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Abstract

:

The study was conducted to comprehensively assess the association of the concentration of vitamin D in the blood and insulin resistance in non-diabetic subjects. The objective was to pool the results from all observational studies from the beginning of 1980 to August 2021. PubMed, Medline and Embase were systematically searched for the observational studies. Filters were used for more focused results. A total of 2248 articles were found after raw search which were narrowed down to 32 articles by the systematic selection of related articles. Homeostatic Model Assessment of Insulin Resistance (HOMAIR) was used as the measure of insulin resistance and correlation coefficient was used as a measure of the relationship between vitamin D levels and the insulin resistance. Risk of bias tables and summary plots were built using Revman software version 5.3 while Comprehensive meta-analysis version 3 was used for the construction of forest plot. The results showed an inverse association between the status of vitamin D and insulin resistance (r = −0.217; 95% CI = −0.161 to −0.272; p = 0.000). A supplement of vitamin D can help reduce the risk of insulin resistance; however further studies, like randomized controlled trials are needed to confirm the results.
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1. Introduction


A secosteroid hormone, vitamin D has a variety of pathologic and physiologic functions in the human body. In addition to its function in the bone metabolism because of its involvement in the phosphate and calcium absorption [1], this vitamin is recently understood to have relationship with the prevention of the diseases, e.g., insulin resistance, type 2 diabetes (T2D), and cardiovascular disease [2,3,4].



The drive to write this review article is to explore the present understanding of the relationship of vitamin D status with insulin resistance. The insulin resistance is related with obesity, hormonal disorders and overnutrition [5,6]. Glucose homeostasis is normally regulated by insulin which directs the uptake of glucose in the cells [7]. An imbalance in the secretion of insulin or its action can cause metabolic disorders like hyperglycemia and disturbed regulation of lipoproteins, triglycerides and fatty acids. These irregulations can further complicate insulin homeostasis. Hypovitaminosis D is involved in the production of inflammatory cytokines, and an increase in inflammatory cytokines can be the cause of insulin resistance and eventually T2D. The anti-inflammatory effect of vitamin D may have a role in the improvement of insulin sensitivity in patients with relatively higher BMI [8,9].



One of the risk factors for insulin resistance is obesity. Insulin works to reduce the glucose concentration in the blood and is very important for the utilization of glucose [9,10]. In the liver, skeletal muscles and adipose tissues insulin binds to the receptors in the cell membrane and metabolic reactions occur to lower the glucose level. The target is achieved by multiple actions, e.g., by storing glucose in the liver, utilizing it in the adipose tissues and by regulating the genes related to glucose homeostasis, lipid synthesis, lipolysis and reducing the activity of pyruvate carboxylase which in turn reduces gluconeogenesis in the liver [11,12].



It has been observed that the risks for insulin resistance, T2D and hypovitaminosis D are almost the same irrespective of ethnicity but might be related to the sun exposure [13,14,15]. Other studies have confirmed that the seasonal variations in the status of insulin and vitamin D are correlated [16,17,18]. Obesity and vitamin D have been observed to be inversely associated in previous studies [19,20]. A daily dosage of 1200 IU of vitamin D for more than four months to obese children reduced the BMI significantly [21]. It has been observed that people with obesity have less exposure to sunlight, inadequate intake of vitamin D, rarely do exercise and have limited outdoor activities. On the other hand, being fat soluble, vitamin D can be sequestered in the adipose tissues which also explains its reduced bioavailability [22,23,24]. Vitamin D receptor (VDR) is expressed in the beta cells of the pancreas, where vitamin D binds to it, helping in the release of insulin secretion [25]. Vitamin D is directly involved in the expression of insulin receptor in muscles, adipose tissues and liver [26]. Research shows that vitamin D also protects against insulin resistance by up-regulating insulin receptors and increasing insulin sensitivity [27,28].



The meta-analysis conducted here was to see the association of vitamin D status and HOMA-IR. HOMA-IR represents the strength of insulin resistance. We used forest plot to see the correlation of vitamin D status and HOMA-IR. We assume that the vitamin D status is affected by the latitude, a meta-regression analysis was therefore performed to find out the effect of latitude on this correlation if any. We also performed the meta-regression analysis for the method of determination of vitamin D as well, for it could also have an effect on the relationship of vitamin D status and insulin resistance. This review examined the relationship of vitamin D with HOMA-IR, and sub-group analyses were conducted to see the effect of BMI on this relationship.




2. Materials and Methods


The articles were approved to be included in the current review if they were original observational studies, written in English and involved adult (at least 18 years of age) human beings. We excluded any commentaries, reports and editorials for this meta-analysis. The authors were contacted for lacked information if considered necessary. In addition to systematic search the related articles were hand searched for additional references. The search string for the study was developed taking into consideration the strategies for systematic meta-analyses search. The databases Embase, PubMed and Medline were searched for relevant articles using following search terms, “25 (OH) vitamin D”, “cholecalciferol”, “25 (OH) D”, “vitamin D” and “vitamin D3”in combination with “homeostasis model assessment of insulin resistance”, “HOMAIR”, “Insulin”, “fasting plasma insulin”, “Insulin resistance”, “HBA1C”, “type 2 diabetes”, “fasting plasma glucose”, “Insulin Sensitivity”, “Insulin Secretion”, “Metabolic syndrome”, “abdominal obesity”, “adiposity”, and “T2D”. The keywords search was conducted both as free keywords and combination (EMTREE in Embase, and MeSH in PubMed). The filters applied for the search were English language, human subjects and original articles. Endnote software was used to indicate duplicate entries. The records were then screened independently by authors for title and abstract. Finally, the full-length articles were assessed for eligibility. The discrepancies between the authors were resolved by reading the articles together again. The data were extracted from the studies finalized by the authors. The important data parts were collected to calculate the potential moderators and the effect sizes.



Subgroup and Moderator Analysis.



To assess the effect of BMI on the general relationship of vitamin D status and HOMA-IR the studies were divided in three groups of different BMI ranges (<20, 20–30 and >30) and subgroup analyses were performed where the data were enough to perform subgroup meta-analysis. Two studies did not mention the BMI therefore they were excluded from subgroup analysis. The values of moderators both qualitative (method of determination of vitamin D) and quantitative (latitude and BMI) were run to calculate R2.



Statistical Analysis and Outcome Measures


The effect size was presented as correlation. If the correlation was not reported in the article the electronic spread sheet was used to convert the existing data to correlation. We selected random effect model for the calculation of meta-analysis and the outcome summary measures. The consistency and reliability were assessed by the estimates like I2 and τ2, respectively. The I2 describes the heterogeneity in percentage among studies. The publications were assessed for quality to account for: 1. Indirectness (compromised generalizability of results); 2. Inconsistency (unexplained heterogeneity between studies); 3. Publication bias (small number of participants) and 4. Imprecision (too long confidence intervals). Grades of Recommendation Assessment Development and Evaluation (GRADE) was used for quality assessment of the articles. Meta-analysis and meta-regression were performed using Comprehensive Meta-Analysis Version 3 (Biostat, Inc., Englewood, NJ, USA) while risk of bias (ROB) analysis was performed using Review Manager 5.3. (Cochrane Collaboration, Oxford, UK).





3. Results


Two thousand two hundred and twenty-five studies were collected electronically from Medline, Embase and PubMed and 23 entries were retrieved by hand search. Nine-hundred-and-sixty duplicate studies were identified by Endnote and were deleted. Eleven-hundred-and-ten articles were rejected on the basis of title. One hundred and seventy-eight references were selected for abstract assessment. On the basis of abstract 104 articles were rejected and the remaining 36 articles underwent full text evaluation. Thirty-eight studies were selected for meta-analysis (Figure 1).



3.1. Excluded Studies


Eight studies [29,30,31,32,33,34,35,36] were excluded because the outcome measures were unable to be converted to correlation coefficient. Seventeen studies [37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53] were excluded because the design of study was not compatible with the desired plan to be considered for inclusion. Eleven [54,55,56,57,58,59,60,61,62,63,64] studies were rejected because they did not deal the diabetic and non-diabetic subjects separately. Three articles [65,66,67] were excluded because the number of participants were not mentioned in each vitamin D quartile. Seven studies [68,69,70,71,72,73,74] were excluded because their full-length articles were not found.




3.2. Included Studies


Thirty-two studies were included in this meta-analysis from 1980 to August 2021. All participants were adult and at least 18 years of age. The latitude ranges from 23 to 70 degrees for all studies. Different methods were used for the determination of vitamin D in different studies. Sixteen articles used radioimmunoassay (RIA), seven studies used chemiluminescence assay (CLIA), five studies used enzyme-linked immunosorbent assay (ELISA), four studies used liquid chromatography–mass spectrometry (LC-MS), three studies used electrochemiluminescence assay (ECLIA), one study used high-performance liquid chromatography (HPLC) for the vitamin D determination. Two research articles included in this meta-analysis did not mention the method of determination of vitamin D. We used random effect model for this meta-analysis because we used observational studies which potentially have more sources of variation. From this review it is evident that vitamin D status is inversely related with HOMA-IR in the non-diabetic group of the population (r = −0.217, 95% = −0.271 to −0.161, p = 0.000) (Figure 2). The correlation ranges from r = −0.03 to r = −0.78. We observed no heterogeneity in the correlation due to method of determination of vitamin D and latitude as evident from the meta-regression analysis (R2 = 0.000, p = 0.000). This means the relationship of vitamin status and HOMA-IR is independent of these two variables (Figure 3 and Figure 4).



The summary and graph of GRADE (Grades of Recommendation, Assessment, Development and Evaluation) are shown in the figures (Figure 5 and Figure 6). The subgroup analysis based on different BMI quartiles showed a gradual increase in the strength of correlation (vitamin D and HOMA-IR) from lower to higher BMI quartiles. For instance, it was lowest for BMI less than 25 (r = −0.150, 95% = −0.204 to −0.095, p = 0.000) (Figure 5), moderate for BMI 25–30 (r = −0.221, 95% = −0.315 to −0.122, p = 0.000) (Figure 6) and highest for BMI more than 30 (r = −0.257, 95% = −0.382 to −0.123, p = 0.000) (Figure 7). The correlation was shown to be highly significant in the high BMI quartiles compared to the lower one. Generally, an inverse association has been observed between vitamin D status and HOMA-IR in all studies in this meta-analysis. However, four studies (Coney 2012, Grineva 2013, Li 2011 and Lu 2009) [84,91,99,101] showed higher correlation than the rest. Among these four studies Coney from USA and Grineva from Russia showed exceptionally high correlation, i.e., r = −0.6 and r = −0.78 while Li from UK and Lu from China showed moderately high correlation, i.e., r = −0.36 and r = −0.48 respectively. The GRADE assessment for this meta analysis is shown in Figure 8 and Figure 9.





4. Discussion


From this review it is observed that the level of vitamin D is inversely associated with HOMA-IR in non-diabetic subjects (r = −0.217, 95% = −0.271 to −0.161, p = 0.000) (Figure 2). The subgroup analysis based on different BMI quartiles showed a significantly measured increase in the power of correlation between vitamin D and HOMA-IR from lower (<25 BMI) to higher (>30 BMI) BMI quartile. For instance, it was lowest for BMI less than 25 (r = −0.150, 95% = −0.204 to −0.095, p = 0.000) (Figure 5), moderate for BMI 25–30 (r = −0.221, 95% = −0.315 to −0.122, p = 0.000) (Figure 6) and highest for BMI more than 30 (r = −0.257, 95% = −0.382 to −0.123, p = 0.000) (Figure 7). This correlation pattern might relate the coexistence of hypovitaminosis D and obesity in a large number of clinical disorders [113], most relevant here is insulin resistance [114]. It has been observed earlier that vitamin D has a direct impact on BMI [115] and a decrease of 1.3 nM/L of vitamin D can increase the BMI by 1 kg/m2 [116]. The gradual increase in the strength of relationship from lower to higher BMI quartile indicates that the synergistic effect of BMI and hypovitaminosis D might be the reason behind the development of insulin resistance.



It has been discovered earlier that the primary mediator of insulin resistance is abdominal adiposity which can deregulate the anti-diabetic hormone leptin [117]. High secretion of this hormone is related to insulin resistance. Some randomized controlled trials showed a decreased leptin level [118] and a reduced BMI [119] after high doses of vitamin D administration to insulin-resistant patients.



An extra need of insulin secretion compared to normal to maintain a normal level of glucose in the blood defines insulin resistance. The beta cells are exhausted by continuous insulin production and can lead to T2D. Insulin resistance can also lead to many other diseases like polycystic ovaries and non-alcoholic fatty liver disease (NAFL) [120,121,122]. The deficiency of vitamin D has been considered to be related to T2D previously [123,124,125]. Hypovitaminosis is also related with the development of nonalcoholic fatty liver disease. Vitamin D is a prohormone that has autocrine, paracrine and endocrine functions [126,127,128,129]. Hypovitaminosis D develops insulin resistance that progresses to type 2 diabetes and obesity [130]. Research shows that the progression of T2D and a severe hyperglycemic condition after carbohydrate consumption is reduced with the supplementation of vitamin D [131,132,133]. The evidence for the correlation of hypovitaminosis D and insulin resistance has been observed in a range of studies previously including our current and previous studies [134,135,136].



Vitamin D can be naturally synthesized from sun exposure to skin, UV-B rays emitted from the sun, and photosynthetically prepared vitamin D in the skin. The access to UV-B radiation has been scarce owing to many reasons, e.g., due to industrialization and use of concrete in the buildings, these rays are scattered and absorbed, and their strength is much reduced [137]. The irradiance of UV-B is also affected by industrial gases and O3 from the ozone layer, these gases are absorbed in the ultraviolet B region, and the UV-B irradiance is therefore compromised [138]. Moreover, ethnic trends in different populations like time of sun bath, skin color, and means of leisure, occupation, travel and food habits also determine the status of vitamin D produced naturally by the sun. The latitude therefore can have little or no effect as evident from the meta-regression analysis in our current studies and the studies conducted previously [136]. Living in low latitudes does not guarantee a good vitamin D status. Generally, there existed an inverse relationship between vitamin D status and HOMA-IR in all studies in this meta-analysis. However, four studies [84,91,99,101] showed higher correlation than the rest. Among these four studies Coney from USA and Grineva from Russia [84,91] showed exceptionally high correlation, i.e., r = −0.6 and r = −0.78 while Li from UK and Lu from China [99,101] showed moderately high correlation i.e., r = −0.36 and r = −0.48. Interestingly all participants from three of these studies [84,91,99] were females and the fourth study [101] included more females than males. The women from Russia showing highest correlation (r = −0.78) were in their late reproductive age, i.e., from 40–52 years. The American female population showing a little less correlation (r = −0.6) however includes most of the subjects with early reproductive age group 18–45 years. The study from UK showing a moderately high correlation (r = −0.36) included females aged 27–40 years, and the female participants in the Chinese study with a correlation of r = −0.48 were in the age group of 50–70. Apparently, it looks like the age group or the menopausal age range does not have an impact on the dependence of insulin resistance in the female population. Therefore, we can say that women show more dependency on vitamin D status for insulin resistance, and one of the major causes of insulin resistance in women might be hypovitaminosis D. Thus, vitamin D therapy in women might get better results for the correction of insulin resistance. However, this assumption needs to be investigated further.



The deficiency of vitamin D impairs glucose stimulated insulin secretion [139,140,141] from the beta cells and this impairment is restored by vitamin D supplementation [139,140,142,143]. The expression of vitamin D receptors (VDR) in the beta cells, the existence of vitamin D response elements (VDRE) in the promoter region of the insulin gene and the activation of the insulin gene by 1, 25 (OH) vitamin D give the indication that vitamin D might have a direct role in the secretion of insulin [144,145,146]. The beta cell function could therefore be corrected in the early stage of development of insulin resistance by vitamin D intervention. Vitamin D requires VDR for its functioning in different types of cells; however, the expression of VDR in different tissues depends on the presence of calcium and/or vitamin D or neither of them. It has been published earlier that vitamin D prompts the insulin secretion from beta cells and reduces insulin resistance in muscle, adipose tissues and liver [147,148,149]. Vitamin D acts at the transcription level as an epigenetic factor for many genes that increases insulin sensitivity. For instance, the expression of IRS (insulin receptor substrate) is increased by 2.4-fold by treatment with vitamin D in high-fat treated mice models. IRS protein is known for increasing insulin sensitivity in the target tissues [150]. We observed no heterogeneity in the correlation due to method of determination of vitamin D as evident from the meta-regression analysis (R2 = 0.000, p = 0.00).



Hypovitaminosis D and insulin resistance could be genetically inter-related. The glucose metabolism is believed to be affected by genetic factors [151]. Vitamin D has been found to be related to the epigenetic regulation of many genes. The presence of vitamin D receptor in beta cells conforms its relationship to the insulin secretion [152,153,154]. The knocking out of vitamin D receptor and hypovitaminosis D can impair insulin secretion, and treatment of vitamin D can induce insulin-dependent glucose uptake [145,146,155,156]. This shows that deficiency of vitamin D can cause insulin resistance.



Strengths and Weaknesses


Systematic search strategy was used during this study which is the strength of this study. “Grading of Recommendations Assessment, Development and Evaluation (GRADE)” was used to determine of the quality of the studies. The range of 95% confidence interval was short showing the relevance of vitamin D in the correction of insulin resistance. The chance of residual confounding (due to a range of participants with different ages, skin type and exposure to sunlight) always exists in observational studies which is the weakness; however, the number of participants are always high in observational studies which is the strength of this study. The observational studies as compared to randomized controlled trials (RCTs), are not blinded and randomized which is the disadvantage in this case. Moreover, all studies did not give the exact information about vitamin D supplementation and the exposure time to sun which could be the source of confounding here. Taking in consideration all strengths and weaknesses the evidence is considered to be of moderate quality.





5. Conclusions


The meta-analysis shows that the status of vitamin D is inversely related to HOMA-IR. It was evident from the subgroup analysis that this correlation was intensely dependent on the BMI as it gets stronger with increasing BMI from lower BMI quartile to higher BMI quartiles. Therefore, we suggest that there is a part of vitamin D in the transcription of the insulin gene and secretion from beta cells which is highly dependent on the BMI. The female population found to be more dependent on the status of vitamin D for their insulin resistance level. A supplementation of vitamin D to the female population might have greater impact in lowering insulin resistance in female population compared to their male counterparts. The latitude and the methods used for the determination of vitamin D did not prove to have any effect on the association of vitamin D status and HOMA-IR as determined by meta-regression analysis. High-quality randomized controlled trials are needed to endorse the correlation between vitamin D status and HOMA-IR using different doses of vitamin D for a long time.
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Figure 1. Flow sheet diagram of the selection of the articles. 
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Figure 2. Forest plot showing the relationship of vitamin D status and HOMAIR [75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112], 95% confidence interval (CI) (I2= 94.4% p = 0.00) and correlation were calculated by using random effect model. 
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Figure 3. Meta regression analysis for the moderator latitude, R-Squared represents the contribution of latitude to the variability of correlation. 
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Figure 4. Meta regression analysis for the moderator method of determination of vitamin D, R-Squared represents the contribution of method of determination of vitamin D to the variability of correlation. 
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Figure 5. Non-diabetic subject studies for the lowest BMI quartile (18–25): Forest plot showing the relationship of vitamin D status and HOMAIR [78,88,89,92,93,95,96,105,106,109,110,111]. 
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Figure 6. Non-diabetic subject studies for the medium BMI quartile (25–30): Forest plot showing the relationship of vitamin D status and HOMAIR [75,76,77,79,82,85,90,91,99,100,102,103,104,107,108,112]. 
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Figure 7. Non-diabetic subject studies for the highest BMI quartile (>30). Forest plot showing the relationship of vitamin D status and HOMAIR [80,81,84,86,87,94,97,98]. 
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Figure 8. Risk of bias summary, data shown for individual studies (plus sign shows low ROB and question mark shows unknown ROB) [75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112]. 
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Figure 9. Author’s assessment of the risk of bias in non-diabetic subject studies: Data shown in percentages for all studies. 
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(a) To compute the total variance (of all studies about the grand mean) we run the regression with no covariates.
(b) To compute the variance not explained by the model (of all studies about the regression line) we run the regression with the covariates.
(c) The difference between these values gives us the variance explained by the model.

The residual variance (b) should in theory be smaller than the total variance (a), but here this is not the case. These variances are estimated independently
of each other and both are subject to sampling error. When the covariates explain very little of the variance, such counter-intuitive results can arise. In these
cases, R?is set to zero.
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(a) To compute the total variance (of all studies about the grand mean) we run the regression with no covariates.
(b) To compute the variance not explained by the model (of all studies about the regression line) we run the regression with the covariates.
(c) The difference between these values gives us the variance explained by the model.

The residual variance (b) should in theory be smaller than the total variance (a), but here this is not the case. These variances are estimated independently
of each other and both are subject to sampling error. When the covariates explain very little of the variance, such counter-intuitive results can arise. In these
cases, R? is set to zero.
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