Age between 30 and 65 years. 

BMI between 18.5 and 29.0 kg/m2. 

Participants received a full explanation of the study and 

provided written informed consent. 

2.3. Exclusion Criteria 

1) Individuals with liver dysfunction, renal disorders, car-

diovascular disease, diabetes, dyslipidemia, hyperten-

sion, sleep disorders, epilepsy, or other chronic diseases, 

as well as a history of major gastrointestinal surgery (e.g., 

gastroduodenal ulcer, irritable bowel syndrome, gastrec-

tomy, gastroenterostomy, intestinal resection). 

2) Individuals taking supplements or health foods that may 

affect the biomarkers measured in this study. 

3) Individuals whose average daily alcohol consumption 
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exceeded 60 g/day. 

4) Individuals with extremely irregular dietary habits. 

5) Individuals who are likely to change their lifestyle pat-

terns during the study period. 

6) Individuals receiving medications such as drugs for in-

testinal disorders, Kampo medicine, or over-the-counter 

remedies. 

7) Individuals with chronic atopic dermatitis or other aller-

gic conditions. 

8) Individuals with a history of anaphylactic shock. 

9) Individuals judged unsuitable as study participants by 

the principal medical doctor. 

2.4. Trial Schedule 

At baseline (Visit 0), initial physical and clinical assess-

ments were performed, including height, body weight, BMI, 

body composition, blood pressure, pulse, routine and se-

lected blood markers, urine markers, and an oral glucose 

tolerance test (OGTT). Following screening, 20 partici-

pants were enrolled and instructed to consume one gel 

packet containing truffle mycelium extract (2.8 g as Truffle 

mycelium) approximately 30 minutes before breakfast and 

dinner (2 packs per day) for 12 weeks from day 1 (Visit 1) 

to day 94 (Visit 2). At the end of the intervention (Visit 2), 

the same biological and clinical assessments were repeated. 

The biomarkers analyzed are listed below, and the results 

are summarized in Supplementary Table 1. Adverse events 

related to truffle gel intake were also monitored throughout 

the trial. The test gel pack sample of truffle mycelium ex-

tract is the same as a commercially available product, and 

the dose was determined based on a previous animal exper-

iment [38]. 

2.4.1. Routine Blood Markers 

White blood cell subsets (eosinophils, basophils, neutro-

phils), erythrocytes, MCV, MCH, MCHC, triglycerides, bili-

rubin, AST, ALT, LDH, γ-GT, CPK, uric acid, blood urea ni-

trogen, creatinine, minerals (Na, K, Cl, Ca, Zn), total protein, 

albumin, A/G ratio, plasma iron, CK, HbA1c, fasting blood 

glucose, insulin, LDL-cholesterol, HDL-cholesterol, total 

cholesterol, and ALP. 

2.4.2. Selected Blood Markers 

DHEA, testosterone, estradiol, pentcidine, cortisol, cholin-

esterase, somatomedin C (IGF-1), natural killer (NK) cell ac-

tivity, lactic acid, ferritin, 1,25-dihydroxyvitamin D3, adi-

ponectin, zinc, hsCRP, and sd-LDL. 

2.4.3. OGTT Procedure 

TRELAN G 75 (AY Pharma Co., Ltd., Japan) was admin-

istered orally, and plasma glucose was measured at 30, 60, 90, 

and 120 minutes post-ingestion. 

2.5. Adverse Effects and Dropouts 

No participants withdrew during the trial, and no observa-

ble adverse events were reported. 

2.6. Data Processing and Statistical Analysis 

All data are presented as mean ± standard deviation (SD), 

along with the distribution (minimum, median, and maximum 

values). To compare values before (Visit 1) and after 12 weeks 

(Visit 2) of the truffle intake period, statistical analyses were 

performed using the Wilcoxon signed-rank test, a nonpara-

metric test in SPSS version 29 (IBM Corp.). All 20 partici-

pants completed the protocol and were included in the Full 

Analysis Set (FAS). 

For subgroup analyses, net changes in biomarkers were also 

compared between participants with higher and lower baseline 

HbA1c using paired t-tests. 

2.7. Test Sample Preparation 

The gel packets (a commercially available product named 

Drops of Truffle) were prepared and provided by Niigata Beer 

Co., Ltd. The dose of truffle extract and the nutritional com-

position of the gel packs are provided in Supplement Data 1. 

2.8. Ethics 

This study was conducted in accordance with the Declara-

tion of Helsinki (revised at the 2013 WMA General Assembly 

in Fortaleza) and the Ethical Guidelines for Medical and 

Health Research Involving Human Subjects (Ministry of Ed-

ucation, Culture, Sports, Science and Technology; Ministry of 

Health, Labour and Welfare, Japan). To ensure participants’ 

rights, safety, and data reliability, the protocol was reviewed 

and approved by the Institutional Review Board for “Research 

Involving Human Subjects”. The study was registered with 

the University Hospital Medical Information Network Clini-

cal Trials Registry (UMIN-CTR, registration number: 

UMIN000048820). 

3. Results 

Changes in common health check biomarkers and selected 

markers of cellular metabolism were measured in 20 volun-

teers before (Visits 0 and 1) and after the 12-week truffle my-

celium intake period (Visit 2). The full dataset is presented in 

Supplement Data 2. The statistical significance of the changes 

was assessed using a nonparametric test due to the small da-

taset size. Markers showing significant net differences be-

tween before and after the truffle intake period in the full da-

taset and in the male and female groups are summarized in 

Table 1, with gender-specific changes analyzed separately. 

(Tables 1 and 2 are set in the Supplement Material Section 

together with Supplement Data 1 and 2, because of their data 
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size). 

Notably, markers related to endocrine and immune function 

increased significantly after the truffle intake period compared 

with baseline (Visit 1 or V0), including DHEA (p = 0.033), 

1,25-dihydroxy-vitamin D3 (p < 0.001), adiponectin (p < 

0.001), insulin (p = 0.019), and NK cell activity (p = 0.017 at 

E: T = 10: 1, p = 0.021 at E: T = 20: 1). Testosterone, on the 

other hand, significantly decreased (p = 0.048). 

Besides endocrine factors, markers of liver and kidney 

function, including the A/G ratio (p=0.029) and creatinine 

(p=0.023), showed significant decreases. In addition, several 

anthropometric and epidemiologic factors changed slightly 

but significantly, with BMI (p=0.045), HOMA-R (p=0.016), 

hematocrit (p=0.030), MCV (p=0.003), and plasma K level 

(p=0.018) showing slight increases, except for MCHC 

(p=0.001) (Table 1 and Supplement Data 2, in the Supplement 

Material section). 

OGTT plasma glucose values decreased at 30, 60, 90, and 

120 minutes, but the changes were not statistically significant 

(Supplementary Table 1). 

When the effect of truffle intake was assessed separately in 

the male and female groups, markers such as hematocrit 

(p=0.025), plasma K (p=0.009), dihydroxy-vitamin D3 (p 

<0.001), somatomedin C (p=0.021), estradiol (p=0.037), γ-GT 

(p=0.037), and choline esterase (p=0.037) showed statistically 

significant increases in the male group after the truffle intake 

period. In contrast, decreases in testosterone (p=0.023) and 

A/G (p=0.048) were significant in the female group, indicat-

ing that truffle mycellium has gender-specific effects. Obvi-

ous differences in the net change in marker levels after the 

truffle intake period were noted between the sexes, with so-

matomedin C (13.0 for male vs -7.0 for female), testosterone 

(-64.1 for male vs -4.3 for female), estradiol (-4.2 for male vs 

10.9 for female), γ-GT (7.33 for male vs -2.0 for female), and 

choline esterase (13.2 for male vs 6.0 for female) (Table 1). 

To further evaluate the effects of truffle supplementation on 

metabolic disorders, participants were divided into higher- 

and lower-HbA1c groups based on baseline HbA1c (the aver-

age of Visits 0 and 1). Using the diagnostic criteria for pre-

diabetes (5.7-6.5%) [42, 43] and the HbA1c distribution in this 

study (5.3-6.2%, mean 5.7%), a cutoff of 5.9% was used. 

Twelve participants were classified as the lower-HbA1c group 

(<5.8%, mean 5.5 ± 0.159%; 8 males, 5 females), and eight as 

the higher-HbA1c group (≥5.9%, mean 6.0 ± 0.116%; 4 

males, 3 females). After 12 weeks of the truffle intake period, 

net changes in marker levels were compared between the 

higher- and lower-HbA1c groups. A few markers showed sta-

tistically significant group differences after the intake period, 

including liver damage markers (AST, p=0.029, and ALT, 

p=0.026) and NK cell activity (p=0.007 for NK: E/T=10/1 (%) 

and p=0.016 for 20/1 (%), respectively), but all other markers 

showed p-values greater than 0.05. However, notable differ-

ences in the trends of net changes from the initial stage (V2-

V1) were observed in marker levels associated with metabolic 

disorders between the higher- and lower-HbA1c groups (Ta-

ble 2). 

Marker levels, including BMI, body weight, body fat, total 

cholesterol, triglycerides, fasting plasma glucose, sd-LDL, 

AUC (V0/V1), and HbA1c, showed negative values, that is, 

the net changes decreased in the higher HbA1c group but not 

in the lower group. The same trend was observed in liver dam-

age markers. Endocrine markers did not show significant dif-

ferences between the groups, but NK activity was signifi-

cantly lower in the higher HbA1c group than in the lower 

group (p=0.011 and p=0.017, respectively). These trends in 

marker changes were the same when the cutoff was set at 6.0%, 

but such group differences were not obvious when the cutoff 

was set at 5.7% (data not shown). 

BMI is another diagnostic criterion for metabolic disorder 

[43]. Therefore, participants with BMI ≥ 25 kg/m2 (n = 9; 2 

males, 7 females) were analyzed separately. No significant 

changes were observed in this subgroup after 12 weeks of truf-

fle intake, although several markers showed negative net 

changes from baseline levels, including iron, ferritin, A/G ra-

tio, estradiol, testosterone, ALP/LFC, and creatinine (data not 

shown). 

4. Discussion 

The present study involving 20 adult volunteers revealed 

that intake of an aqueous ethanol extract of artificially cul-

tured T. magnatum mycelium significantly increased plasma 

levels of endocrine factors, including DHEA, 1,25-dihydroxy-

vitamin D3, adiponectin, and insulin, as well as the immune 

factor, NK cell activity. At the same time, biomarkers associ-

ated with liver and kidney function showed trends toward nor-

malization, although statistical significance was observed 

only for A/G and creatinine (Table 1 and Supplement Data 2). 

A gender-specific effect of truffle was also observed, par-

ticularly in endocrine factors. For example, Somatomedin C 

increased in males but decreased in females. Testosterone de-

creased in both sexes, but the decrease was more pronounced 

in males. In contrast, estradiol decreased in males but in-

creased in females. However, other endocrine components, in-

cluding DHEA, did not show notable gender differences. In 

addition, the liver damage marker, typically γ-GT, decreased 

in the female group but increased, not significantly, in the 

male group. 

HbA1c is widely used as a diagnostic criterion for diabetes, 

and the range of 5.7-6.5% is used to define prediabetes. How-

ever, HbA1c alone may fail to identify all individuals at high 

risk and thus requires consideration alongside other indices, 

such as fasting blood glucose [42, 43]. The effect of truffle my-

celium was further analyzed in a subgroup stratified by baseline 

HbA1c (cutoff 5.9%). Interesting trends in net changes in mark-

ers after the truffle intake period were observed across the sub-

groups. Although most markers did not reach statistical signifi-

cance for between-group differences, except for liver function 
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and immune cell markers, markers related to metabolic disor-

ders showed contrasting trends between the subgroups. Body 

weight, BMI, fat mass, triglycerides, total cholesterol, somato-

medin C, LDL cholesterol, and sd-LDL tended to decrease after 

truffle intake in the higher HbA1c group (≥5.9%, mean 6.0 ± 

0.116%, n = 8), resulting in negative values, but they remained 

positive in the lower HbA1c group (<5.8%, mean 5.5 ± 0.159%, 

n = 12). (Table 2). 

Liver damage markers, typically AST and ALT, decreased 

in the higher HbA1c group, indicating an ameliorative effect 

of truffle mycelium under metabolically distorted conditions. 

However, the effect of truffle on immune cell activation was 

weak under that condition (Table 2). 

Further study is needed in individuals with higher baseline 

HbA1c, which predicts prediabetes and diabetes, to determine 

whether truffle mycelium can normalize the metabolically im-

paired state indicated by HbA1c. Overall, the pattern supports 

the hypothesis that truffle intake exerts beneficial effects pri-

marily in dysregulated, rather than normal, metabolic states. 

This mode of action contrasts with that of conventional 

pharmaceuticals, which generally consist of single, pure 

chemical compounds that act through defined ligand-receptor 

interactions [44]. Similarly, functional foods and nutraceuti-

cals are usually understood in terms of specific bioactive com-

ponents (food factors) that act on defined molecular targets. 

For example, 1-deoxynojirimycin, an ingredient of Morus 

alba, a well-known natural resource for treating diabetes, in-

hibits intestinal α-glucosidase to suppress postprandial glu-

cose spikes [45, 46], and isoliquiritigenin from licorice, which 

inhibits matrix metalloproteinases via the JNK and p38 

MAPK pathways [47]. In contrast, our findings indicate that 

the mode of action of T. magnatum mycelium extract differs 

from these, and is more likely to act indirectly. Our prelimi-

nary unpublished data and a recent metaborome study re-

ported elsewhere [48] of Truffle magnatium extract indicated 

that the major ingredients are fatty acid analogs such as CLA, 

and steroids like ergosterol, and failed to identify specific sec-

ondary metabolites as candidate active principles. Neverthe-

less, the direct effect on conventional markers of metabolic 

syndrome was modest; plasma levels of endocrine and im-

mune regulators—including DHEA, vitamin D3, adiponectin, 

and NK activity—were significantly increased (Table 1). 

These components are not intrinsic to truffle mycelium but are 

well-known to influence glucose homeostasis and systemic 

metabolic balance [49-53]. Moreover, the effect was most pro-

nounced in individuals with higher HbA1c levels, suggesting 

that truffle mycelium functions by modulating endocrine path-

ways under conditions of metabolic dyshomeostasis. 

Such an indirect and integrative mechanism may offer a 

novel strategy for managing metabolic syndrome and type 2 

diabetes. While pharmacological agents and functional foods 

with defined single components play important roles in pre-

vention and treatment [8, 9, 11, 12, 23-25], complementary 

approaches using foods or nutraceuticals with integrated nu-

tritional and pharmacological functions may be particularly 

effective in preventive medicine. This is especially relevant at 

the early, asymptomatic stage known as Mibyou, including 

prediabetes [17-19, 21]. In contrast, single-target pharmaco-

logical compounds may disrupt metabolic networks under 

otherwise normal physiological conditions, leading to adverse 

effects [54]. For example, thiazide diuretics prescribed for hy-

pertension can exacerbate metabolic disorders [55], and ex-

cessive caffeine intake may negate their beneficial effects [56]. 

Although the precise mechanisms by which truffle myce-

lium extract stimulates endocrine and immune components re-

main unclear, parallels may be drawn with the biguanide drug 

metformin. Metformin acts through AMP-activated protein 

kinase (AMPK), a master regulator of energy metabolism that 

modulates glucose uptake, hepatic gluconeogenesis, inflam-

mation, and insulin sensitivity [57, 58]. Both DHEA [59, 60] 

and vitamin D [61] are reported to activate AMPK, suggesting 

that AMPK-mediated regulation may also underlie the effects 

of truffle mycelium. Indeed, we have observed that truffle my-

celium extract improves insulin sensitivity in a manner similar 

to metformin in a STZ-induced diabetes model in rats [62]. 

Altered plasma mineral balance is another factor in type 2 

diabetes, with metformin reported to reduce Cu and Fe while 

increasing Zn [63]. In this context, the observed decreases in 

Fe and ferritin after truffle intake, although not statistically 

significant, may also be relevant (Supplementary Table 1 and 

Table 2). 

Further studies are needed to elucidate the molecular mech-

anisms by which truffle mycelium extract induces endocrine 

and immune factors and to clarify its role in restoring meta-

bolic homeostasis. The contribution of the intestinal microbi-

ota should also be considered, as dysbiosis is strongly associ-

ated with obesity and metabolic disorders [64]. Although die-

tary fibers have not yet been characterized in the present truf-

fle mycelium, mushrooms are a rich source of dietary fibers 

with prebiotic activity [29]. Therefore, modulation of the gut 

microbiota represents a plausible additional mechanism of ac-

tion. Future clinical studies are warranted to confirm the ame-

liorative potential of truffle mycelium in individuals with ele-

vated HbA1c or type 2 diabetes. 

5. Conclusion 

The present study demonstrated the homeostatic regulatory 

function of an aqueous ethanol extract from artificially cul-

tured T. magnatum mycelium. After 12 weeks of extract in-

take in 20 volunteers, plasma levels of DHEA, 1, 25-dihy-

droxy vitamin D3, adiponectin, and insulin were significantly 

elevated, as was NK cell activity. The extract also exhibited 

protective effects on the liver and kidney. Although the group 

difference did not reach statistical significance, markers re-

lated to metabolic disorder showed a trend toward decreased 

levels in the higher HbA1c (≥5.9%) group, but not in the lower 

HbA1c (<5.8%) group. This indicates that the truffle myce-

lium extract modulates dysregulated metabolic conditions by 

functioning as a homeostatic modulator. 
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Further studies are needed to confirm the anti-metabolic 

disorder effects in individuals with higher HbA1c levels who 

have been diagnosed with pre-diabetes or type 2 diabetes. 

Studies are also needed to identify the active component(s) of 

truffle mycelium and elucidate the mechanisms by which truf-

fle functions as a metabolic regulator. 

Nevertheless, this study suggests a novel strategy for devel-

oping dietary interventions and functional foods to support the 

management of Mibyou, including metabolic disorders and 

type 2 diabetes. 
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