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ABSTRACT

Background: Dynamic orchestration of metabolic pathways during continuous fasting remains unclear.

Objective: We investigated the physiological effects of Bigu-style fasting and underlying metabolic reprogramming in
healthy adults.

Methods: We conducted a 5-d Bigu trial in 43 healthy subjects [age 23.2 + 2.4 y; BMI (in kg/m?) 22.52 + 1.79].
Physiological indicators and body composition were monitored daily during fasting day 1 (F1D) to F5D and after
10-d refeeding postfasting (R10D) and R30D. Blood samples were collected in the morning. Risk factors associated
with inflammation, aging, cardiovascular diseases, malnutrition, and organ dysfunction were evaluated by biochemical
measurements. Untargeted plasma metabolomics and gut microbial profiling were performed using plasma and fecal
samples. Data were analyzed by repeated measures ANOVA with Greenhouse—Geisser correction. Correlation analyses
for metabolite modules and taurine were analyzed by Spearman’s rank and Pearson tests, respectively.

Results: Heart rate was accelerated throughout the fasting period. Risk factors associated with inflammation and
cardiovascular diseases were significantly lowered during or after Bigu (P < 0.05). Body composition measurement
detected an overconsumption of fat starting from F3D till 1 mo after refeeding. Metabolomics unveiled a coupling
between gluconeogenesis and cholesterol biosynthesis beyond F3D. Plasma taurine significantly increased at F3D by
31%-46% followed by a reduction to basal level at F5D (P < 0.001), a pattern inversely correlated with changes in
glucose and de novo synthesized cholesterol (r= —0.407 and —0.296, respectively; P < 0.001). Gut microbial profiling
showed an enrichment of taurine-utilizing bacteria at F5D, which was completely recovered at R10D.

Conclusions: Our data demonstrate that 5-d Bigu is potentially beneficial to health in young adults. A starvation
threshold of 3-d fasting is necessary for maintaining glucose and cholesterol homeostasis via a taurine-microbiota
regulatory loop. Our findings provide novel insights into the physiological and metabolic responses of the human body
to continuous Bigu-style fasting. This trial was registered at http://www.chictr.org.cn as ChiCTR1900022917. J Nutr
2021;151:2175-2187.
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Introduction adverse effects, such as anemia, malnutrition, muscle wasting,
and neurological deficits (11). Lack of information for the
physiological response to different degrees of starvation makes
it difficult to optimize proper regimens for participants with
variable characteristics.

Metabolic reprogramming to lower adiposity is a well-
established mechanistic paradigm whereby energy restriction
confers protection (4-7). Paradoxically, long-term fasting

Energy restriction has been recognized as an effective strategy
to extend lifespan and health span (1-3). Multiple regimens
like calorie restriction, periodic fasting, alternate-day fasting,
and time-restricted feeding have been tested in humans,
in which weight loss, body composition redistribution, and
cardiometabolic risk improvement are common outcomes (4—
10). Nevertheless, prolonged insufficient energy intake causes
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can either improve lipid metabolism or, oppositely, cause
dyslipidemia (12, 13). Although a reduction in blood glucose
concentration has been frequently observed, prolonged low
energy intake can also cause glucose intolerance and insulin
resistance, termed starvation pseudodiabetes (14). Therefore,
it remains unclear how different metabolic pathways are
dynamically orchestrated in response to prolonged fasting. Gut
bacteria bear the brunt of starvation stress and contribute to
host metabolic reprogramming during energy restriction (15—
20). However, the direct link between bacteria strains and the
key metabolite mediator remains elusive in humans.

The current fasting trials usually last for months or years
to gain a beneficial impact, a period that is too long to
rigorously follow. Alternative strategies, such as ketogenic diet
and negative-calorie food, have been proposed to gain similar
benefits but avoid experiencing long-lasting hunger (21). Since
the key of fasting-derived benefits lies in the quantitative
accumulation of body response to starvation, it would also
be possible to achieve equivalent effects by 1-shot adequate
starvation.

Bigu (also known as breatharianism) is a traditional Daoist
fasting technique with a period during which people consume
little food for days or weeks. Although Bigu is increasingly
practiced and its anecdotal benefits are claimed in many
aspects, the safety and physiological effects have not yet been
scientifically demonstrated. On one hand, Bigu provides an
opportunity to study the impact of 1-shot continuous starvation
on health; on the other hand, Bigu provides a proper model
to study the temporal response of systemic metabolism to
continuous starvation. Thus, we conducted a 5-d Bigu trial
in healthy subjects to evaluate the safety and effects of Bigu,
as well as the metabolic changes in response to continuous
starvation. Risk factors associated with inflammation, aging,
malnutrition, and tissue impairments were investigated to
evaluate safety and physiological effects. Time-course changes
in body composition and metabolic status were measured in
parallel with metabolomic and microbial profiling. The results
revealed a largely conserved metabolism reprogramming that
underlined the beneficial effects of fasting.
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Methods

Study design

From 10 May to 14 May 2019, a total of 43 healthy adults [54 college
students enrolled and 11 failed to participate; age 23.2 + 2.4 y; BMI (in
kg/m?) 22.52 & 1.79] were recruited to go through a self-administered
5-d Bigu procedure with energy intake <100 kcal/d (1 apple) and
free access to water. The subjects were monitored for an additional
30 d after resuming eating food. Blood samples were collected in the
morning before fasting (Pre) and after 3-d fasting (F3D), F5D, and
10-d refeeding (R10D) for blood chemistry and metabolomic analyses.
Fecal samples were collected at Pre, FSD, and R10D for microbial 16S
rDNA profiling, since few defecated at F3D. The study was approved
by Ethical Committees from Renmin Hospital of Wuhan University
and Wuhan Sports University and performed in accordance with the
principle of Helsinki Declaration II (registered at http://www.chictr.org
.cn as ChiCTR1900022917). Written informed consent was obtained
from all participants in advance. All authors had access to the study
data and reviewed and approved the final manuscript.

Physiological examinations

Systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate
(HR), and body composition were monitored daily during fasting, at
R10D, and after 30-d refeeding (R30D) in the morning (07:00 to 08:30).
Body composition was measured using Body Composition Analyzer
101353 (Jawon Medical) according to the manufacturer’s instructions.
Whole-body and segmental measurements (right arm, right leg, left arm,
left leg, and trunk) were realized via a tetrapolar electrode method using
8-touch electrodes to evaluate the upper part of the body, the lower
part of the body, and the entire body. Parameters including weight, BMI,
basal metabolic rate, total energy expenditure, lean weight, muscle mass,
body fat,and abdominal obesity were calculated by the built-in software
of the machine.

Biochemical measurements

Blood sampling was performed in the morning of Pre, F3D, F5D,
and R10D. Heparin-treated plasma samples were collected by cen-
trifuge at 3000 x g for 15 min at 4°C and stored at —80°C
until use. Free triiodothyronine, free thyroxine, thyroid-stimulating
hormone, insulin, and apolipoprotein E (ApoE) were measured on
Centaur XP autoanalyzer (Siemens). Glucose, triglyceride (TG), total
cholesterol (TCh), free fatty acids (FFA), B-hydroxybutyric acid,
HDL cholesterol, LDL cholesterol, total bile acids, C-reactive protein
CRP), 5'-nucleotidase (CD73), small dense low density lipoprotein
sdLDL), lipoprotein(a) [Lp(a)], apolipoprotein A1 (ApoA1l), albumin
ALB), total protein (TP), prealbumin (PA), lactate dehydrogenase
LDH), alkaline aminotransferase (ALT), aspartate aminotransferase
(AST), uric acid (UA), urea nitrogen (urea), creatinine, and estimated
glomerular filtration rate (eGFR) were measured on an ADVIA 2400
Clinical Chemistry System (Siemens) according to the manufacturer’s
instructions. Insulin-like growth factor 1 (IGF-1) wwas measured on
an AutoLumo A2000Plus (Autobio Diagnostics). De novo cholesterol
was calculated by subtracting adipose-derived cholesterol from total
cholesterol with the assumption that levels of cholesterol from adipose
decomposition would be proportional to those of TG, according to this
formula:

ATCh(pre — F3D)

de novo cholesterol = TCh — ATG(pre > F3D)

x TG. (1)

Untargeted metabolomics

Untargeted metabolomics profiling was performed on a 2777C ultra
performance liquid chromatography (UPLC) system (Waters) coupled
with a high-resolution tandem mass spectrometer Xevo G2-XS QTOF
(Waters) using plasma samples collected at Pre, F3D, FSD, and R10D.
The analyses were performed on all samples together in randomly
assigned order at BGL. Mass spectrometry raw data files were imported
into the commercial software Progenesis QI (version 2.2) for peak
alignment, peak extraction, and peak identification, according to
metabolite m/z ratio, retention time, ion area, and other information.
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Data were further preprocessed using metaX as previously described
(22). Principal component analysis (PCA) is a method to reduce
the dimensionality of data and to identify major trends, groups,
and features, which was done by metaX. Weighted gene correlation
network analysis (WGCNA) is a systems biology method for describing
correlation patterns among metabolites and identifying key metabolites
related to clinical indices. WGCNA was calculated across metabolomic
samples (7 = 30) using the WGCNA package in R (23). Partial least
squares discrimination analysis (PLS-DA) is a supervised algorithm
used in modeling high-dimensional data and is well applicable for
feature extraction and discriminative variable selection. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathway database is a
collection of manually classified pathways for understanding biological
functions and molecular interaction. The web-based metabolomic data
processing tool, MetaboAnalyst (http://www.metaboanalyst.ca), was
used for metabolite PLS-DA analysis and KEGG pathway enrichment
analysis (24).

Gut microbial 16S rDNA profiling

Fecal samples collected at Pre, FSD, and R10D were subjected to gut
microbial 16S rDNA sequencing. From the 36 subjects that strictly
followed the Bigu procedures, we successfully collected fecal samples
from 32 subjects at 3 time points (Pre, FSD, and R10D), since few
subjects defecated at F3D. Because 2 samples did not pass the quality
control criteria due to low quality, only 30 subjects’ data were analyzed
as follows. Fecal genomic DNA from all human subjects was extracted
by use of an agPure Stool DNA KF kit B (Magen) following the man-
ufacturer’s instructions. To target the 16S rRNA gene variable region
4 (V4), a forward primer 515F (5-GTGCCAGCMGCCGCGGTAA-
3’) and a reverse primer 806R (5'-GGACTACHVGGGTWTCTAAT-
3’) were used for the PCR amplification, both with Illumina adaptor
sequences at the 5" end. PCR products were purified using Agencourt
AMPure XP (Beckman Coulter) beads. All samples were sequenced on
the Illumina HiSeq 2500 platform (Illumina) by BGI. For data analysis,
reads were assembled using FLASH (Fast Length Adjustment of Short
reads, v 1.2.11) (25). Chimera checking was performed using UCHIME
(v4.2.40) (26) and de novo operational taxonomic unit (OTU) picking
was performed using USEARCH (v7.0.1090) (27) with 97% sequence
similarity. Representative sequences were assigned taxonomy against
the Greengene database V201305. PCA analysis of the identified OTUs
was performed by ade4 package in R. Linear discriminant analysis
(LDA) effect size (LEfSe) analysis was used to determine the taxa at
different taxonomic levels to explain differences between groups. LEfSe
analysis of the identified OTUs was performed online (https://huttenho
wer.sph.harvard.edu/galaxy/) (28).

Statistical analysis

Statistical analyses were performed by SPSS v22 (IBM) unless otherwise
stated. The normal distribution assumption was tested with Shapiro-
Wilk test for differences between 2 groups with P > 0.05 indicating
normal distribution of the data. Homogeneity of variances was tested
using Levene’s test with P > 0.05 indicating equal variances. For
the baseline characteristics analysis, P values were calculated by
unpaired Student’s ¢ test between male and female subjects. For the
physiological and body composition parameters, data were analyzed
by repeated measures ANOVA with Greenhouse-Geisser correction.
Bonferroni adjustment was used for post hoc analysis. For normally
distributed variables, differences between 2 groups were evaluated
using paired ¢ tests. Variables that were not normally distributed were
analyzed with Wilcoxon signed-rank test for paired comparisons. For
the clinical indices, if the data were normally distributed variables
with equal variances, comparisons among multiple measurements were
performed using repeated measures ANOVA with Greenhouse-Geisser
correction. Bonferroni adjustment was used for post hoc analysis.
For the variables that were not normally distributed or with unequal
variances, Friedman’s test was used for multiple comparations. Dunn’s
test was used for multiple comparisons correction. For the plasma
metabolites analysis, Student’s # test was used for statistical analysis of
6 group comparisons (F3D vs. Pre, FSD vs. Pre, R10D vs. Pre, FSD

vs. F3D, R10D vs. F3D, R10D vs. FSD) in the heatmap. Benjamini-
Hochberg (BH) procedures were used for controlling false discovery rate
(FDR). Spearman’s rank correlation was used for metabolite modules
correlation calculation and was calculated between metabolite modules
and biochemical indices. Pearson correlation analysis was carried out to
detect the correlation between taurine and other indices. P < 0.05 was
considered statistically significant for 2-tailed tests.

Results

Study overview

We recruited 43 young healthy adults to conduct a 5-d Bigu
trial (Supplemental Table 1), during which period they ate
1 apple (<100 kcal) per d with free access to water. Thirty-
six subjects (21 females and 15 males) rigorously completed
the Bigu procedure (Figure 1). During fasting, both male
and female subjects continuously lost weight at constant
rates (—0.81 + 0.31 and —0.75 4+ 0.23 kg/d, respectively;
Table 1; Figure 2A). Body weight and BMI largely recovered
after resuming to normal diet but were still lower than baseline
after R30D (Table 1). HR was substantially accelerated till the
end of fasting but reduced to baseline after refeeding (Table 1).
Despite a transient rise of SBP after F2D, both SBP and DBP
were significantly lowered at R10D compared with baseline (P
< 0.001; Table 2).

Reductions in basal metabolic rate and total energy
expenditure showed a general impact of starvation as expected
(Table 1). This change is independent of the thyroid production
(Table 2). Muscle mass from all body positions was quickly
reduced upon starvation and continued to decline with a
gradually slowed rate (Table 1; Figure 2B and C). Unexpectedly,
body fat content significantly increased after F1D (P < 0.01)
before seeing a decrease at F2D, and remained stable at F3D
before continuously declining thereafter (Table 1; Figure 2B
and C). After refeeding, the muscle mass was quickly recovered
to baseline; however, the fat content continued to decrease at
R10D, and slightly recovered at R30D (Table 1; Figure 2B
and C). These data indicate a 3-d starvation threshold for
transforming to a prolonged fat-consuming pattern.

Physiological effects of 5-d Bigu

We then measured blood factors associated with inflammation,
aging, and cardiovascular diseases using plasma samples
collected at Pre, F3D, F5D, and R10D. Despite a transient
increase of CRP at F3D, CD73, an inflammation indicator
(29) was significantly lowered at FSD and R10D compared
with baseline (P = 0.015, P < 0.001; Table 2). The level of
IGF-1, a key hormone promoting aging (30), was significantly
lowered during fasting (P < 0.05) but recovered to baseline
after refeeding (Table 2). The cardiovascular disease risk
factors, Lp(a) and sdLDL (31, 32), were significantly lowered
at R10D compared with baseline (P < 0.05; Table 2),
suggesting a prolonged protective effect on cardiovascular
system following Bigu. Moreover, the levels of ApoAl and
ApoE were significantly lower at R10D than those at Pre
(P < 0.05; Table 2), indicating a reduced requirement for
cholesterol handling.

In addition to these apparently protective changes, Bigu
also led to some side effects. We observed significant decreases
in TP, ALB and PA at R10D compared with baseline (P
< 0.001; Table 2), reflecting a malnutrition status after 5-d
fasting. The circulating levels of LDH, ALT, and AST increased
during fasting (Table 2), indicating a transient impairment of
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54 subjects enrolled
(Female 28; Male 26)

Excluded (n = 11)

—>{ - declined to participate (n = 11)
- not meeting inclusion criteria (n = 0)
43 subjects participated

(Female 23; Male 20)

Excluded (n =7)
- declined to participate (n = 0)
- not meeting inclusion criteria (n = 7)

—>

36 subjects strictly followed
the fasting protocol
(Female 21; Male 15)

Excluded (n =4)

- declined to participate (n=0)
- missing data points (n = 4)

Excluded (n = 6)
- declined to participate (n = 0)
- samples not collected (n = 6)

32 subjects analyzed for
body composition
(Female 20; Male 12)

30 subjects performed metabolomics
and microbiota 16S sequencing
(Female 19; Male 11)

FIGURE 1 Schematic (A) showing the study design and the timing for sample collection. Body composition was monitored daily during fasting
and after 10-d or 30-d refeeding. Flowchart (B) demonstrating the included subjects in each step of analysis during the entire procedure.

the muscle and the liver. Starvation requires more nutrient
reabsorption from kidney. We observed a decrease of eGFR
during fasting, concurrent with increased circulating urea, UA,
and creatinine (Table 2). Notably, most of these adverse changes
completely recovered after 10-d refeeding (Table 2).

A starvation threshold to activate gluconeogenesis
and cholesterol biosynthesis

To evaluate the metabolic status during Bigu, we examined
blood glucose and lipid profiles at different time points.
Whereas fasting blood glucose was reduced at F3D as expected,
surprisingly, its level was completely recovered to baseline at
F5D despite continuous absence of energy intake (Figure 2D).
This dynamic change was independent of insulin secretion that
was consistently reduced during fasting (Figure 2E), suggesting
an activation of gluconeogenesis after F3D. Circulating levels of
TG, FFA and B-HB were all substantially elevated at both F3D
and F5D (Figure 2F-H), suggesting a lipolytic reprogramming
under starvation stress. TCh also significantly increased at
F3D compared with baseline (P < 0.001); however, different
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from other lipids, the increase of TCh was further potentiated
at F5D (Figure 2I), concurrent with an increase in LDL-
Ch and a decrease in HDL cholesterol from F3D to F5D
(Figures 1K and 2J). Considering no differences in TG, FFA,
and B-HB between F3D and F5D, these results suggest that
the increase of circulating cholesterol from F3D to FSD might
be derived from cholesterol biosynthesis rather than from the
decomposition of adipose tissues. Most of the fasting-induced
metabolic changes were completely reversed after refeeding
(Figure 2D-K).

Systemic metabolic reprogramming during
continuous starvation

We then performed untargeted metabolomics using human
plasma samples collected at Pre, F3D, F5D, and R10D to
investigate the systemic metabolic remodeling in response to
continuous fasting in human. A total of 4917 metabolites
were exclusively identified (Supplemental Figure 1A and B).
PCA analysis (Supplemental Figure 1C) and Venn diagram
(Supplemental Figure 1D) clearly discriminated the metabolite



TABLE 1 Physiological parameters and body composition during and after Bigu-style fasting in healthy young adults’

R30D
60.7 £+ 8.01**

R10D
60.2 £+ 7.75"*

F5D
58.0 £ 7.52%*

F4D
58.5 £ 7.54%*

F3D
59.0 £+ 7.66™*

F2D
59.7 £+ 7.69***

F1D
60.8 + 7.80"**

Pre
61.8 & 7.80
222 +£1.77
742 4+ 145

Body weight, kg
BMI, kg/m?
HR, bpm

21.7 £ 1.83*
757 + 126

21.2 & 1747 21.0 &+ 1.70%* 20.8 &+ 1.71%+* 21.6 &+ 1.74%*
76.4 + 133

214 + 177+

21.8 £ 1.81%*

92.6 + 152 91.5 £ 17.8** 90.9 £ 21.3** 91.6 + 17.5%*

82.7 + 20.7*

15 £ 112
715 £+ 8.01
1360 + 160
2100 + 250

110 £ 10.9%

18 £ 111
745 + 8.36

117 £ 101
745 + 8.36

119 £ 113
748 + 7.68

123 £ 13.2*
73.1 + 8.04
1350 £ 160***

120 + 10.0
714 + 7.85

M7 £ 118
741 4+ 8.36
1370 £+ 160
2100 + 250
473 + 7.63
437 +7.21

SBP, mmHg
DBP, mmHg

67.6 + 8.86™*
1360 + 160
2100 + 250
47.2 +7.90
43.7 + 7.48

134 + 150%**
2060 + 240™+*

134 + 150

1340 £ 150***

1350 + 160***

Basal Metabolic rate, kcal/d

2070 + 240+ 206 + 240™* 206 + 240**

2080 £ 240%*

Total energy expenditure, kcal/d

Lean weight, kg

455 + 7.41%+* 449 + 7.34%* 447 + 7.35%* 447 £ 7.40%* 47.0 £+ 7.88
435 + 7.45

459 £ 7.46%*

42.0 + 7.00%** 415 + 6.95"* 41.3 + 6.97** 41.3 + 7.00"**

42.4 + 7.06™*

Muscle mass, kg

Body fat, kg

137 £ 3.77%*

13.1 £ 372+
21.9 £ 6.07*

13.3 £ 3.82%

13.8 £ 3.78*
237 £ 6.10

14.1 £ 379

24.0 + 6.00
581 + 1.75

14.2 £+ 3.85%=
240 + 6.02
588 £+ 1.74

146 £ 376 149 + 3.84**

237 £ 58
5.69 £+ 1.51

22.7 £ 589

23.1 + 6.25*

246 + 588

Body fat rate, %2

528 + 1.87* 469 + 1.79** 525 + 1.80*

572 + 1.78

6.13 £+ 1.62***

Abdominal obesity?

"Data are means + SDs. The normal distribution assumption is tested with the Shapiro-Wilk test for differences between 2 groups with P > 0.05 indicating normal distribution of the data. For normally distributed variables, differences between

2 groups are analyzed by repeated measures ANOVA with Greenhouse—-Geisser correction. Bonferroni adjustment is used for post hoc analysis. Variables that are not normally distributed are analyzed with the Wilcoxon signed-rank test for paired

comparisons. P < 0.05 is considered statistically significant for 2-tailed tests. n = 32. *P < 0.05; *P < 0.01; **P < 0.001. BMI, body mass index; DBF, diastolic blood pressure; HR, heart rate; SBR, systolic blood pressure.

2Body fat rate (%) = body fat (kg)/body weight (kg).

3 Abdominal obesity: based on the measure, 5 types were defined by Body Composition Analyzer 101353 (Jawon Medical); 1-4, subcutaneous type; 5-8, equalization type; 9-10, critical type; 11-15, visceral obesity type; >16, height visceral

obesity type.

profiles at fasting states (F3D and F5D) from those at
feeding states (Pre and R10D). According to the response
to starvation, 6 clusters of longitudinal trajectories were
identified by using c-means clustering, among which clusters
1-3 were downregulated and clusters 4-5 were upregulated
(Supplemental Figures 2 and 3).

By using weighted gene correlation network analysis
(WGCNA), metabolites were binned into 26 co-abundance
modules (Figure 3A and B; Supplemental Table 2). The modules
with increased eigengene levels during fasting (M21-25) were
positively correlated with the lipid profiles but negatively
correlated with the glucose profile, whereas the modules
with decreased eigengene levels (M02-06) displayed opposite
correlation trends (Figure 3C; Supplemental Figure 4). These
results confirm a systemic metabolic remodeling to promote
lipolysis during fasting.

Pathway enrichment showed that M02, a module with a
decreased eigengene level, was related to biosynthesis of bile
acids (Figure 3D). This was consistent with a decrease of
total bile acids detected by biochemistry (Table 2), confirming
the validity of our metabolomic analysis. Interestingly, both
bile acids and steroids (MO03; Figure 3E) are secondary
derivatives of cholesterol (33). In contrast, tyrosine (M22) and
arachidonic acid (M24) metabolism pathways that stimulating
cholesterol biosynthesis (34, 35) were up-regulated during
fasting (Figure 3F and G; Supplemental Figure 4). These
results suggest that continuous fasting activates cholesterol
biosynthesis but inhibits its metabolism.

According to the pathway enrichment analyses, arachidonic
acid metabolism, linoleic acid metabolism and branched-chain
amino acid (BCAA) biosynthesis were major pathways affected
by 5-d fasting (Supplemental Figure 5A and B). Though mostly
reversed after refeeding, pathways related to inositol phosphate
metabolism, BCAA biosynthesis and phenylalanine metabolism
were still significantly altered at R10D compared with baseline
(Supplemental Figure 5C and D), suggesting a prolonged
metabolic reprogramming following 5-d Bigu.

Taurine Negatively Correlated with Gluconeogenesis
and Cholesterol Biosynthesis from F3D to F5D

Since F3D is a critical turning point for the metabolic
remodeling, we further analyzed the difference between F3D
and FSD at the metabolome scale. Partial least squares
discrimination analysis (PLS-DA) clearly discriminated the
metabolic profiles at F3D from those at FSD (Figure 4A).
Surprisingly, taurine appeared in both negative and positive
ionization modes with high VIP scores (Figure 4B), a measure
of a variable’s importance in the PLS-DA model. Moreover,
pathway enrichment identified the taurine and hypotaurine
metabolism pathway to be with the highest impact for the
metabolic difference between F3D and F5D (Figure 4C). In
detail, abundance of the serum taurine significantly increased at
F3D but completely recovered to baseline at FSD (Figure 4D),
a pattern negatively correlated with the blood glucose level.
Interestingly, the amount of taurine was negatively correlated
with the glucose level at the fasting state (F3D and F5D)
but not at the feeding state (Pre and R10D) (Figure 4E;
Supplemental Figure 6A). Despite no correlation with TCh
(Figure 4F; Supplemental Figure 6B), taurine was significantly
and negatively correlated with de novo cholesterol (subtracting
that from adipose decomposition as described in Methods)
only at the fasting state (Figure 4G; Supplemental Figure 6C).
These results suggest that alteration of taurine might coordinate
the processes of gluconeogenesis and cholesterol biosynthesis
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TABLE 2 Plasma metabolites and clinical indices during and after Bigu-style fasting in healthy young adults'

Pvalue
n Pre F3D F5D R10D F3Dvs. Pre  F5D vs. Pre R10D vs. Pre R10D vs. F5D
fT3, pmol/L " 3.08 £ 0.24 245 £ 032 2.36 £+ 0.36 3.16 £+ 0.25 <0.001 <0.003 0.549 <0.001
T4, pmol/L " 137 £ 0.15 153 £ 0.25 1.66 £ 0.25 1.48 £ 0.19 0.072 0.003 0.042 0.110
TSH, pmol/L 10 1.79(1.47-2.48) 0.56 (0.3-1.01) 1.13(0.81-1.68) 1.71(1.2-2.19) 0.002 0.341 1.000 1.000
CRP, mg/L 31 0.05(0.01-0.18) 0.21(0.06-0.94) 0.11(0.04-0.61) 0.04(0.02-0.14) <0.001 0.142 1.000 1.000
CD73, U/L 22 4.75(3.92-5.59) 4.81(3.93-5.65) 3.94(3.15-4.85) 3.21(2.68-4.08) 1.000 0.015 <0.001 1.000
IGF-1, pg/L 32 182 (158-221) 147 (123-172) 108 (92.8-143) 180 (150-196) 0.016 <0.001 1.000 <0.001
sdLDL, mmol/L 22 0.76 £+ 0.23 072 £ 0.19 0.68 £ 0.15 059 + 0.15 1.000 0.458 0.010 0.306
Lp(a), mg/L 21 39.0(19.0-115) 26.0(12.0-82.0) 25.0(12.0-75.0) 26.0(10.0-65.5) 0.162 1.000 0.017 0.499
ApoAT, ng/mL 21 163 + 0.19 170 + 0.29 151 & 0.25 1.47 + 0.20 1.000 0.105 0.034 1.000
ApoE, ng/mL 21 426 + 121 423 £ 124 36.3 £ 120 345 + 108 1.000 0.003 0.001 1.000
ALB, g/L 22 45.8(43.6-48.1) 47.3(45.7-50.3) 44.1(39.7-47.1) 36.7 (33.0-41.5) 1.000 1.000 <0.001 0.021
TP g/L 22 69.9 (66.8-72.9) 73.0(70.2-77.8) 68.5(62.1-71.3) 55.8 (49.8-64.1) 1.000 1.000 <0.001 0.007
PA, mg/L 22 251 + 29.2 191 + 39.7 160 + 30.6 218 + 406 <0.001 <0.001 <0.001 <0.001
LDH, U/L) 33 165 + 20.7 199 + 26.8 180 + 225 165 + 247 <0.001 <0.001 1.000 0.009
ALT, U/L) 35 13.0(8.0-17.0) 19.0(13.0-23.0) 15.0(13.0-18.0) 14.0(11.0-16.0) <0.001 0.044 0.832 1.000
AST, U/L 35 17.0(16.0-23.0) 31.0(28.0-37.0) 25.0(23.0-29.0) 18.0(16.0-22.0) <0.001 <0.001 1.000 <0.001
TBA, wmol/L 22 2.87(2.16-4.97) 1.43(1.03-1.94) 1.76 (0.97-2.56) 3.04(1.9-4.18) 0.001 0.251 1.000 1.000
eGFR, ml/min 29 122 (120-127) 112 (102-120) 117 (111-123) 123 (113-127) <0.001 <0.001 1.000 0.008
UA, pmol/L 35 358 + 67.7 605 + 83.7 639 + 114 328 + 84.0 <0.001 <0.001 0.008 <0.001
Urea, mmol/L 35 434 £ 117 478 + 1.14 419 + 1.23 412 + 1.26 0.043 1.000 1.000 1.000
Creatinine, mol/L 35 65.9 £ 111 749 £ 130 715 £ 140 66.7 + 125 <0.001 <0.001 1.000 < 0.001

"Data are presented as means + SDs for normally distributed continuous variables with equal variances, or shown as medians (25th-75th percentiles) for skewed continuous
variables or those with unequal variances. Normal distribution assumption tested with the Shapiro-Wilk test with P > 0.05 indicating normal distribution. Homogeneity of
variances tested using Levene's test with P > 0.05 indicating equal variances. For the normally distributed variables with equal variances, comparisons among multiple
measurements performed using repeated measures ANOVA with Greenhouse-Geisser correction. Bonferroni adjustment used for post hoc analysis for significant findings
from the ANOVA. For the variables that are not normally distributed or those with unequal variances, Friedman's test used for multiple comparisons. P < 0.05 considered
statistically significant for 2-tailed tests. ALB, albumin; ALT, alkaline aminotransferase; ApoE, apolipoprotein E; AST, aspartate aminotransferase; CD73, 5'-nucleotidase; CRR
C-reactive protein; eGFR, estimated glomerular filtration rate; fT3, free triiodothyronine; fT4, free thyroxine; IGF-1, insulin-like growth factor 1; LDH, lactate dehydrogenase;
Lp(a), lipoprotein(a); sdLDL, small dense low density lipoprotein; TBA, total bile acids; TR, total protein; TSH, thyroid stimulating hormone; UA, uric acid; urea, urea nitrogen.

during continuous starvation. Notably, dietary taurine has been
previously reported to reduce blood glucose and cholesterol
levels in both rodents and humans (36-40).

Gut bacteria contribute to the host metabolic
remodeling during Bigu
We then performed microbial 16S rDNA profiling using fecal
samples collected at Pre, FSD, and R10D. A total of 630
OTUs were identified. A significant change of gut microbiota
communities at FSD compared with those at feeding states
was observed (Supplemental Figure 7A—C). Although the beta
diversity assessed by PCA plotting showed similar distribution
of microbiomes at all 3 time points (Supplemental Figure 7D),
the abundances of genus Phascolarctobacterium, Escherichia,
and Bacteroides species were increased, whereas the abundance
of genus Faecalibacterium and Prevotella species were decreased
at FSD (Supplemental Figure 7E). These results indicated that
gut microbiota was significantly altered at starvation stage.
LEfSe analysis selected 37 biomarker OTUs for all 3 time
points (Figure 5A). Cladogram showed that fasting mainly al-
tered bacteria from proteobacteria (Figure 5B). Based on OTUs
abundance and identification accuracy, we finally screened
13 biomarker OTUs that could be clustered into 2 groups
(Figure 5C). Three genera—including Bilophila, Eschericha, and
Phascolarctobacterium—were positively correlated with the
glucose profiles but negatively correlated with the lipid profiles,
whereas Streptococcus showed opposite correlation patterns
(Figure 5D; left). Moreover, the fasting-induced changes in
microbiota were also strongly correlated with the glucose- or
lipid-related metabolic modules (Figure 5D; right), suggesting a

tight link between gut microbiota and host metabolism during
fasting.

Both Bilophila and Eschericha have been shown to utilize
taurine as a sulfur source (41). The abundances of Bilophila and
Eschericha significantly increased at FSD, but fell to baseline
after refeeding (P < 0.001; Figure SE). Though not achieving
statistical significance, their abundances tended to be negatively
correlated with the taurine level at the feeding state but
positively correlated with that at FSD (Figure SF and 5G). These
data suggest that the increased taurine at F3D might enrich
taurine-utilizing gut bacteria, which in turn consume excess
taurine and contribute to its decrease from F3D to F5D.

Discussion

Fasting-based regimens are increasingly recognized as a pow-
erful strategy to improve health (1-3). Here we demonstrate
that a 5-d Bigu procedure is safe and confers prolonged benefits
in healthy adults by reducing adiposity and lowering serum
markers associated with inflammation and cardiovascular
diseases.

One-shot fasting would be equivalent to long-term fasting
regimens so long as it surpasses the starvation threshold
to activate gluconeogenesis and cholesterol biosynthesis. The
coordination of metabolism pathways revealed in this study
challenges the current paradigm about the role of glucose
and cholesterol homeostasis in health. In the context of
Bigu, activation of gluconeogenesis and cholesterol biosyn-
thesis might contribute as a preconditioning mechanism to
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subsequently improve glucose and cholesterol handling. This
concept is supported by our observation that the levels of
ApoAl and ApoE were all significantly lowered after 5-d
Bigu despite of completely recovered blood cholesterol level
(Table 2).

To our surprise, the consumption of fat within the first
3 d of fasting displays a fluctuated mode. It is not until F3D
that the body transforms to a fat-consuming metabolic pattern
(Table 1). Instead, muscle and liver seem to be first exploited
upon fasting. This might be attributable to their roles as major
organs for storing glycogen that is immediately decomposed
to supply enough circulating glucose upon fasting (42). The
increase of fat mass at F1D is counterintuitive and unexpected,
as the current prevailing paradigm would predict a consistent
lipolytic response to fasting. It has been reported that 24-h
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starvation increased TCh and FFA but decreased TG in blood
(43). Considering the consistent increase of circulating TG
along with TCh, FFA and keto body at F3D (Figure 2F-I), our
data suggest an actually later consumption of fat-derived lipids
during continuous starvation. The early increase of fat content
upon starvation may imply a previously unknown lipogenic
process as a possible intrinsic pre-conditioning response for
potent further starvation.

Both gluconeogenesis and cholesterol biosynthesis happen in
the liver. Their activation during continuous starvation might be
coupled together. This idea is supported by a recent study that
phosphoenolpyruvate carboxykinase 1, a rate-limiting enzyme
for gluconeogenesis, could phosphorylate insulin induced gene
1/2 (INSIG1/2) to release sterol regulatory element-binding pro-
teins (SREBPs) from endoplasmic reticulum and subsequently
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FIGURE 5 Gut microbiota contribute to host metabolic remodeling during and after Bigu-style fasting in healthy young adults. (A) Histogram
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effect size (LEfSe) analysis of fecal microbial 16S rDNA profiling. (B) Cladogram plot showing taxonomic distribution of bacterial groups at three
classification levels including class, order and family. A total of 37 altered microbial taxa are detected (LDA score >2.0). (C) Heatmap showing
the relative abundance of 13 biomarker OTUs for Pre, F5D and R10D time points. Biomarker OTUs are identified and filtered according to criteria
below: maximum absolute abundance >300; OTUs in more than half of the individual samples >0; identification accuracy to at least genus or
species. (D) Spearman’s correlation coefficients profiles of microbial biomarkers with serum metabolites (left) and metabolite modules analyzed
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promote lipogenesis (44). This report provides a molecular link
between gluconeogenesis and cholesterol biosynthesis. From
our study, the first piece of evidence is the timing match. In
humans, both gluconeogenesis and cholesterol biosynthesis are
activated from F3D to FSD (Figure 2D and I). The second
piece of evidence is their concurrent negative correlations with
taurine (Figure 4E and G). Taurine supplement has been found
to reduce both serum glucose and cholesterol levels (36-40).
Taurine inhibits gluconeogenic enzymes and prevents hepatic
glucose output (45). In a hamster model, taurine supplement
resulted in lower TCh and LDL cholesterolwith upregulated
expression of the low-density lipoprotein receptor and Cyp7al
genes, indicating increased cholesterol metabolism by taurine
(46). However, the regulation of glucose and cholesterol by
taurine only happens under the fasting condition, suggesting a
special metabolic context required for its function. Our finding
provides the first evidence that taurine-mediated regulation
of glucose and cholesterol homeostasis is a possible mecha-
nism implicated in starvation-induced metabolic response in
humans.

Endogenous taurine mostly exists as taurocholic acids by
conjugating to bile acids (47-50). The increase of free taurine
on F3D is probably due to reduced bile acid generation detected
by both biochemical and mass spectrum measurements in our
study (Table 2; Figure 3D). Both taurine and bile acids can shape
the composition of gut microbiota (47-50). Under continuous
starvation, taurine would become an important source of energy
for specific bacteria—like species from the genuses Bilophila
and Escherichia—that contain enzymes to utilize taurine (41).
Thus, taurine and taurine-utilizing bacteria would form a
negative feedback loop during fasting.

Gut microbiota contribute to host metabolic reprogramming
during energy restriction (15-20). Transplant of microbiota
from calorie-restricted mice suppresses high-fat diet-induced
obesity and alleviates hepatic lipid accumulation (19). More-
over, gut bacteria play a causal role in the activation of adipose
beiging during fasting (20). Thus, the Bigu-induced changes in
lipids might also be attributable to the compositional change of
microbiota.

Attenuated adiposity is an implied outcome in fasting-based
regimens that usually lasts for months or years (4-7). The
cumulative response to starvation in those long-term studies
might also be relevant to the pattern unveiled in this short-term
study with uninterrupted starvation. Both body composition
and blood biochemistry measurements confirm that 3-d fasting
defines a metabolic turning point when significant fat mobi-
lization is initiated and will continue in excess of food intake
for up to 1 mo. Nevertheless, despite a significant reduction
in fat content after F3D, the levels of circulating TG, FFA,
and B-HB remained stable from F3D to FSD (Figure 2F-H),
indicating an activation of lipolytic pathways to provide energy
under continuous starvation, and consequently maintained their
constant levels in blood. Degradation of fatty acids provides
the materials for gluconeogenesis and cholesterol biosynthesis
like acetyl-CoA. Although fatty acids were once thought unable
to be directly used to generate glucose, the conversion is
theoretically feasible (51) and high-fat diets have been known
to enhance hepatic gluconeogenesis (52).

The observed side effects—such as prolonged malnutrition,
transient tissue impairments, augmented blood pressures, accel-
erated HR, hyperlipidemia, and hyperglycemia—raise serious
concerns regarding the practice of long-term Bigu in patients
with hypertension, arrhythmia, diabetes mellitus, or metabolic
syndrome. This study has several limitations. First, this is a

self-control study with young healthy subjects. The selection
criteria used in our study (i.e., age, health status,and BMI) might
introduce a selection bias in our study design. The outcomes
in elderly people or patients with metabolic diseases might
differ from those observed in this study and need to be further
investigated. For blood measurements, we skipped F1D, F2D,
and F4D to reduce the times of blood sampling, but this may
neglect key time points of molecular changes for particular
circulating indicators. In the microbial profiling, we failed to
collect fecal samples at F3D, since few people defecated at that
time point. In addition, most identified bacteria in this study
were limited to genus due to the maximum accuracy of 16S
rDNA profiling. Metagenomic microbial sequencing will be
needed to further distinguish specific strains associated with the
metabolic remodeling. For statistical analyses, some outcomes
were tested without regard to the inherent increase in type error
rate.

Taken together, our study unveils the dynamic coordination
of metabolic pathways during Bigu-style fasting in young
healthy adults. A 3-d starvation threshold to activate gluconeo-
genesis and cholesterol biosynthesis concurrent with a taurine—
microbiota regulatory loop represents the metabolic basis for
the health benefits associated with Bigu. These findings provide
novel insights into the molecular mechanism involved in fasting-
based interventions.
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