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The Intestinal Microbiome Predicts Weight Loss on a Calorie-Restricted Diet and Is Associated With Improved Hepatic Steatosis












	
	ORIGINAL RESEARCH
published: 08 July 2021
doi: 10.3389/fnut.2021.718661






[image: image2]

The Intestinal Microbiome Predicts Weight Loss on a Calorie-Restricted Diet and Is Associated With Improved Hepatic Steatosis

Tien S. Dong1,2,3,4, Kayti Luu1,2,3,4, Venu Lagishetty1,2,3,4, Farzaneh Sedighian1,2,3, Shih-Lung Woo5, Benjamin W. Dreskin3,4, William Katzka1,2, Candace Chang1,2, Yi Zhou1,2, Nerea Arias-Jayo1,2, Julianne Yang1,2, Aaron I. Ahdoot1,2, Jason Ye1,2, Zhaoping Li4,5, Joseph R. Pisegna1,3,4 and Jonathan P. Jacobs1,2,3,4*


1The Vatche and Tamar Manoukian Division of Digestive Diseases, Department of Medicine, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA, United States

2UCLA Microbiome Center, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA, United States

3Division of Gastroenterology, Hepatology, and Parenteral Nutrition, Veterans Administration Greater Los Angeles Healthcare System, Los Angeles, CA, United States

4Department of Medicine, Veterans Administration Greater Los Angeles Healthcare System, Los Angeles, CA, United States

5Center for Human Nutrition, David Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA, United States

Edited by:
Luis Rodrigo, Central University Hospital of Asturias, Spain

Reviewed by:
Marloes Dekker Nitert, The University of Queensland, Australia
 Nico Steckhan, Charité – Universitätsmedizin Berlin, Germany

*Correspondence: Jonathan P. Jacobs, jjacobs@mednet.ucla.edu

Specialty section: This article was submitted to Nutrition and Microbes, a section of the journal Frontiers in Nutrition

Received: 01 June 2021
 Accepted: 17 June 2021
 Published: 08 July 2021

Citation: Dong TS, Luu K, Lagishetty V, Sedighian F, Woo S-L, Dreskin BW, Katzka W, Chang C, Zhou Y, Arias-Jayo N, Yang J, Ahdoot AI, Ye J, Li Z, Pisegna JR and Jacobs JP (2021) The Intestinal Microbiome Predicts Weight Loss on a Calorie-Restricted Diet and Is Associated With Improved Hepatic Steatosis. Front. Nutr. 8:718661. doi: 10.3389/fnut.2021.718661



Background: The microbiome has been shown in pre-clinical and epidemiological studies to be important in both the development and treatment of obesity and metabolic associated fatty liver disease (MAFLD). However, few studies have examined the role of the microbiome in the clinical response to calorie restriction. To explore this area, we performed a prospective study examining the association of the intestinal microbiome with weight loss and change in hepatic steatosis on a calorie-restricted diet.

Methods: A prospective dietary intervention study of 80 overweight and obese participants was performed at the Greater West Los Angeles Veterans Affair Hospital. Patients were placed on a macronutrient standardized diet for 16 weeks, including 14 weeks of calorie restriction (500 calorie deficit). Body composition analysis by impedance, plasma lipid measurements, and ultrasound elastography to measure hepatic steatosis were performed at baseline and week 16. Intestinal microbiome composition was assessed using 16S rRNA gene sequencing. A per protocol analysis was performed on all subjects completing the trial (n = 46).

Results: Study completers showed significant reduction in weight, body mass index, total cholesterol, low density lipoprotein, and triglyceride. Subjects who lost at least 5% of their body weight had significantly greater reduction in serum triglyceride and hepatic steatosis than those with <5% body weight loss. Enterococcus and Klebsiella were reduced at the end of the trial while Coprococcus and Collinsella were increased. There were also significant baseline microbiome differences between patients who had at least 5% weight loss as compared to those that did not. Lachnoclostridium was positively associated with hepatic steatosis and Actinomyces was positively associated with hepatic steatosis and weight. Baseline microbiome profiles were able to predict which patients lost at least 5% of their body weight with an AUROC of 0.80.

Conclusion: Calorie restriction alters the intestinal microbiome and improves hepatic steatosis in those who experience significant weight loss. Baseline microbiome differences predict weight loss on a calorie–restricted diet and are associated with improvement in hepatic steatosis, suggesting a role of the gut microbiome in mediating the clinical response to calorie restriction.
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INTRODUCTION

Obesity has become a leading cause of morbidity and mortality in the United States, affecting an estimated 1 out of every 3–4 Americans (1, 2). The rise in the incidence of obesity has corresponded to a marked increase in obesity-related comorbidities such as cardiovascular disease, diabetes, and metabolic associated fatty liver disease (MAFLD) (3, 4). MAFLD, also commonly known as non-alcoholic fatty liver disease, is a disease that encompasses a spectrum that includes bland hepatic steatosis, steatohepatitis, and cirrhosis. With the increasing prevalence of obesity, it is estimated that MALFD will become the leading cause of cirrhosis and liver transplant in the next decade (5). Currently, there are no approved medications for the treatment of MAFLD and weight loss management is still the primary intervention for the treatment of MAFLD. Unfortunately, only 10–15% of patients are able to achieve significant enough weight loss with dietary and lifestyle modifications to affect MAFLD progression (6). Therefore it is important to understand the factors that affect weight loss in response to dietary interventions such as calorie-restricted diets.

Over the last decade, the intestinal microbiome has been discovered to be critical in the development and progression of obesity and MAFLD (7–9). For example, germ-free animals are resistant to weight gain as compared to normally housed mice (10). In pre-clinical models, the obese phenotype was transferrable to germ-free mice via the microbiome (11). Furthermore, it has been well-established that long-term dietary patterns are associated with differences in microbiome composition and function (12–14). Pre-clinical studies along with studies involving bariatric surgery in humans, have suggested that the gut microbiome may also play a role in response to weight loss interventions (15–17). However, there is relatively little human data on the association of the microbiome with response to calorie restriction diets. Studies have been published on short-term calorie restriction diets of 3–4 weeks duration, but not of longer duration diets required to achieve clinically significant weight loss (18, 19). To study the role of the microbiome in weight loss and improved hepatic steatosis in response to calorie restriction, we performed a prospective study of the microbiome of obese and overweight subjects placed on a calorie-restricted diet for 14 weeks.



MATERIALS AND METHODS


Patient Recruitment

Subjects were recruited at the Greater West Los Angeles Veterans Affair Medical Center (ClinicalTrials.gov Identifier: NCT01146704). Inclusion criteria included age between 20 and 75 years old, BMI of at least 27 kg/m2, stable smoking habits for at least 6 months prior to enrollment or non-smoker and was willing to maintain those habits for the duration of the study. Exclusion criteria included significant weight change (>3.0 kg) in the month prior to enrollment, weight loss of >10 kg in the 6 months prior to enrollment, were already on a calorie-restricted diet within 4 months to enrollment, using any investigational drugs within 2 months, abnormal baseline labs (serum creatinine > 1.6 mg/dl; ALT, AST, total bilirubin > 2.0 times the upper limit of normal; triglycerides > 500 mg/dl, total cholesterol > 350 mg/dl, TSH outside of normal range), pregnant or planning to be pregnant, drinking more than 1 alcoholic beverage a day, prior bariatric surgery, personal history of malignancy or inflammatory bowel disease. All patients gave written and verbal consent. The study was approved by the Greater West Los Angeles Veterans Affair Medical Center Institutional Review Board.



Study Design and Dietary Intervention

Age, sex, race, ethnicity, medical history, current medications, surgical history, smoking history, drinking history, were obtained at the time of enrollment. After enrollment, patients were randomized using a random number generator to one of two macronutrient standardized diets (30% fat, 15% protein, 55% carbohydrate, or 30% fat, 30% protein, 40% carbohydrate) then received dietary counseling with either a certified nutritionist or medical doctor. Patients were blinded to their diet allocation. The calorie restricted diet was implemented in two phases: (1) an initial macronutrient-standardized diet without calorie restriction for 2 weeks then the same macronutrient-standardized diet with a deficit of 500 calories from their calculated metabolic rate for 14 weeks. The subject's basal metabolic rate was calculated using the InBody Scanner (Cerritos, California, USA) body composition analysis adjusting for routine daily activity by multiplying the basal metabolic rate by 1.2. Subjects received dietary counseling during their baseline visit on their macronutrient standardized diet. After their initial 2 weeks, subjects were then further counseled on how to restrict their intake. Patients were instructed to log their meals on a daily basis using a standardized log sheet. Patients were followed every 2–4 weeks for further counseling on dietary intake until the end of the trial which occurred at 16 weeks post-enrollment. Ultrasound elastography was done at the initial baseline visit as well as the final visit using the FibroScan platform (Echosens, Waltham, MA, USA) with the XL probe by trained technician with at least 100 prior procedures (20). Blood was drawn at baseline and at the final visit and tested for total cholesterol, high density lipoprotein (HDL), low density lipoprotein (LDL), triglyceride, and hemoglobin A1c (HbA1c).



Nutritional Assessment and Compliance

The Diet History Questionnaire III (DHQIII) was used to assess participants' baseline and final caloric intake and macronutrient composition. The DHQIII is a self-administered and validated diet questionnaire that asks patients about their food consumption over the previous month. It is supported by the National Cancer Institute and has been validated against other food frequency questionnaires (21). The DHQIII was administered at baseline and at the final visit. Compliance to a calorie restricted diet was defined as a reduction of 500 calories from their baseline food intake as measured by the DHQIII.



Fecal Sampling and Processing

Subjects were given an at home stool kit for stool collection. Stool was collected in Para-Pak collection vials pre-filled with 95% ethanol, which allows stable storage for 2–4 weeks at room temperature (22). Patients were instructed to provide a stool sample within 24–48 h of their study visit. Patients were asked to return a sample at every visit, including the baseline and final visit. In total, 8 stool samples were collected from each participant. Received samples were then immediately stored in −80°C until processing. Samples were processed as a single batch. DNA from the stool was extracted using the ZymoBIOMICS DNA Microprep Kit (Zymo Research, Irvine, CA, USA) per the manufacturer's protocol. We sequenced the V4 hypervariable region of the 16S ribosomal DNA using the Illumina Novaseq 6000 as previously described (23). The raw sequences were processed using the DADA2 pipeline in R and taxonomy was assigned using the SILVA 132 database (24). The amplicon sequence variant (ASV) count table was then incorporated into QIIME2 (version 2020.11) for further analysis (25). Low abundant ASVs, those that were not present in at least 15% of samples, were removed from the analysis. The median sequence depth was 210,183 with a range from 92,624 to 427,748.



Statistical Analysis

All analysis was done without knowing the patients' diet allocation. Clinical characteristics and outcomes were compared between baseline and the final visit at week 16 using the Wilcoxon signed-rank test. Clinical characteristics and outcomes between groups at baseline and at week 16 were compared using the Wilcoxon rank sum test. Hispanic ethnicity was incorporated as a race category for analysis. Significant weight loss was defined as having at least 5% weight change from baseline (26). Wilcoxon rank-sum test was performed to compare changes between those that had significant weight loss as compared to those that did not. Categorical data was compared using the Fisher's exact-test. Values are expressed as medians with their interquartile range (IQR). Microbiome data was analyzed using the same approaches as our previously published studies (27, 28). Beta diversity was determined using the robust Aitchison distance metric employed in QIIME2. This newer distance metric is able to discriminate better for human studies as compared to UniFrac or Bray-Curtis (29). Significance of beta diversity differences was determined using permutational multivariate analysis of variance as implemented in the “adonis” package in R (version 4.0.3, Vienna, Austria) controlling for subject and macronutrient diet group. Alpha diversity was calculated using the Shannon index, which measures species richness and evenness, with data rarefied to 92,623 sequences. Significance of differences in alpha diversity was calculated using repeated measures analysis of variance controlling for subject and macronutrient diet group. Differential abundance of microbial genera was assessed using DESeq2 in R which utilizes an empirical Bayesian approach to shrink dispersion and fit non-rarified count data to a negative binomial model (30). Differential abundance testing controlled for subject and macronutrient diet group. P-values were converted to q-values to correct for multiple hypothesis testing using a threshold of q < 0.05 for significance. The majority of patients who did not complete the study, dropped out of the study within the first 4 weeks. There were no clinical differences between the participants that did drop out vs. those that remained. Therefore, analysis was performed by a per protocol design, therefore excluding patients who did not complete the study. Using differentially abundant genera, a random forest classifier to predict significant weight loss and reduction in hepatic steatosis was created in R using the “randomForest” package with 1,001 trees and an optimized mtry similar to our previous published works (28). Features imputed into the model were those genera found to be differentially abundant. The accuracy of the model was estimated using 5-fold cross validation and presented as a receiver operating characteristic curve. Mediation analysis was performed using the “mediation” package in R with bootstrapping.




RESULTS

During the recruitment period, 131 subjects were screened, and 80 subjects enrolled into the study (Figure 1). These subjects were placed on one of two macronutrient standardized diets varying in protein and carbohydrate intake for 2 weeks, then were transitioned to calorie-restricted diets with the same macronutrient profile (500 calories estimated deficit) for 14 weeks. Of the 80 enrolled subjects, 46 completed the trial. Given the moderate number of study completers and lack of a statistically significant difference in weight loss between the two macronutrient profiles (Supplementary Table 1), subjects in both macronutrient groups were combined to analyze the effects of calorie restriction. Patients who completed the trial had significant weight loss [102.3 kg (IQR 27.6) at baseline and 98.4 kg (IQR 27.3) at 16 weeks; p < 0.01] (Table 1). There was also a significant reduction in their BMI [34.3 kg/m2 (IQR 4.7) at baseline and 33.3 kg/m2 (IQR 6.3) at 16 weeks; p < 0.01]. In addition to weight loss, completers also had improvements in their total cholesterol [170.5 mg/dl (IQR 65.0) vs. 153 mg/dl (IQR 53.0); p < 0.01], HbA1c [6.0% (IQR 1.2) vs. 5.9 % (IQR 0.7); p = 0.04], and triglyceride [130 mg/dl (IQR 86) vs. 97 mg/dl (IQR 35); p < 0.01]. There was a trend in LDL improvement [98.5 mg/dl (IQR 54.0) vs. 80.0 mg/dl (IQR 53.3); p = 0.09] but there was no difference in HDL, hepatic fibrosis, or steatosis as measured by controlled attenuation parameter (CAP) score at 16 weeks as compared to baseline. At baseline, participants consumed a median of 2051.3 kcal while at the final visit, participants consumed a median of 1492.9 kcal (p < 0.01; Table 2). At the final visit, participants consumed significantly less fat (p < 0.01) and carbohydrate (p < 0.01) as compared to their baseline values as measured by the DHQIII. There was no difference in protein intake between the final visit and baseline visit (p = 0.11). While there was no change in steatosis from the final visit to the baseline visit, completers that achieved loss of at least 5% of body weight demonstrated a significant reduction in CAP score as compared to those that did not lose at least 5% of body weight [−65.5 dB/m (IQR 92.0) vs. 23.5 dB/m (IQR 72.0); p < 0.01; Table 3]. Similarly, patients who had at least 5% weight loss also had significantly greater improvement in serum triglycerides (p < 0.01) and fibrosis (p = 0.04). There were no differences by age, gender, or race between those that had significant weight loss vs. those that did not have significant weight loss. Furthermore, patients who lost significant weight did not have significant changes to their total calorie intake or macronutrient intake as compared to those that did not lose significant weight (Table 4). Twenty-five patients were deemed as compliant with the calorie restriction as determined by their DHQIII. There was no difference in the proportion of compliant patients between those that lost significant weight as compared to those that did not. In a subgroup analysis comparing participants with diabetes to those without diabetes, those without diabetes lost significantly more percent body weight as compared to those with diabetes [−8.6% (IQR 4.7) vs. −4.6% (IQR 5.3), p = 0.01].
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FIGURE 1. Study flow diagram.



Table 1. Patient characteristics, laboratory values, and ultrasound elastography measurements at baseline and at the end of the study (week 16).
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Table 2. Macronutrient intake at baseline and at the final visit as measured by the Diet History Questionnaire III.
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Table 3. Patient characteristics and clinical outcomes comparing study participants who lost at least 5% of their body weight to those that did not.
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Table 4. Change in macronutrient intake by study participants who lost at least 5% of their body weight as compared to those that did not.
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The fecal microbiome of subjects was assessed by 16S rRNA sequencing at baseline and at 16 weeks. Patients who were able to achieve at least 5% weight loss had significant differences in overall microbial composition (beta diversity) both at baseline and at 16 weeks as compared to those that did not have significant weight loss (p = 0.001; Figure 2A). There were no significant differences in overall microbial composition between baseline and end of treatment for either patients who had significant weight loss (p = 0.83) or patients who did not have significant weight loss (p = 0.93). There were also no significant differences in overall microbial composition at baseline between patients with diabetes vs. those without diabetes (p = 0.64) or those who were compliant to the calorie restricted diet vs. those who were non-compliant (p = 0.44). Patients who lost <5% of their body weight showed a non-significant trend toward higher alpha diversity by the Shannon index of microbial richness and evenness at the end of the trial as compared to their baseline values (p = 0.08; Figure 2B). There was no difference in Shannon index at 16 weeks for patients with significant weight loss as compared to their baseline values. There was also no difference in alpha diversity between patients with or without significant weight loss at either baseline or week 16. The genus level taxonomic profiles of subjects at baseline and week 16 are shown in Figure 2C, stratified by weight loss. Differential abundance testing at the genus level demonstrated significant reduction in Klebsiella and enrichment of Coprococcus and Collinsella while on a calorie-restricted diet in the group that did not have significant weight loss (Figure 2D). The only significant change in the group with at least 5% weight loss was a reduction in Enterococcus (Figure 2E).
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FIGURE 2. Microbiome differences between baseline and after a calorie-restricted diet by weight loss category. (A) Principal coordinate analysis plot using the Robust Aitchison distance metric colored by visit with different shapes and 95% confidence interval ellipses corresponding to the amount of weight loss. Dashed ellipse encircles those that did not achieve at least 5% weight loss. Solid ellipse encircles those that did achieve at least 5% weight loss. (B) Microbial diversity as measured by Shannon index (measurement of species richness and evenness) between baseline and end of study, stratified by weight loss. (C) Taxonomic summary plots of genera stratified by timepoint and weight loss. Only genera with at least 1% relative abundance are listed. (D,E) Genera that are differentially abundant between baseline and week 16 for patients with (D) minimal weight loss and those with (E) at least 5% weight loss. Red indicates genera that are overabundant at baseline and blue indicates genera that are overabundant at the final visit. Magnitude of difference is represented as the log 2 of the fold change estimated from DESeq2 models.


Further analysis was performed to identify microbial genera that differed at baseline between those that had significant weight loss vs. those that did not and that differed between those that had reduced hepatic steatosis as compared to those that did not. Patients with at least 5% weight loss on a calorie-restricted diet had less Escherichia/Shigella, Klebsiella, Megasphaera, Sellimonas, and Lactobacillus, and more Collinsella and an unidentified genus in the family Christensenellaceae as compared to those that did not respond as well to a calorie-restricted diet (Figure 3A). About half of the patients had a reduction in their CAP score at 16 weeks while the other half had no change or elevated levels at 16 weeks. Patients with reduced hepatic steatosis on a calorie-restricted diet as measured by CAP had less Megasphaera, Klebsiella, Escherichia/Shigella, Sellimonas, Anaerostipes, Lachnoclostridium, and Roseburia, and more Clostridium sensu stricto, Collinsella, and Alloprevotella as compared to subjects that did not have any reduction in hepatic steatosis (Figure 3B). Linear regression analysis using Spearman's correlation of these differentially abundant microbes showed that the relative abundance of Lachnoclostridium and Actinomyces were linearly correlated with hepatic steatosis (CAP score) (p = 0.004 and p <0.001, respectively), while only the relative abundance of Actinomyces was linearly correlated with BMI (p = 0.04) (Figure 4). A mediation analysis was performed to examine the effect of weight change on hepatic steatosis with the relative abundance of Actinomyces as a mediator. While the correlation between Actinomyces and BMI to hepatic steatosis was significant, the mediation effect of Actinomyces was not (p = 0.22).


[image: Figure 3]
FIGURE 3. Baseline microbiome differences between patients stratified by whether they achieved at least 5% weight loss or a reduction in hepatic steatosis on a calorie-restricted diet. (A) Bar plots showing baseline genera differences from DESeq2 analysis between patients who developed at least 5% weight loss as compared to those that did not. Red indicates genera that are overabundant in patients with <5% weight loss. (B) Baseline genera differences between patients who had reduction in hepatic steatosis by CAP score as compared to those that did not. Red indicates genera that are overabundant in patients that did not have any reduction in steatosis.
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FIGURE 4. Bacterial genera associated with hepatic steatosis and weight. (A,B) Regression plots showing the correlation of (A) Lachnoclostridium and (B) Actinomyces with hepatic steatosis as measured by controlled attenuated parameter (CAP). (C) Regression plot showing the relationship between Actinomyces and BMI.


Using baseline microbiome data, a random forest classifier was generated to predict those that would have significant weight loss on a calorie-restricted diet and to predict those that would have a reduction in hepatic steatosis while on a calorie-restricted diet. The baseline microbiome was highly accurate at predicting weight loss of at least 5% at 16 weeks for subjects undergoing a calorie-restricted diet with an area under the receiver operating characteristic curve (AUROC) of 0.80 (Figure 5A). The microbes that were most important to this classifier were Escherichia/Shigella, Sellimonas, and Megasphaera (Figure 5B). The baseline microbiome was less accurate at predicting hepatic steatosis reduction in subjects undergoing a calorie-restricted diet (AUROC = 0.57) (Figure 5C). The microbes that were most important to this classifier were Megasphaera and Clostridium sensu stricto (Figure 5D).
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FIGURE 5. Baseline microbiome predicts weight loss on a calorie-restricted diet. (A) Receiver operating characteristic curve of the random forest classifier using baseline microbiome data to predict at least 5% weight loss. (B) Variable importance plot of the classifier for weight loss. (C) Receiver operating characteristic curve of the random forest classifier using baseline microbiome data to predict reduction in hepatic steatosis as measured by controlled attenuated parameter (CAP). (D) Variable importance plot of the classifier for steatosis. AUC, Area under the curve.




DISCUSSION

In this prospective study of overweight and obese subjects undergoing a calorie-restricted diet, we demonstrated that baseline microbiome differences existed between those who experienced at least 5% weight loss compared to those with less response. Not surprisingly, patients who had significant weight loss saw improvements in several metabolic factors including total cholesterol, serum triglyceride, and HbA1c. Similar to previous works, subjects that had significant weight loss also saw significant improvement in their hepatic steatosis and fibrosis as compared to those that had just mild weight loss (31). We also saw that participants without diabetes lost more weight than those with diabetes. This is consistent with other published studies showing resistance to weight loss in patients with insulin resistance (32). Participants who completed the study on average ate fewer calories with a reduction in their intake of fats and carbohydrates, which likely represents reduced intake of processed carbohydrates with high fat content.

This is one of the few studies to examine the longitudinal changes of the gut microbiome in subjects undergoing a calorie-restricted diet. We found that 16 weeks of a macronutrient standardized diet with 14 weeks of calorie restriction had only a modest effect on the gut microbiome. In particular, calorie restriction resulted in reduced abundance of Klebsiella and Enterococcus, which have both been associated with obesity and MAFLD (33, 34). For example, in a Chinese cohort, researchers found Klebsiella with high alcohol production was present in 60% of patients with MAFLD (33). When introduced into mice, this specific strain was able to induce fatty liver disease (33). Furthermore, Klebsiella has also been shown to reduce gut barrier function, which is a hallmark of both obesity and MAFLD (35, 36).

While the changes in the gut microbiome after calorie restriction were modest, there was significant differences in baseline microbiome of patients that responded to a calorie-restricted diet vs. those that did not. Similar differences were observed when comparing those who had hepatic steatosis improvement vs. those that did not, reflecting the strong correlation between weight loss and improvement in hepatic steatosis. Escherichia/Shigella, Klebsiella, Megasphaera, Actinomyces were overabundant in patients that did not have significant weight loss or hepatic steatosis improvement. Similar to Klebsiella, Escherichia/Shigella, Megasphaera, and Actinomyces have each been associated with obesity (37–39). In particular, Escherichia/Shigella has been associated with insulin resistance and type 2 diabetes (38). Therefore, the presence of these microbes may mark individuals with a more resistant form of metabolic disorder that is less likely to be affected by calorie restriction alone. We also found that Lachnoclostridium was linearly related to hepatic steatosis. In an animal model of fatty liver disease, Lachnoclostridium was also positively associated with obesity and hepatic steatosis (40). Whether these microbiome changes are pathological or merely associations should be the focus of future research.

One of the major findings of this study was that a classifier based on baseline microbiome data was able to accurately predict weight loss for subjects undergoing a calorie-restricted diet. This suggests that the microbiome at baseline can be used as a biomarker to predict those who are likely to respond to life-style modifications. Surprisingly, the rate of compliance with a calorie restricted diet did not differ between patients who lost at least 5% of their body weight as compared to those that did not. Patients who lost more weight did not significantly differ in calorie intake. This suggests that significant weight loss is not entirely dependent on compliance with a calorie restricted diet or the number of calories reduced. The significant association of the intestinal microbiome with patient response suggests that the microbiome may play a role in modulating the metabolic consequences of calorie restriction. Patients with a microbiome less likely to lead to weight loss on a calorie-restricted diet may potentially benefit more from other forms of weight management such as bariatric surgery or endoscopic bariatric surgery. In addition, our findings suggest that altering a subject's baseline microbiome through strategies that may decrease Escherichia/Shigella, Klebsiella, Megasphaera, and/or Actinomyces may increase their likelihood of clinical response to a calorie-restricted diet.

The study has several limitations. Even though patients were monitored and counseled regularly on calorie restriction, the proportion of patients that lost at least 5% of their body weight was relatively low with only one patient being able to reach at least 10% weight reduction. Therefore, more significant effects of calorie restriction on the gut microbiome may have been seen if more patients had achieved significant weight loss. Also, the microbiome changes seen between the 14 patients that achieved significant weight loss vs. the others that did not may be due to sampling bias. Therefore, larger studies will need to be done to confirm the findings presented here. Moreover, while we counseled patients to not increase or decrease their physical activity level during the trial, we did not measure physical activity directly. We cannot exclude effects of altered physical activity on some of the outcomes measured in this study. Furthermore, while the longitudinal design of this study is a strength, the findings are still associative. Mechanistic studies using animal models will be needed to explore the mechanistic basis for associations of microbial profiles with response to calorie-restricted diets. Additionally, due to the small sample size, we were unable to split the cohort into a derivation and validation cohort. While we assessed classifier performance using k-fold cross validation, the classifier predicting weight loss will still need to be validated in an external cohort. Finally, the relatively high dropout rate may have introduced attrition bias and may have confounded results. However, we postulate that this may be negligible as the vast majority of patients who dropped from the study did so within 2–4 weeks.

In conclusion, calorie restriction is associated with intestinal microbiome changes and improvement in hepatic steatosis. Several genera in the gut microbiome are associated with both weight and hepatic steatosis. Baseline microbiome differences predict who will likely lose significant weight in response to a calorie-restricted diet, suggesting a role of the gut microbiome in mediating clinical response to calorie restriction.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI SRA BioProject, Accession: PRJNA736811.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Greater Los Angeles Veterans Affair Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JJ, TD, JP, and ZL: conceptualization. TD, VL, S-LW, and ZL: methodology. TD, VL, and JYa: software. TD and JJ: validation, writing—original draft preparation, writing—review, and editing. TD: formal analysis and visualization. TD, KL, VL, FS, S-LW, BD, WK, CC, YZ, NA-J, JYe, AA, and JJ: investigation. JJ, JP, and ZL: resources. TD, KL, and VL: data curation. JJ: supervision, project administration, and funding acquisition. All authors have read and agreed to the published version of the manuscript.



FUNDING

This research was funded by the Department of Veterans Affairs, Grant Number IK2CX001717 (JJ).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.718661/full#supplementary-material



REFERENCES

 1. Wang Y, Beydoun MA. The obesity epidemic in the United States–gender, age, socioeconomic, racial/ethnic, and geographic characteristics: a systematic review and meta-regression analysis. Epidemiol Rev. (2007) 29:6–28. doi: 10.1093/epirev/mxm007

 2. Stewart ST, Cutler DM, Rosen AB. Forecasting the effects of obesity and smoking on U.S. life expectancy. N Engl J Med. (2009) 361:2252–60. doi: 10.1056/NEJMsa0900459

 3. Nelson KM. The burden of obesity among a national probability sample of veterans. J Gen Int Med. (2006) 21:915–9. doi: 10.1007/BF02743137

 4. Younossi ZM, Stepanova M, Afendy M, Fang Y, Younossi Y, Mir H, et al. Changes in the prevalence of the most common causes of chronic liver diseases in the United States From 1988 to 2008. Clin Gastroenterol Hepatol. (2011) 9:524–30.e1. doi: 10.1016/j.cgh.2011.03.020

 5. Goldberg D, Ditah IC, Saeian K, Lalehzari M, Aronsohn A, Gorospe EC, et al. Changes in the prevalence of hepatitis C virus infection, nonalcoholic steatohepatitis, and alcoholic liver disease among patients with cirrhosis or liver failure on the waitlist for liver transplantation. Gastroenterology. (2017) 152:1090–9.e1. doi: 10.1053/j.gastro.2017.01.003

 6. Sjostrom L, Peltonen M, Jacobson P, Sjostrom CD, Karason K, Wedel H, et al. Bariatric surgery and long-term cardiovascular events. JAMA. (2012) 307:56–65. doi: 10.1001/jama.2011.1914 

 7. Zinöcker MK, Lindseth IA. The western diet-microbiome-host interaction and its role in metabolic disease. Nutrients. (2018) 10:365. doi: 10.3390/nu10030365

 8. Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, et al. Characterization of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: a connection between endogenous alcohol and NASH. Hepatology (Baltimore, Md). (2013) 57:601–9. doi: 10.1002/hep.26093

 9. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature. (2006) 444:1027–31. doi: 10.1038/nature05414

 10. Million M, Lagier JC, Yahav D, Paul M. Gut bacterial microbiota and obesity. Clin Microbiol Infect. (2013) 19:305–13. doi: 10.1111/1469-0691.12172

 11. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect of diet on the human gut microbiome: a metagenomic analysis in humanized gnotobiotic mice. Sci Transl Med. (2009) 1:6ra14–6ra. doi: 10.1126/scitranslmed.3000322

 12. Albenberg LG, Wu GD. Diet and the intestinal microbiome: associations, functions, and implications for health and disease. Gastroenterology. (2014) 146:1564–72. doi: 10.1053/j.gastro.2014.01.058

 13. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al. Linking long-term dietary patterns with gut microbial enterotypes. Science. (2011) 334:105–8. doi: 10.1126/science.1208344

 14. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature. (2014) 505:559–63. doi: 10.1038/nature12820

 15. Zhang H, DiBaise JK, Zuccolo A, Kudrna D, Braidotti M, Yu Y, et al. Human gut microbiota in obesity and after gastric bypass. Proc Natl Acad Sci USA. (2009) 106:2365–70. doi: 10.1073/pnas.0812600106

 16. Liou AP, Paziuk M, Luevano JM Jr, Machineni S, Turnbaugh PJ, Kaplan LM. Conserved shifts in the gut microbiota due to gastric bypass reduce host weight and adiposity. Sci Transl Med. (2013) 5:178ra41. doi: 10.1126/scitranslmed.3005687

 17. Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc Natl Acad Sci USA. (2013) 110:9066–71. doi: 10.1073/pnas.1219451110

 18. Zou H, Wang D, Ren H, Cai K, Chen P, Fang C, et al. Effect of caloric restriction on BMI, gut microbiota, and blood amino acid levels in non-obese adults. Nutrients. (2020) 12:631. doi: 10.3390/nu12030631

 19. Ott B, Skurk T, Hastreiter L, Lagkouvardos I, Fischer S, Buttner J, et al. Effect of caloric restriction on gut permeability, inflammation markers, and fecal microbiota in obese women. Sci Rep. (2017) 7:11955. doi: 10.1038/s41598-017-12109-9

 20. Jun BG, Park WY, Park EJ, Jang JY, Jeong SW, Lee SH, et al. A prospective comparative assessment of the accuracy of the FibroScan in evaluating liver steatosis. PLoS ONE. (2017) 12:e0182784. doi: 10.1371/journal.pone.0182784

 21. Subar AF, Thompson FE, Kipnis V, Midthune D, Hurwitz P, McNutt S, et al. Comparative validation of the Block, Willett, and National Cancer Institute food frequency questionnaires: the Eating at America's Table Study. Am J Epidemiol. (2001) 154:1089–99. doi: 10.1093/aje/154.12.1089

 22. Song SJ, Amir A, Metcalf JL, Amato KR, Xu ZZ, Humphrey G, et al. Preservation methods differ in fecal microbiome stability, affecting suitability for field studies. mSystems. (2016) 1:e00021–16. doi: 10.1128/mSystems.00021-16

 23. Tong M, Jacobs JP, McHardy IH, Braun J. Sampling of intestinal microbiota and targeted amplification of bacterial 16S rRNA genes for microbial ecologic analysis. Curr Protoc Immunol. (2014) 107:1–11. doi: 10.1002/0471142735.im0741s107

 24. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2: High-resolution sample inference from Illumina amplicon data. Nature Methods. (2016) 13:581–3. doi: 10.1038/nmeth.3869

 25. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat Biotechnol. (2019) 37:852–7. doi: 10.1038/s41587-019-0209-9

 26. Ryan DH, Yockey SR. Weight loss and improvement in comorbidity: differences at 5%, 10%, 15%, and Over. Curr Obes Rep. (2017) 6:187–94. doi: 10.1007/s13679-017-0262-y

 27. Dong TS, Luu K, Lagishetty V, Sedighian F, Woo SL, Dreskin BW, et al. A high protein calorie restriction diet alters the gut microbiome in obesity. Nutrients. (2020) 12:3221. doi: 10.3390/nu12103221

 28. Dong TS, Katzka W, Lagishetty V, Luu K, Hauer M, Pisegna J, et al. A microbial signature identifies advanced fibrosis in patients with chronic liver disease mainly due to NAFLD. Sci Rep. (2020) 10:2771. doi: 10.1038/s41598-020-59535-w

 29. Martino C, Morton JT, Marotz CA, Thompson LR, Tripathi A, Knight R, et al. A novel sparse compositional technique reveals microbial perturbations. mSystems. 4:e00016–19. doi: 10.1128/mSystems.00016-19

 30. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi: 10.1186/s13059-014-0550-8

 31. Sheka AC, Adeyi O, Thompson J, Hameed B, Crawford PA, Ikramuddin S. Nonalcoholic steatohepatitis: a review. JAMA. (2020) 323:1175–83. doi: 10.1001/jama.2020.2298

 32. Uysal Y, Wolters B, Knop C, Reinehr T. Components of the metabolic syndrome are negative predictors of weight loss in obese children with lifestyle intervention. Clin Nutr. (2014) 33:620–5. doi: 10.1016/j.clnu.2013.09.007

 33. Yuan J, Chen C, Cui J, Lu J, Yan C, Wei X, et al. Fatty liver disease caused by high-alcohol-producing Klebsiella pneumoniae. Cell Metab. (2019) 30:675–88.e7. doi: 10.1016/j.cmet.2019.08.018

 34. Fei N, Zhao L. An opportunistic pathogen isolated from the gut of an obese human causes obesity in germfree mice. ISME J. (2013) 7:880–4. doi: 10.1038/ismej.2012.153

 35. Nakamoto N, Sasaki N, Aoki R, Miyamoto K, Suda W, Teratani T, et al. Gut pathobionts underlie intestinal barrier dysfunction and liver T helper 17 cell immune response in primary sclerosing cholangitis. Nat Microbiol. (2019) 4:492–503. doi: 10.1038/s41564-018-0333-1

 36. Zhang C, Zhang M, Wang S, Han R, Cao Y, Hua W, et al. Interactions between gut microbiota, host genetics and diet relevant to development of metabolic syndromes in mice. ISME J. (2010) 4:232–41. doi: 10.1038/ismej.2009.112

 37. Guohong L, Qingxi Z, Hongyun W. Characteristics of intestinal bacteria with fatty liver diseases and cirrhosis. Ann Hepatol. (2019) 18:796–803. doi: 10.1016/j.aohep.2019.06.020

 38. Thingholm LB, Ruhlemann MC, Koch M, Fuqua B, Laucke G, Boehm R, et al. Obese individuals with and without type 2 diabetes show different gut microbial functional capacity and composition. Cell Host Microbe. (2019) 26:252–64.e10. doi: 10.1016/j.chom.2019.07.004

 39. Del Chierico F, Abbatini F, Russo A, Quagliariello A, Reddel S, Capoccia D, et al. Gut microbiota markers in obese adolescent and adult patients: age-dependent differential patterns. Front Microbiol. (2018) 9:1210. doi: 10.3389/fmicb.2018.01210

 40. Tang W, Yao X, Xia F, Yang M, Chen Z, Zhou B, et al. Modulation of the gut microbiota in rats by hugan qingzhi tablets during the treatment of high-fat-diet-induced nonalcoholic fatty liver disease. Oxid Med Cell Longev. (2018) 2018:7261619. doi: 10.1155/2018/7261619 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Dong, Luu, Lagishetty, Sedighian, Woo, Dreskin, Katzka, Chang, Zhou, Arias-Jayo, Yang, Ahdoot, Ye, Li, Pisegna and Jacobs. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-718661-g005.gif
‘Sonsitity

-

o lemsues Varable Importance Pt

P Importance

Ao Voriable mportance Pl

Pl

Importance





OPS/images/fnut-08-718661-t001.jpg
Baseline (n = 46) Week 16 (1 = 46) p-value

(n=46) (n=146)
Gender (% males) (1 = 35) 76.4 - =
Age (years) (QR) 57(18) - -
BMI kg/m? (IQR) 3434.7) 33.3(6.9) <0.01
Weight (kg) (IQR) 1023 (27.6) 98.4(27.3) <0.01
HoA1c (IQR) 60(1.2) 59(0.7) 0.04
Total cholesterol (mg/d) (QR) 170.5 (65) 153 (53) <0.01
HDL (mg/di) (IQR) 42.9(13.1) 4255 (12.8) 083
LDL (mg/d) (QR) 985 (54) 80(53.3) 0.09
Triglyceride (mg/dl) (QR) 130 (86) 97 (35) <0.01
Presence of diabetes (%) 30.4 - -
Presence of metabolic 39.1 - -
syndrome (%)

Fibrosis (kPA) (QR) 5.4(26) 49(25) 029
Controlled attenuation 3075 (76) 300 (116) 059
parameter (d8/m) (IQR)

Ethnicity (%)

White (0 = 19) 7“3 - -
African American (n = 15) 326 - -
Hispanic (0 = 11) 239 - -
Asian (n = 1) 22 - -

Continuous variables are lsted as median with their interquartie range (IQR).
Significant p-values are bolded.





OPS/images/fnut-08-718661-g003.gif
2% Weight Loss vs <5% Weight Loss: Baseline 8 Reduction in CAP vs No Reduction in CAP.

[ rs—
- s
-

-
[Pt Conmscns o

— o, —

oot — s, —

og2 Fold Chenge. \og2 Fold Charge.





OPS/images/fnut-08-718661-g004.gif





OPS/images/fnut-08-718661-t004.jpg
<5%

weight
change
(=32

Change in % total ~23.7(44.7)

calories (IQR)

Change in % protein —8.7 (64.5)

(QR)

Change in % fat (QR) ~290(42.5)

Change in % ~275(37.6)

carbohydrate (IQR)

Compliant (%) 53.1

>5%

weight
change
(=14

-282
11.7)
—6.8(86.0)

—20.4(72.8)

-34.1
(164.6)

57.1

p-value

0.89

0.85

0.96
0.81

0.99

Compliance was defined as at least 500 kcal per day reduction in total calorie intake
from their baseline as measured by the Diet History Questionnaire ll. Values are listed as

median with their interquartile range (IQR).





OPS/images/fnut-08-718661-t002.jpg
Baseline (1=46)  Final (1=46)  p-value

Total calories (kcal) (QR) 2051.3(1387.4)  1492.9(9655)  <0.01
Protein (kcal) (IQR) 370.8 (251.6) 282.8(157.2) 0.11

Fat (keal) (IQR) 798.3(600.8) 510.2 (398.0) <001
Carbohydrate (kcal) (IQR) 902.7 (614.4) 649.1 (462.0) <0.01

Values are listed as median with their interquartile range (IQR).
Significant p-values are bolded.





OPS/images/fnut-08-718661-t003.jpg
Gender (% males)
Age (years) (QR)

Change in BMI (QR)
Change in weight (kg) (QR)
Change in percent body
weight (IQR)

Change in HoATc (IQR)
Change in total cholesterol
(mg/di) (QR)

Change in HDL (mg/d) (QR)
Change in LDL (mg/d) (IQR)

Change in triglyceride (mg/d)
(IQR)

Change in fibrosis (kPA) (IQR)
Change in controlled
attenuation parameter (dB/m)
(QR)

Ethnicity (%)

White (0 = 19)

Aftican American (n = 15)
Hispanic (n = 11)

Asian (0 = 1)

Significant p-values are bolded.

<5%
weight
change
(n=32)

750
57.0(20.0)
-07(15)
-20(39
—1.9(.1)

-00(05)
-85 (48)

-1.00.7)
-35(41.8)
—4.5(5.5)

0.122)

235 (72.0)

43.8%

34.4%
21.9%
0.0%

>5% weight
change
(=14

786
565 (9)
-23(06)
—74(.7)
~75(15)

-02(03)
-2.5(30)

3189
40(35.0)
—54 (54)

—12@.1)

-65.5(92)

35.7%

28.6%
28.6%
7.1%

p-value

1.00
0.98
<0.01
<0.01
<0.01

021
0.69

023
0.19
<0.01

0.04
<0.01

0.46





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Intestinal Microbiome Predicts Weight Loss on a Calorie-Restricted Diet and Is Associated With Improved Hepatic Steatosis



		Introduction



		Materials and Methods



		Patient Recruitment



		Study Design and Dietary Intervention



		Nutritional Assessment and Compliance



		Fecal Sampling and Processing



		Statistical Analysis







		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

The Intestinal Microbiome Predicts
Weight Loss on a Calorie-Restricted
Diet and Is Associated With
Improved Hepatic Steatosis





OPS/images/fnut-08-718661-g001.gif
fesveasts






OPS/images/fnut-08-718661-g002.gif
]









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





